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✦ cold dark matter models predict an 
abundance of substructure in the halo of 
the Galaxy

✦ annihilation of dark matter particles 
produces gamma-rays which could be 
detected by Fermi (formerly GLAST)

✦ few if any subhalos will be detectable 
individually, but collectively Galactic 
substructure will produce a significant flux 
of diffuse gamma-rays

✦ diffuse emission from unresolved Galactic 
substructure will be virtually isotropic (on 
large angular scales), thus in Fermi data will 
appear as a contribution to the 
extragalactic gamma-ray background 
(EGRB)
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than the smooth host halo signal and can dominate it at large an-
gular distances from the center.

To determine the magnitude and angular dependence of this
background, we repeat the calculation presented in Pieri et al.
(2008) with three important differences. First, we use an anti-
biased subhalo spatial distribution for which nsub(r)/!host(r) / r
(see Kuhlen et al. 2007), as opposed to one that follows the host
halo mass distribution down to some hard cutoff rmin(M ), as in
Pieri et al. (2008). Second, we allow a range of values of the
subhalo mass function slope" and cutoff massm0. This canmake
a big difference, since by number the population of individually
undetected subhalos is dominated by objects with masses close
tom0. Finally, we include a radial dependence in the subhalomass-
concentration relation, motivated by numerical simulations, that
tend to find higher concentrations for subhalos closer to the host
halo center (Diemand et al. 2007b, 2008),

csub0 (M ;R) ! cB010 (M )
R

r200

! ""0:286

; #12$

where cB010 (M ) is the median concentration of a subhalo of mass
M, as given by the Bullock et al. (2001) model for field halos.
With this scaling, subhalos at R% are 3 times as concentrated as
field halos. We also include a lognormal scatter around this me-
dian, with width # log c ! 0:14 (Wechsler et al. 2002). In Figure 5
we present the resulting background flux as a function of angle
from the halo center and also show the effects of ourmodifications
on the original Pieri et al. (2008) prescription (using their Bref,z0

model). A more detailed explanation of our calculation of this
background is included in Appendix A.

We find that our use of an antibiased radial distribution leads
to a diffuse subhalo flux that is almost independent of the viewing
direction. The median galactocentric distance of a subhalo (i.e.,
the radius enclosing half of all subhalos) is about 200 kpc in the
antibiased case, but only 100 kpc for the unbiased distribution

used by Pieri et al. (2008). The fraction of subhalos within 8 kpc
(within rVL"II

s ! 21 kpc) is 7 ; 10"4 (0.01) in the antibiased case
and 0.02 (0.1) for the unbiased distribution. In the unbiased case,
subhalos within 8 kpc of the Galactic center contribute about 90%
of the subhalo diffuse flux toward the Galactic center, whereas
they make up only 40% of the flux in the antibiased case. The
shift toward larger distances also leads to an overall reduction in
the amplitude of the flux.

The final background considered here is due to annihilations
from the smooth host halo. For this component we simply use the
angular flux distribution calculated from all simulated particles
that do not belong to any subhalos. Since higher numerical reso-
lution would have resolved some of this DMmass into individual
subhalos, whose contribution we have accounted for above, we
uniformly reduce the smooth halo flux by a factor 1" fu, where
fu is the mass fraction below 106 M% ( last column in Table 2).

3.2. Particle Physics Parameters

The particle physics dependence of the annihilation signal
(eq. [1]) enters through three factors: M$, the mass of the DM
particle, h#vi, the thermally averaged velocity-weighted annihi-
lation cross section, and dN%/dE, the photon spectrum resulting
from a single annihilation event. The physical nature of DM is
currently unknown, and a plethora of particle physics models
have been proposed to explain its existence. It should be noted that
not all of these models result in a DM particle capable of anni-
hilating, but thosemodels are not of interest for the present work.
Instead, we consider here only the class of models in which the
DM is aweakly interactingmassive particle (WIMP), such as the
neutralino in supersymmetric extensions of the standard model
or Kaluza-Klein excitations of standard model fields in models
with universal extra dimensions (for a recent review of particle
DM theories, see Bertone et al. 2005a).

For any given class of model, it is possible to determine a
range of M$ and h#vi that results in in a current relic DM den-
sity that is consistent with the Wilkinson Microwave Anisotropy
Probe (WMAP) measurement of !$h

2 ! 0:1105&0:0039
"0:0038 (Spergel

et al. 2007). Typical values for M$ are from 50 GeV up to
'1 TeV, and a simple estimate of the cross section is h#vi ! 3 ;
10"27 cm3 s"1/!$h

2 ( 3 ; 10"26 cm3 s"1 (Jungman et al. 1996).
However, this naive relation can fail badly (Profumo 2005), and a
much wider range of cross sections, up to h#vi ' 10"24 cm3 s"1

for M$ < 200 GeV (e.g., Fig. 17 in Colafrancesco et al. 2006),
should be considered viable. In this work, we consider values of
M$ from 50 to 500 GeVand h#vi from 10"26 to 10"25 cm3 s"1.

WIMP DM particles can annihilate into a range of different
particle pairs, including quarks, leptons (e.g., &’s), gauge bosons
(Z0 andW)), gluons, and Higgs particles. The subsequent decay

Fig. 5.—Diffuse flux due to undetectable subhalos as a function of angle  
from the Galactic center, for a number of different subhalo mass functions. The
thick lines show models with an antibiased radial distribution, concentrations
increasing toward the host center, and different values of the mass function slope
" and low-mass cutoff m0: (" ;m0/1 M%) ! (2:0; 10"6) (thick solid line), (2.0,
10"12) (dotted line), (2.0, 1) (dashed line), (1.9, 10"6) (dot-dashed line), (1.8,
10"6) (double-dotYdashed line). The thin solid line represents the original Pieri
et al. (2008)model (Bref,z0), with" ! 2:0,m0 ! 10"6 M%, an unbiased radial dis-
tribution, and no radial concentration dependence. The flux from the smooth host
halo is overplotted with the gray line; see Fig. 4.

TABLE 2

Subhalo Mass Function Models

"
m0

(M%) Ntot

Mtot

(M%) ftot

Mu

(M%) fu

2.0......... 10"6 2.5 ; 1016 9.3 ; 1011 0.53 7.0 ; 1011 0.40

1.9......... 10"6 9.2 ; 1014 3.2 ; 1011 0.19 1.2 ; 1011 0.070

1.8......... 10"6 3.3 ; 1013 2.1 ; 1011 0.12 3.3 ; 1010 0.018

2.0......... 1 2.5 ; 1010 5.8 ; 1011 0.33 3.5 ; 1011 0.20

2.0......... 10"12 2.5 ; 1022 1.3 ; 1012 0.73 1.0 ; 1012 0.60

Notes.—The total number (Ntot), mass (Mtot), and mass fraction ( ftot !
Mtot/Mhalo) by extrapolation of the subhalo mass function with slope" and cutoff
m0, normalized to give f ! 0:1 in the interval 10"5 < M /Mhalo < 10"2. Mu and
fu are the mass and mass fraction of all subhalos, respectively, below VL-II’s
resolution limit of '106 M%.
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The intensity energy spectrum
(or why we need anisotropy too)
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example isotropic diffuse intensity spectrumwhat contributes to 
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emission?

interactions with the extragalactic 
background light (EBL) may 
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gamma-rays above ~ 10 GeV, 

producing an exponential cutoff in 
the observed spectrum
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✦ the angular power spectrum:  
characterizes intensity 
fluctuations as a function of 
angular scale

✦ the intensity energy spectrum: 
intensity as a function of energy

✦ the anisotropy energy spectrum: 
characterizes intensity 
fluctuations at a fixed angular 
scale as a function of energy

✦ large-scale angular distribution: 
tests whether emission is 
correlated with Galactic 
structures

Using anisotropy to find the dark matter signal
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The total angular power spectrum

✦ the total measured ‘isotropic’ diffuse emission has contributions from multiple 
source classes

✦ the angular power spectrum of the total emission is determined by 

1. the fractional contributions of each source class to the intensity 

2. the amplitude of their individual angular power spectra

✦ predictions exist for the angular power spectrum of 

✦ extragalactic source classes, including unresolved blazars and extragalactic 
dark matter (e.g., Ando & Komatsu 2006,  Ando et al. 2007 x 2, Miniati et al. 2007, Cuoco et al. 

2008, Taoso et al. 2008, Fornasa et al. 2009) 

✦ Galactic dark matter (JSG 2008, Fornasa et al. 2009, Ando 2009)
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angular power spectrum from unresolved blazars
✦ unresolved blazars are typically 

the dominant contributor to the 
angular power spectrum over 
other extragalactic source 
classes for ℓ≳ 100

The angular power spectrum of diffuse gamma-ray emission
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EGRET, which is expected to be achieved after two years
of all-sky survey observations of sources with a spectral
index of 2 [56]. Our predictions for Cl from GLAST data
are shown in Fig. 4. As GLAST can detect and remove
more fainter objects than EGRET, the Poisson term is
greatly reduced while the correlation part is almost un-
changed. If the blazar bias is larger than 1, the correlation
part would dominate the angular power spectrum at low l’s,
which would allow us to measure the average bias of
unresolved blazars.

We also show the correlation part of the angular power
spectrum using a bias model which was inferred from the
optical quasar observations [51,52]:

 bQ!z" # 0:53$ 0:289!1$ z"2: (21)

If the unification picture of the AGNs is correct, then it may
be natural to set bB # bQ!z". The results from this calcu-
lation are shown as the dot-dashed curves in Figs. 3 and 4.
We find that these results are quite similar to the case of
bB # 1. This is because at low redshift, z & 0:5, the quasar
bias is close to 1, and the main contribution to the CGB
from blazars comes also from relatively low-redshift range.
Once again, we note that the quasar bias [Eq. (21)] is
significantly different from the bias inferred from the
x-ray AGN observation, which indicated stronger cluster-
ing [53–55]. Therefore, one should keep in mind that a
wide range of the blazar bias, possibly up to %5, is still
allowed. Hereafter, we adopt bB # 1 as our canonical
model, and we note that CC

l simply scales as b2B.

V. DISTINGUISHING DARK MATTER
ANNIHILATION AND BLAZARS

The main goal in this paper is to study how to distinguish
CGB anisotropies from dark matter annihilation and from
blazars. The current uncertainty in the blazar bias would be
the source of systematic errors, but this can be reduced
significantly by several approaches, such as the upgraded
and converged bias estimations of AGNs from the other
wavebands, direct measurement of the blazar bias from the
detected point sources by GLAST [46], and the CGB
anisotropy at different energies where the contribution
from dark matter annihilation is likely to be small.

A. Formulation for the two-component case

The total CGB intensity is the sum of dark matter
annihilation and blazars:

 ICGB!E; n̂" # IB!E; n̂" $ ID!E; n̂"; (22)

 hICGB!E"i # hIB!E"i$ hID!E"i; (23)

where the subscripts B and D denote blazar and dark matter
components, respectively. The expansion coefficients of
the spherical harmonics are given by

 aCGBlm #
Z

d!n̂
ICGB!E; n̂" & hICGB!E"i

hICGB!E"i
Y'
lm!n̂"

#
Z

d!n̂
!IB!E; n̂" $ !ID!E; n̂"

hICGB!E"i
Y'
lm!n̂"

( fBaBlm $ fDaDlm; (24)

where !IB;D ( IB;D & hIB;Di, fB;D ( hIB;Di=hICGBi. These
fB and fD are the fraction of contribution from the blazars
and dark matter annihilation to the total CGB flux, and we
have the relation fB $ fD # 1. Therefore, aB;Dlm is defined
as the coefficient of the spherical harmonic expansion if
each component is the only constituent of the CGB flux,
the same definition as in the previous sections or of AK06
[41]. The total angular power spectrum CCGB

l # hjaCGBlm j2i
is, therefore, written as

 CCGB
l # f2BCl;B $ f2DCl;D $ 2fBfDCl;BD; (25)

where Cl;B and Cl;D are the angular power spectrum of the
CGB from blazars (Sec. IV) and dark matter annihilation
(Sec. III and AK06 [41]), respectively, and Cl;BD (
haBlmaD'

lm i is a cross correlation term. This cross correlation
term is derived in Appendix B, and is again divided into 1-
halo and 2-halo terms, i.e.,

 Cl;BD # C1h
l;BD $ C2h

l;BD; (26)

where each term is given by

 

FIG. 4 (color online). The same as Fig. 3 but for the CGB
anisotropy expected from GLAST data.

DARK MATTER ANNIHILATION OR UNRESOLVED . . . PHYSICAL REVIEW D 75, 063519 (2007)

063519-7

NB: normalization is for each individual source class, 
relative contribution to total power spectrum 

depends on relative intensities!

Ando et al. 2007
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G and EG relative contributions
✦ unresolved blazars are typically 

the dominant contributor to the 
angular power spectrum over 
other extragalactic source 
classes for ℓ≳ 100

✦ Galactic dark matter 
substructure generally produces 
a much higher amplitude angular 
power spectrum than 
extragalactic source classes

✦ Galactic dark matter always 
dominates over extragalactic 
dark matter in the intensity 
energy spectrum and angular 
power spectrum

The angular power spectrum of diffuse gamma-ray emission
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FIG. 1: Di!erent contributions to the di!erential flux
d"/dEd# [cm!2s!1GeV!1sr!1] at 10 GeV as a function of
the angle $ from the GC, in model Bz0,ref . The blue line cor-
responds to the EGRET estimate of the EGB as parametrized
in Ref. [15]. The contribution from DM annihilation in the
smooth host halo and its substructures are represented by
the black and red curves, respectively. The latter is ob-
tained by averaging over 10 di!erent Monte Carlo realiza-
tions of the subhalos population. Bumps and wiggles are due
to the contribution of the individual subhalos of the RES
population. The green line represents the extra-galactic flux
contributed by DM annihilation within extra-galactic halos
and their substrutures. We have assumed m! = 40 GeV,
!v = 3 ! 10!26cm3s!1 and annihilations to bb̄.

One therefore expects that, thanks to its superior sen-
sitivity, Fermi LAT will be able to resolve a significant
fraction of these sources [39]. As a result, the amplitude
of the unresolved gamma-ray background will decrease,
e!ectively lowering the blue line in Figs. 1 and 2 in the
case of Fermi LAT. This will have three advantages. First
of all, a fainter gamma-ray background will increase the
probability of detecting the gamma-ray annihilation sig-
nal produced by individual structures. Second, the back-
ground from Fermi LAT will provide tighter constraints
to our model for the DM annihilation, telling us if our de-
scription is too optimistic. Finally, with a larger number
of resolved astrophysical sources, Fermi LAT will provide
a better estimate of the blazar luminosity function.

The fact that the extra-galactic flux is contributed by
both DM annihilation and blazars and because of the un-
certainty on the latter contribution, one has the freedom
of modifying the relative importance of blazars emission
to the total EGB, keeping a good agreement with the
data. Di!erent choices for these relative contributions

 [degrees]!
0 20 40 60 80 100 120 140 160 180

]
-1

 s
r

-1
 G

e
V

-1
 s

r
-2

d
E

 [
c
m

"
/d

#
d

-1210

-1110

-10
10

-910

-810

-710

-610
NFW

Galactic substructures

Extragalactic halos and subhalos

EGRET

Graph

FIG. 2: Di!erent contributions to the di!erential flux
d"/dEd# at 10 GeV as a function of the angle $ from the GC
in model Bzf ,ref . The curves represents the same quantities
shown in Fig. 1 but for Bzf ,ref .

have been proposed in Ref. [13]. They are listed in the
first two columns of Tab. II. The same DM annihilation
flux leads to a di!erent value of fEGRET

DM for EGRET and
Fermi LAT, due to the lower Fermi LAT EGB.

It is particularly important to note that not all of the
scenarios in Tab. II are physically plausible when im-
plemented in our model. For example, boosting the av-
erage galactic and extra-galactic DM annihilation flux
so that it will account for more than 61% of the Fermi
LAT EGB, leads to a flux that exceeds the EGRET con-
straint towards the GC (even excluding the central de-
gree). Thus, for Bz0,ref we will only consider fFermi

DM as
large as 0.61, restricting to the last two rows in Tab. II.
For the model Bzf ,ref , a similar argument rules out cases
with fFermi

DM > 0.80.

V. ANGULAR POWER SPECTRUM OF THE
GAMMA-RAY UNRESOLVED SIGNAL

A. Galactic contribution

To compute the galactic gamma-ray angular power
spectrum and investigate the relative importance of the
di!erent contributions, we separately analize the five
maps of "cosmo corresponding to the NFW, RES, UN-
RES, NFW!RES and NFW!UNRES contributions. In
the maps, the value of "cosmo is specified within angular
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✦ NB: relative amplitudes of the 
intensity of different source 
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variations in predicted shape and 
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and their substrutures. We have assumed m! = 40 GeV,
!v = 3 ! 10!26cm3s!1 and annihilations to bb̄.

One therefore expects that, thanks to its superior sen-
sitivity, Fermi LAT will be able to resolve a significant
fraction of these sources [39]. As a result, the amplitude
of the unresolved gamma-ray background will decrease,
e!ectively lowering the blue line in Figs. 1 and 2 in the
case of Fermi LAT. This will have three advantages. First
of all, a fainter gamma-ray background will increase the
probability of detecting the gamma-ray annihilation sig-
nal produced by individual structures. Second, the back-
ground from Fermi LAT will provide tighter constraints
to our model for the DM annihilation, telling us if our de-
scription is too optimistic. Finally, with a larger number
of resolved astrophysical sources, Fermi LAT will provide
a better estimate of the blazar luminosity function.

The fact that the extra-galactic flux is contributed by
both DM annihilation and blazars and because of the un-
certainty on the latter contribution, one has the freedom
of modifying the relative importance of blazars emission
to the total EGB, keeping a good agreement with the
data. Di!erent choices for these relative contributions
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have been proposed in Ref. [13]. They are listed in the
first two columns of Tab. II. The same DM annihilation
flux leads to a di!erent value of fEGRET

DM for EGRET and
Fermi LAT, due to the lower Fermi LAT EGB.

It is particularly important to note that not all of the
scenarios in Tab. II are physically plausible when im-
plemented in our model. For example, boosting the av-
erage galactic and extra-galactic DM annihilation flux
so that it will account for more than 61% of the Fermi
LAT EGB, leads to a flux that exceeds the EGRET con-
straint towards the GC (even excluding the central de-
gree). Thus, for Bz0,ref we will only consider fFermi

DM as
large as 0.61, restricting to the last two rows in Tab. II.
For the model Bzf ,ref , a similar argument rules out cases
with fFermi

DM > 0.80.

V. ANGULAR POWER SPECTRUM OF THE
GAMMA-RAY UNRESOLVED SIGNAL

A. Galactic contribution

To compute the galactic gamma-ray angular power
spectrum and investigate the relative importance of the
di!erent contributions, we separately analize the five
maps of "cosmo corresponding to the NFW, RES, UN-
RES, NFW!RES and NFW!UNRES contributions. In
the maps, the value of "cosmo is specified within angular
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The anisotropy energy spectrum

✦ ‘the anisotropy energy spectrum’ = the angular power spectrum of the total measured 
emission at a fixed angular scale (multipole) as a function of energy:
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The anisotropy energy spectrum

✦ ‘the anisotropy energy spectrum’ = the angular power spectrum of the total measured 
emission at a fixed angular scale (multipole) as a function of energy:

✦ the anisotropy energy spectrum of a SINGLE source population is flat in energy* as 
long as the angular distribution (and hence angular power spectrum) of the emission 
from a single source population is independent of energy

7

*EBL attenuation, redshifting of features in the source spectrum, 
source evolution with redshift, and variation between individual 
source spectra within a source class can in principle produce an 
energy dependence
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The anisotropy energy spectrum

✦ ‘the anisotropy energy spectrum’ = the angular power spectrum of the total measured 
emission at a fixed angular scale (multipole) as a function of energy:

✦ the anisotropy energy spectrum of a SINGLE source population is flat in energy* as 
long as the angular distribution (and hence angular power spectrum) of the emission 
from a single source population is independent of energy

✦ how does the anisotropy energy spectrum help?

✦ exploits the different energy dependences of the contributions of Galactic dark 
matter and extragalactic source classes to the total measured emission

✦ a transition in energy from an angular power spectrum dominated by the EGRB 
and one dominated by Galactic dark matter will show up as a modulation in the 
anisotropy energy spectrum

7

*EBL attenuation, redshifting of features in the source spectrum, 
source evolution with redshift, and variation between individual 
source spectra within a source class can in principle produce an 
energy dependence
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The anisotropy energy spectrum

✦ ‘the anisotropy energy spectrum’ = the angular power spectrum of the total measured 
emission at a fixed angular scale (multipole) as a function of energy:

✦ the anisotropy energy spectrum of a SINGLE source population is flat in energy* as 
long as the angular distribution (and hence angular power spectrum) of the emission 
from a single source population is independent of energy

✦ how does the anisotropy energy spectrum help?

✦ exploits the different energy dependences of the contributions of Galactic dark 
matter and extragalactic source classes to the total measured emission

✦ a transition in energy from an angular power spectrum dominated by the EGRB 
and one dominated by Galactic dark matter will show up as a modulation in the 
anisotropy energy spectrum

✦ this is a generally applicable method for identifying and understanding the properties 
of contributing source populations (NOT just for dark matter!)
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*EBL attenuation, redshifting of features in the source spectrum, 
source evolution with redshift, and variation between individual 
source spectra within a source class can in principle produce an 
energy dependence
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✦ Galactic dark matter dominates the intensity above ~20 GeV, but spectral 
cut-off is consistent with EBL attenuation of blazars

✦ modulation of anisotropy energy spectrum is easily detected!
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The anisotropy energy spectrum at work
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JSG & Pavlidou 2009

✦ 1-sigma errors

✦ 5 years of Fermi all-sky 
observation 

✦ 75% of the sky usable

✦ Nb/Ns =10 !!!!

✦ error bars blow up at low 
energies due to angular 
resolution, at high energies 
due to lack of photons
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✦ Galactic dark matter never dominates the intensity and spectral cut-off is 
consistent with EBL attenuation of blazars

✦ modulation of anisotropy energy spectrum is still strong!

neutralino mass = 80 GeV
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✦ 1-sigma errors

✦ 5 years of Fermi all-sky 
observation 

✦ 75% of the sky usable

✦ Nb/Ns =10 !!!!

✦ error bars blow up at low 
energies due to angular 
resolution, at high energies 
due to lack of photons
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✦ a modulation in the anisotropy energy spectrum robustly indicates a transition in energy 
in the spatial distribution of contributing source population(s) 
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✦ a modulation in the anisotropy energy spectrum robustly indicates a transition in energy 
in the spatial distribution of contributing source population(s) 

✦ confident identification of a specific source population requires joint examination of 
several diagnostics:

1. anisotropy energy spectrum

2. intensity energy spectrum

3. total angular power spectrum

4. large-scale angular distribution of the emission

✦ Galactic dark matter has a unique anisotropy signature: the combined properties of (1)-(4) for 
Galactic dark matter are not reproduced by any known source class!

✦ spurious detections can usually be rejected with multiple diagnostics: e.g., modulation due to EBL 
attenuation is accompanied by suppression in intensity at same energies
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✦ a modulation in the anisotropy energy spectrum robustly indicates a transition in energy 
in the spatial distribution of contributing source population(s) 

✦ confident identification of a specific source population requires joint examination of 
several diagnostics:

1. anisotropy energy spectrum

2. intensity energy spectrum

3. total angular power spectrum

4. large-scale angular distribution of the emission

✦ Galactic dark matter has a unique anisotropy signature: the combined properties of (1)-(4) for 
Galactic dark matter are not reproduced by any known source class!

✦ spurious detections can usually be rejected with multiple diagnostics: e.g., modulation due to EBL 
attenuation is accompanied by suppression in intensity at same energies

✦ the anisotropy energy spectrum could in principle be used to extract the shape of the 
dark matter intensity spectrum even if the dark matter contribution cannot be 
disentangled from the the intensity spectrum alone (analysis by Brandon Hensley in prep)

Summary
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Detectability of the angular power spectrum
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