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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is
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where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is
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(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].
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the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):
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where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:
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where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.
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where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
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with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′
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(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/
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Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -

Cosmological WIMPs, 
Higgs Dark Matter and 

GLAST 
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
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where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ
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with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
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(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR
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2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW
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IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
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line is the 1 year GLAST 
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NFW profile and the dot -
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR
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2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)
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∣

∣

∣

dσ

dM
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∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
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Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR
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2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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• Dark matter: distribution in halos, neutralinos, 
Inert Higgs and Kaluza Klein particles

• GLAST: Indirect detection, Cosmological WIMPs, 
Extragalactic Gamma-ray Background

• Dark SUSY: MSSM Dark Matter calculations; 
vertices, Mass spectrum, Relic density...

• Dark Stars
• Modified Gravity (not MOND!)
• ...
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)
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dσ
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∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫
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vir P(c ′

vir)
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vir(z, M)x−2)

[I1(xmin, c ′
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2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 
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2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].

7

As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
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2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR
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2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR
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2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄
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∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))
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∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR
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2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))
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dσ
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∆2
M (z, M) (24)

and the quantity
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M (z, M) ≡ ∆vir(z)
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2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group
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2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 
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2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR
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2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -

Alexander Sellerholm     --     PartikelDagarna, Göteborg     --     2007 - 09 - 21 

The Signal
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

The differential γ - ray flux: ( Ullio, Bergström, Edsjö & Lacey
 Phys.Rev. D66 (2002) 123502.) 
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -

Alexander Sellerholm     --     PartikelDagarna, Göteborg     --     2007 - 09 - 21 

The Signal
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

The differential γ - ray flux: ( Ullio, Bergström, Edsjö & Lacey
 Phys.Rev. D66 (2002) 123502.) 

❖  Particle physics

❖ Astro physics

❖ Cosmology
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -

Alexander Sellerholm     --     PartikelDagarna, Göteborg     --     2007 - 09 - 21 

The Signal
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

The differential γ - ray flux: ( Ullio, Bergström, Edsjö & Lacey
 Phys.Rev. D66 (2002) 123502.) 

❖  Particle physics

❖ Astro physics

❖ Cosmology

Cross section
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -

Alexander Sellerholm     --     PartikelDagarna, Göteborg     --     2007 - 09 - 21 

The Signal
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

The differential γ - ray flux: ( Ullio, Bergström, Edsjö & Lacey
 Phys.Rev. D66 (2002) 123502.) 

❖  Particle physics

❖ Astro physics

❖ Cosmology

Cross section
WIMP Mass
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -

Alexander Sellerholm     --     PartikelDagarna, Göteborg     --     2007 - 09 - 21 

The Signal
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

The differential γ - ray flux: ( Ullio, Bergström, Edsjö & Lacey
 Phys.Rev. D66 (2002) 123502.) 

❖  Particle physics

❖ Astro physics

❖ Cosmology

Cross section
WIMP Mass
γ - ray yield per annihilation
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -

Alexander Sellerholm     --     PartikelDagarna, Göteborg     --     2007 - 09 - 21 

The Signal
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

The differential γ - ray flux: ( Ullio, Bergström, Edsjö & Lacey
 Phys.Rev. D66 (2002) 123502.) 

❖  Particle physics

❖ Astro physics

❖ Cosmology

Cross section
WIMP Mass
γ - ray yield per annihilation

Optical depth
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -

Alexander Sellerholm     --     PartikelDagarna, Göteborg     --     2007 - 09 - 21 

The Signal
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

The differential γ - ray flux: ( Ullio, Bergström, Edsjö & Lacey
 Phys.Rev. D66 (2002) 123502.) 

❖  Particle physics

❖ Astro physics

❖ Cosmology

Cross section
WIMP Mass
γ - ray yield per annihilation

Optical depth
DM structure, halo properties and 
evolution
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -

Alexander Sellerholm     --     PartikelDagarna, Göteborg     --     2007 - 09 - 21 

The Signal
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

The differential γ - ray flux: ( Ullio, Bergström, Edsjö & Lacey
 Phys.Rev. D66 (2002) 123502.) 

❖  Particle physics

❖ Astro physics

❖ Cosmology

Cross section
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γ - ray yield per annihilation

Optical depth
DM structure, halo properties and 
evolution

Expansion of the universe
Cosmological parameters
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].
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the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].

7

As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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FIG. 5: Enhancement in the diffuse γ-ray flux compared to the case when all structures in the Universe are erased. On the
left-hand side the contributions of structures of given masses at z = 0 are shown; on the right-hand panel we show the redshift
dependence, rescaled with the term (1 + z)3/h(z).

at small z for the ENS model, whereas a mild decrease or a flat behavior is found in the Bullock et al. model. At
larger z, the scaling in 1/h(z) takes over.

B. Spectral signatures

We now try to estimate, in an approximate way, the level and spectral shape of the gamma-ray flux that can be
expected for a general WIMP, leaving a more detailed discussion of the extragalactic background one has to fight
against for Section V, and predicted signals for a more specific (supersymmetric) dark matter candidate for Section VI.

The differential gamma-ray yield per WIMP pair annihilation can be written as:

dNγ(E)

dE
=

∑

X

bγXnγXδ
(

E − Mχ (1 − M2
X/4 M2

χ)
)

+
∑

F

bF
dNF

cont

dE
(E) . (28)

The first term refers to prompt annihilation into two-body final states containing a photon, which, forbidden at
tree-level essentially by definition of dark matter (zero electric charge), are allowed at higher order in perturbation
theory. Although subdominant, they have the peculiarity of giving monochromatic γ-rays: as WIMPs in halos are
non-relativistic the energy of the outgoing photon is fixed by the WIMP mass Mχ and the mass of the particle X (i.e.,
E = Mχ for the 2γ final state and E = Mχ(1−M2

X/4 M2
χ) for final states with some non-zero mass particle X). The

parameter bγX is the branching ratio into these channels and nγX is the number of photons per annihilation, i.e. 2 for
the 2γ final state and to 1 for the others. The second term in Eq. (28) is instead the term due to WIMP annihilations
into the full set of tree-level final states F , containing fermions, gauge or Higgs bosons, whose fragmentation/decay
chain generates photons; this process gives rise to a continuous energy spectrum.

Although there is some span in the predictions for the photon emission rate in different particle physics models,
the spectral features of the induced fluxes are quite generic and can be outlined without referring to a specific model
(in section VI below we will discuss results for more specific models). We start discussing the monochromatic terms,
focusing to be definite on the process χχ̄ → 2γ and picking for reference some typical value for the annihilation cross
section in this channel. Consider, e.g., that in the simplest case (no resonances or thresholds near the kinematically
released energy in the annihilation 2Mχ) the WIMP total annihilation rate is fixed by the approximate relation [40]:

σv ∼ 〈σv〉 ∼ 3 · 10−27cm3s−1

Ωχh2
∼ 3 · 10−26cm3s−1 , (29)

Masses:

• MSSM    50 GeV < Mχ < few TeV

• KK          ~ 0.5 < Mχ < few TeV 

• IDM             45  < Mχ < 75 GeV  and  Mχ  > 0.5 TeV
• ...

Typical Cross section:
σv ~ 3×10-26  cm3 s-1  (Thermal Relic) 

bγγ ~ bzγ ~ 10-3  (1-loop suppression)

Yield:
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -

Alexander Sellerholm     --     PartikelDagarna, Göteborg     --     2007 - 09 - 21 
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)
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∣

∣
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∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

∝ ρ2 : structure severely boosts the signal! 

104 <              < 106

Depending on choice of profile and concentration 
parameter dependence of mass and redshift. 

Profiles

2

consider contributions from annihilations at high red-
shifts, gamma-ray absorption is included via the attenu-
ation function κ(E, z). For 0 ≤ z ≤ 5 we use the atten-
uation derived from star formation history [17], whereas
for z > 5 the absorption from interactions with the cos-
mological relic radiation field [18] is employed. The
range of integration is limited to 0 ≤ z ≤ 20; gamma
rays from higher redshifts are negligible. The parameter
ξ (z) is given by ξ (z)2 = ΩM (1 + z)3 + ΩK (1 + z)2 + ΩΛ.
In this work, we employ the cosmological ”con-
cordance model” of a flat, dark energy and dark
matter dominated Universe with the parameters
(ΩDM, ΩM, ΩK, ΩΛ)=(0.23, 0.27, 0, 0.73). For the dimen-
sionless Hubble-Parameter h we use the value 0.71 [19].
The annihilation induced intensity scales quadratically
with the dark matter density and thus strongly de-
pends on the amount of structure present in the dark
matter. This dependence is included via the function
Γ ≡ 1/(ρ2V)

∫
V ρ2dV ( ρ: mean density over volume V),

which we use as z-dependently evaluated for cosmologi-
cal volumes in [20]. Generally speaking, Γ (z) therefore is
the ”enhancement factor” between a structured universe
and a completely homogeneous dark matter distribution.
This enhancement due to structure formation is sensitive
to the predominant density profile of the dark matter ha-
los, and therefore subject to some uncertainty. Most high
resolution N-body simulations yield a universal dark mat-
ter halo profile ρ(r) = ρS/[(r/rS)γ [1 + (r/rS)γ ](β−γ)/α],
where ρS and rS denote scale density and radius. Mount-
ing evidence of the existence of this type of dark matter
density profile and the validity of the paradigm of hi-
erarchical structure formation comes from X-ray obser-
vations of Abell clusters [21] and from observations of
the Lyman-α-forest at high redshifts [22]. For our cal-
culations, we will employ the Navarro, Frenk and White
(NFW) profile (α = 1, β = 3 and γ = 1) [23, 24] and a
lower mass cutoff for the halos/subhalos of 105 solar
masses as the baseline case. For the mass-dependent con-
centration parameter c(Mhalo, zformation) ≡ rvirial/rS the
results presented in [25] are used. This scenario yields
a present-day enhancement of the flux of 2 × 106, com-
pared to a completely structureless universe [20]. If a
substantial fraction of the dark matter halos has steeper
inner slopes, like the Moore et al. profile [26], the overall
intensity enhancement might well be a constant factor of
2–25 larger than assumed here (depending on the inner
cutoff-radius in case of a singular inner slope ∝ r−1.5 or
steeper) [20]. Even steeper inner slopes can arise from
adiabatic compression by baryons [27]. To account for
this uncertainty, in this paper we will work with the
NFW-case of Γ (0) = 2 × 106, while keeping in mind that
the intensity could be additionally boosted by a factor
Ψ = O(1...10). Substantial clumping of the dark mat-
ter on mass scales below 105 solar masses [28] might
result in further enhancement of the intensities. We
compare the EGB intensity due to WIMP annihilations

TABLE I: Limits of the region of MSSM parameter space that
have been scanned with DarkSusy for cosmologically interest-
ing neutralino models not excluded by current accelerator lim-
its (higgsino mass parameter µ; gaugino mass parameter m2;
mass of the cp-odd higgs mA; ratio of the higgs vacuum expec-
tation values tan β; scalar mass parameter mS and trilinear
soft-breaking parameters for the third generation squarks At

and Ab)

|µ| |m2| mA tan β mS At Ab

500 GeV 2500 GeV 1000 GeV 5 1000 GeV 0.1 −2.5
1000 GeV 1000 GeV 1500 GeV 50 3000 GeV 1 −1

with EGRET data [4], depending on the neutralino pa-
rameters 〈σv〉χ and mχ. The EGRET data points in
the energy range 50 MeV – 300 MeV are very well de-
scribed by a power law, presumably due to faint, unre-
solved active galactic nuclei. The best-fit spectrum is
7.4 × 10−7 × (E/GeV)−2.33 ph cm−2 s−1 sr−1 GeV−1. A
steeper spectrum than that of the resolved EGRET
sources is in fact not unexpected due to the flux-
spectral-index relation [29]. Adding the annihila-
tion spectrum to this steep power law, best fit val-
ues for the cross-section times Ψ and neutralino
mass are 〈σv〉χ × Ψ = (2.6 ± 0.6) × 10−24 cm3s−1 and
mχ = 515+110

−75 GeV (Fig. 1a). The inferred neutralino
mass is independent from the details of cosmic struc-
ture evolution. To verify that correspondingly high val-
ues for 〈σv〉χ can be obtained within the MSSM frame-
work while producing cosmologically interesting amounts
of neutralinos, we use the DarkSusy [30] numerical rou-
tines to scan the MSSM parameter space. In Fig. 1b,
we plot valid models that have been found in the re-
gion of the parameter space described in Table I. In this
”mA − resonance region”, annihilation resonantly pro-
ceeds via χχ → A → ff , allowing for a high annihila-
tion cross-section while still producing the correct relic
density [31]. There is considerable spread among mod-
els. In a number of cases, the observed EGB-signature
can be produced even if Ψ is close or equal to unity.
The models we plot are required to thermally produce
0.175 > Ωχh2 > 0.025. For models producing substan-
tially less than Ωχh2 = 0.1 an additional, non-thermal
source of neutralinos, e. g. from the decay of heavier relic
particles, might be considered. For a MSSM-neutralino
with a mass of 520 GeV, 〈σv〉χ = 3.1 × 10−25 cm3 s−1

and a moderate Ψ of 8 the value of χ2/ν is 0.74, which
is excellent. The MSSM parameters and resulting EGB
spectrum for this model are shown in Fig. 2. This neu-
tralino is gaugino-like (gaugino fraction 0.996) and ther-
mally produces the correct relic density of Ωχh2 ≈ 0.1.
In this scenario the mass of the lightest Higgs boson H2

is 118 GeV. WIMPs with similar mass and cross-section,
but in other respects different parameters, might, how-
ever, equally be a possibility.

• (α, β, γ) = (1, 3, 1) NFW

• (α, β, γ) = (1, 3, 1.5) Moore

Concentration parameter

c(M,z) = rvir / r -2 , 

• r -2 = r s              NFW
• r -2 = 0.8 r s     Moore

Largest contribution from small halos, formed in an earlier, denser 
universe. We cutoff at 105 M⊙. 

Extending to lower masses: Increases signal but increases uncertainties.

(modeled by i.e. Bullock et al.,  
1999)
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2
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vir)

(

ρ′

Mχ

)2 ∫
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=
σv

2

dNγ(E)
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M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
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Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -

Alexander Sellerholm     --     PartikelDagarna, Göteborg     --     2007 - 09 - 21 

HALO properties II
Sub Structure

4 Dark matter substructure in the MW

Fig. 2.— Projected dark matter density-squared map of our simulated Milky Way-size halo (“Via Lactea”) at the present epoch. The
image covers an area of 800 × 600 kpc, and the projection goes through a 600 kpc-deep cuboid containing a total of 110 million particles.
The logarithmic color scale covers 20 decades in density-square.

ρ2 plot of “Via Lactea”, Diemand et al.

• Higher concentration parameters than parent halo
generally formed in higher density environments
outskirts depleted by tidal stripping 
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group
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2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 
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2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -

Alexander Sellerholm     --     PartikelDagarna, Göteborg     --     2007 - 09 - 21 

Inert (Higgs) Doublet
 Model

IDM Dark Matter:

• E. Ma, Phys. Rev. D 73, 077301 (2006)

• R. Barbieri et. al., Phys.Rev.D 74 (2006) 015007

• L. Lopes Honorez et. al., JCAP 0702, 028 (2007)

• M. Gustafsson et. al., accepted in PRL (2007)
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Extra scalar doublet with no direct coupling to fermions
(odd under Z2 symmetry)

Three new fields:
• 1 charged
• 2 scalar, 

the lightest one could 
be the WIMP!
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -

Alexander Sellerholm     --     PartikelDagarna, Göteborg     --     2007 - 09 - 21 

Dermer 2006

Backgrounds I

• AGNs (Dermer 2006)

(varies between 20 % - 50 % of total EGBR)

• Starburst galaxies (Thompson et al. 2006)

• Starforming galaxies (Pavlidou & Fields 2002)

• Structure formation (Keshet et al. 2002)

...

Unresolved point sources

Sreekumar et al. 1998
Strong, Moskalenko & Reimer 2004
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].

7

As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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Backgrounds

• Sreekumar et al. (1999) 
x  Strong et al. (2004)
--  Dermer Bkg (2006)
--  Unresolved Blazar Ullio (2002)

75 GeV 
IDM WIMP

200 GeV 
Generic WIMP

• AGNs (Dermer 2006)
(varies between 20 % - 50 % of total EGBR)

• Starburst galaxies (Thompson et al. 2006)

• Starforming galaxies (Pavlidou & Fields 2002)

• Structure formation (Keshet et al. 2002)
...

Unresolved point sources
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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Backgrounds

Larger?  Baughman et al. 2007

Smaller? Stecker et al. 2007

Astrophysical origin? Strong et al. 2004 

Exotic origin? De Boer 2005

Instrumentation error?
EGRET GeV anomaly

• Sreekumar et al. (1999) 
x  Strong et al. (2004)
--  Dermer Bkg (2006)
--  Unresolved Blazar Ullio (2002)

75 GeV 
IDM WIMP

200 GeV 
Generic WIMP

• AGNs (Dermer 2006)
(varies between 20 % - 50 % of total EGBR)

• Starburst galaxies (Thompson et al. 2006)

• Starforming galaxies (Pavlidou & Fields 2002)

• Structure formation (Keshet et al. 2002)
...

Unresolved point sources
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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Backgrounds

Larger?  Baughman et al. 2007

Smaller? Stecker et al. 2007

Astrophysical origin? Strong et al. 2004 

Exotic origin? De Boer 2005

Instrumentation error?
EGRET GeV anomaly

• Sreekumar et al. (1999) 
x  Strong et al. (2004)
--  Dermer Bkg (2006)
--  Unresolved Blazar Ullio (2002)

75 GeV 
IDM WIMP

200 GeV 
Generic WIMP

• AGNs (Dermer 2006)
(varies between 20 % - 50 % of total EGBR)

• Starburst galaxies (Thompson et al. 2006)

• Starforming galaxies (Pavlidou & Fields 2002)

• Structure formation (Keshet et al. 2002)
...

Unresolved point sources
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR
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2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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A 60 GeV WIMP? I
Claim by De Boer et al.(2005) that the EGRET data is 

compatible with a 60 GeV WIMP, if the DM is distributed in 
a non-standard way,

i.e. the EGRET GeV anomaly originates from WIMP 
annihilations

However, it was showed that the model overproduced 
positrons.... Bergström et al. (2005)!20 !10 0 10 20
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Figure 1: The dark matter distribution in the halo model of de Boer et al. [2]. The upper
panel shows the concentration of dark matter to the galactic disc, where in the right figure
the density dependence is explicitly plotted versus the vertical distance from the galactic
plane – at the position of the outer ring (dotted/green), solar system (solid/black), inner
ring (dashed/red) and galactic center (dash-dotted/blue). The lower panel shows the dark
matter surface mass density within 0.8 kpc from the galactic disc. The Earth’s location is
shown with a ×-sign.

more general. Our conclusion is that the proposal of de Boer et al. [2] to explain the gamma
excess in all sky directions is, at present, not viable1. Although – of course – we cannot
exclude a small contribution to the diffuse gamma-ray flux from dark matter annihilations.

2 Description of the model

Gamma rays have the advantage of pointing back directly to their sources in the Galaxy and
not to suffer from energy losses. This, together with known gamma-ray spectral shape from
dark matter annihilation (distinct from the conventional background), permit to extract the
sky-projected dark matter distribution from the EGRET observations. Taking this one step
further de Boer et al. propose a specific dark matter profile, with 18 free parameters, and do
a best fit to the EGRET data (for details, see [2]). The density profile de Boer et al. obtain
consists of a dark matter halo with the following ingredients:

1We note that earlier versions of the scenario of de Boer et al., e.g. [4], which had higher mass models
favored, did include a discussion of the antiproton fluxes. In the later papers with lower-mass models, they
do not discuss the issue. We furthermore conclude that in the earlier papers, where a NFW [12] dark matter
profile was used, the EGRET observations in all sky directions were not explained and, consequently, dark
matter annihilations could not alone explain all the gamma excess.
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Figure 1: The dark matter distribution in the halo model of de Boer et al. [2]. The upper
panel shows the concentration of dark matter to the galactic disc, where in the right figure
the density dependence is explicitly plotted versus the vertical distance from the galactic
plane – at the position of the outer ring (dotted/green), solar system (solid/black), inner
ring (dashed/red) and galactic center (dash-dotted/blue). The lower panel shows the dark
matter surface mass density within 0.8 kpc from the galactic disc. The Earth’s location is
shown with a ×-sign.

more general. Our conclusion is that the proposal of de Boer et al. [2] to explain the gamma
excess in all sky directions is, at present, not viable1. Although – of course – we cannot
exclude a small contribution to the diffuse gamma-ray flux from dark matter annihilations.

2 Description of the model

Gamma rays have the advantage of pointing back directly to their sources in the Galaxy and
not to suffer from energy losses. This, together with known gamma-ray spectral shape from
dark matter annihilation (distinct from the conventional background), permit to extract the
sky-projected dark matter distribution from the EGRET observations. Taking this one step
further de Boer et al. propose a specific dark matter profile, with 18 free parameters, and do
a best fit to the EGRET data (for details, see [2]). The density profile de Boer et al. obtain
consists of a dark matter halo with the following ingredients:

1We note that earlier versions of the scenario of de Boer et al., e.g. [4], which had higher mass models
favored, did include a discussion of the antiproton fluxes. In the later papers with lower-mass models, they
do not discuss the issue. We furthermore conclude that in the earlier papers, where a NFW [12] dark matter
profile was used, the EGRET observations in all sky directions were not explained and, consequently, dark
matter annihilations could not alone explain all the gamma excess.
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR

4 Frontier Science 2004, Physics and Astrophysics in Space

2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -

Alexander Sellerholm     --     PartikelDagarna, Göteborg     --     2007 - 09 - 21 

60 GeV WIMP at emission
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Fig. 3: Spectrum of the extragalactic background determined for the conventional model with GM scaling and DMA for different

hemispheres. The systematic point to point error is not included since it is common to all sky regions, so only the statistical

errors are plotted.
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Fig. 4: Fits to the extragalactic background with a single power law (dashed black) and a double power law (dashed, red) plus a

DMA contribution (dotted, red). In this plot the complete error is included.

Parameter single power double power

Φ0 [GeV cm−2s−1sr−1] (4.5 ± 0.2) · 10−7 (5.3 ± 0.6) · 10−7

E0[GeV] 0.5 0.5

γ1 −0.21 ± 0.04 −0.19 ± 0.09

γ2 - −1.74 ± 0.53

χ2/d.o.f. 11.7/6 5.7/4

probability 6.9 · 10−2 22.4 · 10−2

Table 2: Parameters of the fit to the shape of the EGB with a single power law and a double power law (see Eq. 2); in the latter

case the DMA was included in the fit using the shape of the DMA spectrum of Paper I.

high point is not overwhelming, as shown by the rather small difference in probabilities of the single and double power law in

Table 2. Therefore other explanations, like additional contributions from AGN’s or blazars are certainly not excluded. However,

the fact that the bump just occurs at the energy interval, where also the Galactic excess has a maximum, strengthens the DMA

interpretation. In this case the dominant contribution to the EGB flux of diffuse gamma rays at high energies originated from

DMA ( see Fig. 4), just like it is the case for the Galactic flux, which is also dominated by DMA for energies above 2 GeV. The

remaining soft contribution of the EGB resembles the spectra of the many point sources in our Galaxy, as shown in the Appendix

of Paper I.

De Boer et al. 2007

60 GeV comsological WIMP
(Boosted by 90)

EG background + WIMP vs. power law ?

Cosmology not taken into consideration!?
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR
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2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
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Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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The “standard” model for explaining the EGRB is that it consists of 

diffuse emission from unresolved, !-ray point sources such as blazars, 

quasars, starburst galaxies and starforming galaxies. Contributions from 
unresolved blazars, consistent with the EGRET blazar catalogue, could 
account for about 20% of the measured EGRB at 1 GeV. Taking into 
account predictions of starburst and starforming galaxies one gets about 
the measured values of the EGRB at 1 GeV [8]. However, these models 

under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
Representing the GLAST LAT collaboration Dark Matter & New Physics Working Group

The Spectrum:

(See poster by E. Lundtröm for more lDM info.)

A 60 GeV WIMP?

Cosmological
spectra

Emission 
spectra

x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR
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2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.
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NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

!-rays from Cosmological 

WIMPs

Halo Structures

Pair annihilation of weakly interacting massive particle (WIMP) dark 
matter into high energy photons taking place in dark matter halos at all 
redshifts might contribute to the extragalactic diffuse gamma-ray 

radiation (EGBR). The !- ray line annihilation channel would give rise to 

a distinct feature in the spectrum, a line which is distorted by the 
integration over all cosmological redshifts.

The differential flux of gamma-rays from cosmological WIMP 
annihilations can be calculated as in [1].

3

the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)

The question of how dark matter is distributed on small, galactic 
and sub-galactic scale is still a matter of debate. However, N-body 
simulations show that large structures form by the successive 
merging of small substructures, with smaller objects usually being 
denser [9]. 
Since the annihilation rate is proportional to the dark matter 
density squared, “clumpiness” of dark matter can significantly 
boost the annihilation signal from cosmological WIMPs. The 

quantity !2(z) describes the averaged squared over density in 

haloes, as a function of redshift. 
Also within larger halos there might exist smaller, bound halos that 
have survived tidal stripping. These halos are indicated to have 

masses all the way down to 10!" M! [4]. Although not as 

numerous as the primary  halos the substructure halos arise in 
higher density environments which makes them denser than their 
parent halo.

GLAST sensitivity to generic WIMPs and IDM.

Fast detector simulations [6] were done for a generic model of WIMPs annihilating into 2!, giving a 

line, and into bb-bar, which gives a continuous spectrum, for different WIMP masses ranging from 50 

GeV to 280 GeV. A !2 analysis was performed, assuming that the background consists of unresolved 

blazars [2], to obtain a sensitivity plot in <"v> vs M!. The WIMP signal was computed using a NFW 

profile [9] with substructures, assuming that they have four times the concentration parameter of the 
parent halo. The concentration parameters, as a function of halo mass, is distributed according to [3].

7

As we already mentioned the dependence of cvir on M as given in the equation above is weaker than in the Bullock
et al. toy-model. Our best fitting procedure gives Cσ = 76 and the behavior in Fig. 2 (left panel, dashed line), which
reproduces the N-body “data” fairly well, with values not very far from those obtained in the Bullock et al. model
within the range of simulated masses, and possibly just a slight underestimate of the mean value in the lighter mass
end.

On the other hand, the extrapolation outside the simulated mass range can give much larger discrepancies as shown
in the right panel of Fig. 2. Solid lines are for the same models as those shown in the left panel (K and Cσ from
the data fit in the left panel), with just σ8 set equal to our preferred value, σ8 = 0.73. When going to small M , cvir

increases in both cases, but the growth in the model of Bullock et al. is much faster than in the ENS model; we
will show explicitly how this uncertainty propagates to the prediction of the dark matter induced γ-ray flux. The
sensitivity of our results to the choice of cosmological parameters is generally much weaker: The largest effect is given
by the overall linear scaling of cvir(M, z) with σ8. There is also the possibility to change the cosmological model by
including other dark components; we are not going to discuss any such case in detail, we just mention that a neutrino
component at the level of current upper limits is not going to change severely our picture, while a substantial warm
dark matter component may play a crucial role if zc is indeed defined according to the ENS prescription.

IV. WIMP INDUCED FLUX: ROLE OF STRUCTURES AND SPECTRAL FEATURES

We are now ready to write explicitly the term dNγ/dE introduced above and to derive the formula for the flux.
The differential energy spectrum for the number of photons emitted inside a halo with mass M at redshift z is

dNγ

dE
(E, M, z) =

σv

2

dNγ(E)

dE

∫

dc ′
vir P(c ′

vir)

(

ρ′

Mχ

)2 ∫

d3r g2(r/a)

=
σv

2

dNγ(E)

dE

M

M2
χ

∆virρ̄

3

∫

dc ′
vir P(c ′

vir)
(c ′

vir x−2)3

[I1(c ′
vir x−2)]

2 I2(xmin, c ′
vir x−2) (21)

where σv is the WIMP annihilation rate, dNγ(E)/dE is the differential gamma-ray yield per annihilation and Mχ

is the WIMP mass. Note that in previous literature, the prefactor σv/2 has often been erroneously taken as σv.
The derivation based on the Boltzmann equation in BEU adds to our confidence that the factor should be σv/2. In
Eq. (21) we applied the definition of Rvir and introduced the integrals

In(xmin, xmax) =

∫ xmax

xmin

dxx2gn(x) . (22)

with the lower limit of integration xmin = rmin/a set, in a singular halo profile, by WIMP self annihilations, i.e.
roughly by ρ(rmin) ! mχ/[σv (t0 − tc)], where t0 is the age of the Universe and tc is the collapse time for the halo
under investigation. To include all sources labeled by their mass M , we averaged over the log-normal distribution
P(c ′

vir) centered on cvir as given in Eq. (17) or (20).
Inserting Eq. (21) into Eq. (5), we find that the gamma-ray flux is

dφγ

dE0
=

σv

8π

c

H0

ρ̄2
0

M2
χ

∫

dz (1 + z)3
∆2(z)

h(z)

dNγ(E0 (1 + z))

dE
e−τ(z,E0) , (23)

where we have defined

∆2(z) ≡
∫

dM
ν(z, M)f (ν(z, M))

σ(M)

∣

∣

∣

∣

dσ

dM

∣

∣

∣

∣

∆2
M (z, M) (24)

and the quantity

∆2
M (z, M) ≡ ∆vir(z)

3

∫

dc ′
vir P(c ′

vir)
I2(xmin, c ′

vir(z, M)x−2)

[I1(xmin, c ′
vir(z, M)x−2)]

2 (c ′
vir(z, M)x−2)

3 . (25)

(Note that this definition differs from that in BEU [8] by a factor 1/(1 + z)3. The advantage of the present definition
is that ∆2

M (z, M) = 1 if all matter is at the mean density for redshift z.) In early estimates of the WIMP induced
extragalactic γ-ray flux, see, e.g., [9], the role of structure was not appreciated and the dark matter distribution was
assumed to be described simply by the mean cosmological matter density ρ(z) = ρcΩM (1 + z)3. Compared to this
picture, ∆2

M (z, M) gives the average enhancement in the flux due to a halo of mass M , while ∆2(z) is the sum over
all such contributions weighted over the mass function. As we will see, the enhancement of the annihilation rate due
to structure amounts to several orders of magnitude.

Figures from:
V. Springel http://www.mpa-garching.mpg.de/galform/press/

D. Nagai: http://www.tapir.caltech.edu/~daisuke/

Particle Physics
The preferred particle physics model enters the differential 

gamma-ray flux via the cross section ", the WIMP mas M! and 

the differential gamma-ray yield per annihilation dN/dE. 

The annihilation yield is of the form: 

The first term in is the contribution from WIMP annihilations into 

the full set of tree-level final states, containing fermions gauge or 

Higgs bosons, whose fragmentation/decay chain generates 

photons. These processes give rise to a continuous energy 

spectrum. The second and third terms correspond to direct 

annihilation into final states of two photons and of one photon and 

one Z boson, respectively. Although of second order (one loop 

processes), these terms give rise to monochromatic photons.

Astrophysics and cosmology
The extragalactic gamma-ray signal is strongly  
affected by absorption in the inter-galactic medium, 
especially at high energies. The absorption is 

parameterized by the parameter #, the optical depth. 

The dominant contribution to the absorption in the 
GeV-TeV range is pair production on the 
extragalactic background light emitted in the optical 
and infrared range. For the optical depth as function 
of both redshift and observed energy we use the 
results of [5].
The dimensionless hubble parameter h(z) depends 
on the energy content of the universe which changes 
with redshift. For this we use the results from the 
WMAP three-year data [12].
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under-predict the !-ray flux at higher energies,arguing for new , hard !-

ray sources. 

GLAST Sensitivity to Cosmological Dark Matter 

Annihilating into !-rays
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The Spectrum:

(See poster by E. Lundtröm for more lDM info.)
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x : Reanalyzed EGBR with galactic 60 GeV WIMP.

Astrophysical contributions 
to the EGBR
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2.1 High energy γ-ray environment

Any extragalactic γ-ray signal is strongly affected by absorption in the inter-
galactic medium, especially at high energies. The absorption is parameterized
by the parameter τ , the optical depth. The dominant contribution to the
absorption in the GeV-TeV range is pair production on the extragalactic back-
ground light emitted in the optical and infrared range. For the optical depth as
function of both redshift and observed energy we use the results of [6]. Newer
calculations of optical depth are now available, see [7]. These results imply a
slightly lower optical depth at low redshifts and slightly higher at high redshifts,
which in turn slighlty enhance or supress the WIMP signal, respectively.

2.2 Particle physics

The preferred particle physics model enters the differential gamma-ray flux via
the cross section, σ, the WIMP mas Mχ and the differential gamma-ray yield
per annihilation dN/dE, which is of the form:

dNγ

dE
=

dNcont

dE
(E) + 2bγγδ(E − Mχ) + bZγδ(E − Mχ(M2

Z/4M2
χ)) (2)

The first term in eq. 2 is the contribution from WIMP annihilations into the
full set of tree-level final states, containing fermions gauge or Higgs bosons,
whose fragmentation/decay chain generates photons. These processes give rise
to a continuous energy spectrum. The second and third terms correspond to
direct annihilation into final states of two photons and of one photon and one
Z boson, respectively. Although of second order (one loop processes), these
terms give rise to monochromatic photons.

Since the emission spectrum of the continuum and line signal are very dif-
ferent in shape, the result of the integration over redshift, in eq 1, is quite
different. The continuum spectra becomes slightly broaded and the peak (on a
logarithmic scale) is red shifted to lower energies. As a rule of thumb one can
keep in mind that the total energy emitted (E2dφ/dE), as a function of energy,
peaks at about E = Mχ/20 for the emission spectrum and about E = Mχ/40
for the cosmological spectrum. In figure 1 a comparison between cosmological
and emission spectra can be seen.

The line signal is different since all photons are emitted at the same energy,
E = Mχ (in the case of a 2γ-final state) and are observed at the energy E0 =
E(1 + z)−1, depending on at which redshift the WIMPs annihilated. At high
redshifts the universe becomes opaque to high energy photons and the signal
goes down dramatically at lower E0. This results in the characteristic spectral
feature of a sharp cut-off at the WIMP mass, with a tail to lower energies as
seen in figure 1.

The left panel of figure 1 shows a comparison of the photon spectra at
emission and the cosmological spectra, from a 60 GeV WIMP, only taken into

EGRET data points, squares from [7], crosses from [10]. The green 

hatched area represents the upper and lower limits of astrophysical 

sources contributing to the EGBR, from [8]. The red, dashed line is the 

unresolved blazar model used in our sensitivity calculation. Also are 

showing two examples of cosmological WIMP spectra; a 75 GeV IDM 

WIMP and a 200 GeV WIMP of the kind used for the GLAST 

sensitivities, the latter also shows the response of GLAST. 

Comparison of the photon 
spectra at emission and the 
cosmological spectra, from 
a 60 GeV WIMP, only taken 
into account annihilations 
into bb. Note that, in 
contrasts to claims made in 
[2], the cosmological 
spectra, from a 60 GeV 
WIMP, does not peak at the 
characteristic 3 GeV bump 
in the EGBR, where the 
emission spectrum peaks, 
which looks very similar to 
the WIMP signal used in [2].

Excluded by EGRET 

dashed line the sensitivity when including substructures.  Points in the parameter 

space that could be resolved by GLAST are the $$ fluxes above the sensitivity 

lines. The green, dotted line marks the region already excluded by  EGRET, 
assuming an NFW profile with substructures.

NFW

NFW + subhalo

5" - sensitivity, 1- year:

The parameter space of 
IDM shown as photon flux 
vs. WIMP mass for 
d i f ferent annih i la t ion 
channels, [11]. The dashed 
line is the 1 year GLAST 

5" line sensitivity with a 

NFW profile and the dot -
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 Conclusions:

• WIMPs could possible give an interesting contribution 
to the EGBR.

• GLAST is sensitive to a range of DM models and 
astrophysical scenarios.


