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A potential dark matter signal in diffuse gamma-ray emission

! annihilation of dark matter particles produces 
gamma-rays which could be detected by Fermi
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A potential dark matter signal in diffuse gamma-ray emission

! annihilation of dark matter particles produces 
gamma-rays which could be detected by Fermi

! cold dark matter models predict structure 
down to very small scales, including an 
abundance of substructure in the halo of the 
Galaxy
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A potential dark matter signal in diffuse gamma-ray emission

! annihilation of dark matter particles produces 
gamma-rays which could be detected by Fermi

! cold dark matter models predict structure 
down to very small scales, including an 
abundance of substructure in the halo of the 
Galaxy

! few if any subhalos or extragalactic structures 
will be detectable individually, but collectively 
could produce a significant flux of diffuse 
gamma-rays
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A potential dark matter signal in diffuse gamma-ray emission

! annihilation of dark matter particles produces 
gamma-rays which could be detected by Fermi

! cold dark matter models predict structure 
down to very small scales, including an 
abundance of substructure in the halo of the 
Galaxy

! few if any subhalos or extragalactic structures 
will be detectable individually, but collectively 
could 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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Galactic DM annihilation flux

Galactic 
substructure

(various models)

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%.

DARK MATTER IN GALACTIC SUBSTRUCTURE 269No. 1, 2008

Kuhlen, Diemand, & Madau 2008
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What is making the large-scale isotropic diffuse emission?
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! many astrophysical sources are 
guaranteed to contribute to the diffuse 
emission, e.g.:

! blazars

! star-forming galaxies

! millisecond pulsars

! unknown/unconfirmed source classes 
could also contribute:

! dark matter

! ???
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FIGURE 1. (a) Diffuse extragalactic #-ray background from analyses of EGRET data, shown by filled [38] and open [42] data
points, compared to model calculations of the contributions to the EGRB for FSRQs and BL Lac objects, and total AGNs [14], star-
forming galaxies [35], starburst galaxies [46], structure shocks in clusters of galaxies [21, 6], and GRBs [12]. (b) Fitted EGRET and
predicted redshift distributions of FSRQs and BL Lac objects [12]. (c) Fitted EGRET size distribution, and predictions for different
flux levels [12].

required. They obtained best-fit values through the maximum likelihood method that gave an AGN contribution to the

EGRET #-ray background at the level of ! 25%.
Stecker & Salamon [40] postulated a radio/#-ray correlation in blazars, and tried to correct for the duty cycle and #-

ray spectral hardening of flaring states. They found that essentially 100% of the EGRET #-ray background arises from
unresolved blazars and AGNs. In later work [41], they predict that GLAST will detect ! 5000 blazars to a flux level
of! 2"10#9 ph(> 100 MeV)/(cm2-s), which will be reached with GLAST after! 4 years. They did not, however, fit
the blazar redshift distribution to provide a check on their model, nor distinguish between flat spectrum radio quasar

(FSRQ) and BL Lac objects.

The crucial underlying assumption of this approach, which has been developed in recent work [18, 33], is that there

is a simple relation between the radio and #-ray fluxes of blazars. Because a large number of EGRET #-ray blazars
(primarily FSRQs) are found in the 5 GHz,> 1 Jy Kühr et al. [23] catalog, a radio/#-ray correlation is expected. This
correlation is not, however, evident in 2.7 and 5 GHz monitoring of EGRET #-ray blazars [30]. X-ray selected BL
objects are also not well-sampled in GHz radio surveys. Studies based on correlations between the radio and #-ray
emissions from blazars must therefore consider the very different properties and histories of FSRQs and BLs and their

separate contributions to the #-ray background.
Treatments of blazar statistics that avoid any radio/#-ray correlation and separately consider FSRQs and BL Lac

objects have been developed by Mücke & Pohl [29] and Dermer [12]. In the Mücke & Pohl [29] study, blazar spectra

were calculated assuming an injection electron number index of #2. Distributions in injected particle energy in BL
Lac and FSRQ jets were separately considered, with a simple description of density evolution given in the form of a

cutoff at some maximum redshift zmax. Depending on the value of zmax, Mücke & Pohl [29] concluded that as much as

! 40 – 80% of the EGRB is produced by unresolved AGNs, with! 70 – 90% of the emission from FR 1 galaxies and
BL Lac objects.

In my recent study [12], I also use a physical model to fit the EGRET data on the redshift and size distribution of

EGRET blazars. The EGRET blazar sample consists of 46 FSRQs and 14 BL Lac objects that were detected in the

Phase 1 EGRET all-sky survey [16], with fluxes as reported in the Third EGRET catalog [19]. A blazar is approximated

by a relativistic spherical ball entraining a tangled magnetic field and containing an isotropic, power-law distribution

of nonthermal electrons. Single electron power-law distributions were used in the study, with indices p = 3.4 for
FSRQs and p = 3.0 for BL Lac objects, giving spectral indices $% = #0.2 and $% = 0.0, respectively, as shown by
observations [31, 50]. Beaming patterns appropriate to external Compton and synchrotron self-Compton processes,

and bulk Lorentz factor & = 10 and & = 4, were used in FSRQs and BL Lac objects, respectively. The comoving

directional luminosities l$e and blazar comoving rate densities (blazar formation rate; BFRs) for the two classes were

adjusted to give agreement with the data. The threshold detector sensitivity "#8, in units of 10
#8 ph(> 100MeV)/(cm2-

s), was nominally taken to be "#8 = 15 for the two-week on-axis EGRET sensitivity, and "#8 = 0.4 for the one-year
all-sky sensitivity of GLAST. Due to incompleteness of the sample near threshold, the EGRET threshold was adjusted

to "#8 = 25. Because a mono-luminosity function was used, the range in apparent powers is entirely kinematic in this

Dermer 2007

Credit: NASA/DOE/International LAT Team

Dark Matter?

the diffuse emission contains a great deal of 
information about the contributors!
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Overview

! in addition to the energy spectrum and average intensity, the diffuse 
background contains angular information

! if the diffuse emission originates from an unresolved source population, 
rather than from a truly isotropic, smooth source distribution, the diffuse 
emission will contain fluctuations on small angular scales

! if these fluctuations are different from the fluctuations expected from the 
Poisson noise due to finite event statistics, we could use these fluctuations 
to identify the presence of unresolved source populations, such as dark 
matter

! combining anisotropies with energy information could enable a robust 
detection of specific source classes, and could extend the sensitivity of 
current gamma-ray experiments to dark matter signals

4

Using the angular information in the diffuse gamma-ray 
background to identify dark matter and other source classes
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Credit: NASA/General Dynamics

The Fermi Gamma-ray Space Telescope

! satellite

! energy range: 100 MeV to a 
few hundred GeV

! effective area ~ 104 cm2 
(size-limited detector!)

! angular resolution ~ 0.1 deg 
above 10 GeV

! FOV ~ 2.4 sr

! primarily observes in sky-
scanning mode; ~24 hr per 
day livetime

! excellent charged particle 
background rejection

5
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Credit: Sky & Telescope / Gregg Dinderman

The dark matter annihilation signal

! annihilation of dark matter can 
produce a variety of potentially 
detectable particles

! gamma-rays and neutrinos point 
back to source, can map dark 
matter distribution

6
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Bertone 2007

Astrophys Space Sci (2007) 309: 505–515 509

the Galactic center, in terms of DM annihilation. The dis-
covery of an EGRET source in the direction of Sgr A*
was in fact a potentially perfect signature of the existence
of particle DM, as thoroughly discussed in (Stecker 1988;
Bouquet et al. 1989; Berezinsky et al. 1994; Bergstrom
et al. 1998; Bertone et al. 2001; Cesarini et al. 2004;
Fornengo et al. 2004). However, it was subsequently real-
ized that the EGRET source could have been slightly offset
with respect to the position of Sgr A*, a circumstance clearly
at odds with a DM interpretation (Hooper and Dingus 2004).

Recently the gamma-ray telescope HESS has detected
a high energy source, spatially coincident within 1! with
Sgr A* (Aharonian et al. 2004) and with a spectrum extend-
ing above 20 TeV. Although the spatial coincidence is much
more satisfactory than in the case of the EGRET source, the
“exotic” origin of the signal is hard to defend, since the im-
plied mass scale of the DM particle (well above 20 TeV,
to be consistent with the observed spectrum) appears to be
difficult to reconcile with the properties of commonly stud-
ied candidates, and the fact that the spectrum is a power-law,
then, points towards a standard astrophysical source (see e.g.
the discussion Profumo 2005). The galactic center, however,
remains an interesting target for GLAST, since it will ex-
plore a range of energies below the relatively high thresh-
old of HESS, where a DM signal could be hiding (Zahari-
jas and Hooper 2006). The recent claim that the profile of
large galaxies could be much more shallow than previously
thought (Mashchenko et al. 2006), should not discourage
further studies, especially in view of the possible enhance-
ment of the DM density due to interactions with the stellar
cusp observed at the Galactic center (Merritt et al. 2007).

The detection of a signal from the Galactic center would
be extremely interesting, but can it prove the existence of
DM? Realistically, one may hope to observe, at most, a
“bump” above the background. Without peculiar spectral
features it would be hard to claim discovery of DM, unless
a fit of the spectrum points towards a mass compatible with
the eventual findings of new physics searches at accelera-
tors. Figure 1 illustrates the difficulties associated with the
unambiguous identification of a DM signal. Any excess, at
any energy, could in principle be explained in terms of DM
particles with appropriate properties: the normalization of
the flux can be adjusted by changing the distribution of DM
particles, the energy scale can be varied over several orders
of magnitude, taking advantage of our ignorance on the DM
mass scale; even the slope can be modified, since different
annihilation channels lead to different spectra.

This doesn’t mean that the tentative identifications pre-
sented above are ruled-out: the signature of DM could have
been already found in one or several sets of data, and all
the above claims should be taken seriously and further in-
vestigated without prejudice, especially in view of the fact
that we don’t know what DM is! However, it is important to

Fig. 1 The problem with indirect searches: the lack of constraints on
the mass scale, the profile and the leading annihilation channel, leads
to uncertainties on the energy scale and on the spectrum normalization
and shape respectively

look for clear smoking-gun of DM annihilation, and study
theoretical scenarios with unambiguous signatures that can
be tested with present and future experiments. To this aim,
we summarize in the next section some recently proposed
ideas that go precisely in this direction, and that may shed
new light on the nature of particle DM.

4 New strategies

Before starting the discussion of new strategies for the un-
ambiguous detection of DM, we recall the first, and more
clear signature that one may hope to detect: distinctive spec-
tral features, and in particular annihilation lines. This has
been discussed thoroughly in literature, and although it ap-
pears unlikely that commonly discussed candidates such as
the supersymmetric neutralino, possess prominent enough
feature to be detected with current or upcoming experi-
ments, it is probably good to keep this possibility in mind,
and to search future gamma-data for signatures of this kind.

4.1 Gamma-ray background

Although most searches have focused on the identification
of point-sources associated with regions where DM accumu-
lates, it is interesting to ask what the gamma-ray background
produced by the annihilations of DM in all structures, at any
redshift, would be. The first calculation of this type was per-
formed in (Bergstrom et al. 2001), and then further studied
in (Taylor and Silk 2003; Ullio et al. 2002). The annihilation
background can be expressed as

!(E) = "2
DM#2

c

8$H0

%v

m2
&

! zmax

0
dz

'2

h(z)
N(E!) (3)

The dark matter annihilation signal

! annihilation of dark matter can 
produce a variety of potentially 
detectable particles

! gamma-rays and neutrinos point 
back to source, can map dark 
matter distribution

! spectrum of annihilation products 
encodes info about intrinsic 
particle properties

! variation in the intensity of the 
signal along different lines of sight   
is determined exclusively by the 
distribution of dark matter

6
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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 unresolved source populations

7

I vs. E

C� vs. �

C� vs. E
(at a fixed �)

Credit: NASA/DOE/International LAT Team
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Characterizing the anisotropy

! we use the angular power spectrum of intensity fluctuations in units of 
mean intensity (dimensionless)

! fluctuation power spectra are independent of intensity normalization

! shape of the angular power spectrum is determined exclusively by the 
source distribution ! independent of uncertainties in the intensity or 
energy spectrum of the signal (e.g., unknown properties of the dark 
matter particle)

! avoids common difficulty of extracting a signal of uncertain amplitude 
and spectrum from uncertain foregrounds

! avoids different amplitude angular power spectra in different energy 
bins

! related anisotropy probe: 1-pt flux PDF could be used to test for dark 
matter signal (Lee et al. 2009, Dodelson et al. 2009)

8
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Blazars
Ando, Komatsu, Narumoto 

& Totani 2007

Galactic subhalos
JSG 2008

Galactic and EG subhalos
Fornasa, Pieri, Bertone & Branchini 

2009

Extragalactic DM
Cuoco et al 2008

Extragalactic DM
Ando & Komatsu 2006

Starforming Galaxies
Ando & Pavlidou 2009

DM around EG IMBHs
Taoso, Ando, Bertone & 

Profumo 2008

Angular power spectra of unresolved gamma-ray populations

adapted from slide by V. Pavlidou

mass is 100 GeV. While the mean intensity, hI!i, is very
sensitive to the dark matter mass, hI!i / m!2

" , this factor
exactly cancels out when the amplitude of anisotropy is
divided by the mean intensity. Thus, Cl depends on m"

only weakly through the mass dependence of the gamma-
ray spectrum per annihilation. We evaluate the anisotropy
power per logarithmic range of l, l"l# 1$Cl=2#.

In Figs. 6(a) and 6(b), we show the predicted angular
power spectrum evaluated at the observed gamma-ray
energy of E! % 10 GeV for Mmin % 106M& and
10!6M&, respectively. One can understand the shape of
the angular spectrum for both cases using the same argu-
ment for understanding the shape of the 3D dimensionless
power spectrum, !2

f"k$, in the previous section. A rapid
increase in Cl at small angular scales (large l) is due to the
1-halo term contribution. The 1-halo term dominates even
at relatively small l, l' 10, for the larger minimum mass,
whereas it is suppressed significantly for the smaller mini-
mum mass, in agreement with the dependence of the shape
of !2

f"k$ on Mmin that we discussed in the previous section.
On the other hand, the 2-halo term contribution is nearly
independent of Mmin, which is also in agreement with
!2

f"k$. (The 1-halo term is roughly proportional to the

inverse of the clumping factor squared, while the 2-halo
term is nearly independent of the clumping factor.) This
peculiar dependence of the shape of Cl on Mmin opens up
an exciting possibility that one can ‘‘measure’’ the mini-
mum mass from the shape of Cl. Together with the infor-
mation from the energy spectrum of the CGB, therefore, it
may be possible to identify the mechanism by which
gamma rays are produced from annihilation of dark matter
and the degree to which small halos are tidally disrupted by
the structure formation.

Is the predicted angular power spectrum detectable? We
compare the predicted power spectrum with the expected
sensitivity of the GLAST experiment. We take the follow-
ing specifications for GLAST: the field of view is "fov %
4#ffov % 2:4 sr, the angular resolution is $b % 0:115(,
and the effective area is Aeff % 104 cm2 at 10 GeV [65].
Note that the angular resolution is defined as a half width of
a Gaussian point spread function, and the full width at half
maximum is given by

!!!!!!!!!!
8 ln2

p
$b. In addition, for the diffuse

gamma-ray observation, the background contamination
can be reduced to 6% of the CGB, which is a promising
characteristic [65]. Therefore, a fractional error of Cl,

%Cl

Cl
%

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2"1# CN;!=W2

l Cl$2
"2l# 1$!lffov

s
; (21)

is essentially determined by the Poisson noise of the cos-
mic signal. Here !l is the bin width of l (we choose !l %
0:3l for Mmin % 106M& and 0:5l for 10!6M&), CN;! %
"fov)"NN=N!$2=NN # 1=N!* is the power spectrum of
photon noise, NN and N! are the count number of back-
grounds and the signal (NN=N! + 1 for GLAST), respec-
tively, and Wl is the window function of a Gaussian point
spread function, Wl % exp"!l2$2

b=2$. If we assume that
the CGB detected in GeV region is dominated by
gamma rays from dark matter annihilation, we may use
the observed CGB intensity, E2

!hI!i % 1:5,
10!6 GeV cm!2 s!1 sr!1 [14,15], to estimate the signal-
to-noise for anisotropy. The expected number of photons,
N!, for GLAST would then be N! % E!hI!i"fovAefft %
105"t=1 yr$ at E! % 10 GeV, while NN is negligible.

In Fig. 7, we show the predicted angular power spectrum
at the observed gamma-ray energies of E! % 3, 10, and
20 GeV, assuming Mmin % 106M&, with the expected 1$
errors of Cl at E! % 10 GeV for t % 1 yr of observations.
We find that the GLAST should be able to measure the
angular power spectrum of the CGB fairly easily for 1 yr of
observations, if the dark matter particle is the neutralino
with mass around 100 GeV and its annihilation dominates
the observed CGB in GeV region. The angular power
spectrum for the smaller minimum mass, Mmin %
10!6M& is shown in Fig. 8, with the expected error bars.
We find that anisotropy is still easily detectable with the
GLAST for 1 yr of observations. Therefore, we conclude
that, if dark matter particles are supersymmetric neutrali-

FIG. 6. Angular power spectrum of the CGB, Cl, from anni-
hilation of supersymmetric neutralinos, evaluated for
(a) Mmin % 106M& and (b) Mmin % 10!6M&. Note that Cl is
dimensionless: the mean intensity squared should be multiplied
in order to convert it to the units of intensity squared. The
neutralino mass m" is assumed to be 100 GeV. The predicted
angular spectrum is shown at the observed gamma-ray energy of
E! % 10 GeV. Contributions to Cl from the 1-halo (dotted) and
2-halo (dashed) terms are shown as well as the total signal
(solid).
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the gamma-ray emission profile becomes, the harder the 1-
halo term of angular power spectrum gets. The exact same
argument applies here as well. If the profile has a flat core
within some radius, the 1-halo term should be flattened
above some l that corresponds to the core radius, but this
modification at such a small scale will not be detected with
GLAST (see discussions about detectability in Sec. V C).
The flattened profile could also be caused by the tidal
disruption of subhalos. This means that it controls both
the shape (via the profile) and normalization (via the
number distribution, or !) of the 1-halo term; but the latter
would be much more prominent. On the other hand, the 2-
halo term would stay almost the same even if we changed
the density profile, thus providing the guaranteed power
spectrum that is independent of the density profile adopted.

IV. COSMIC GAMMA-RAY BACKGROUND
ANISOTROPY II: BLAZARS

A. Formulation

When sources are pointlike just as blazars, the angular
power spectrum of the CGB is given by

 Cl ! CP
l " CC

l ; (18)

where the first, Poisson term CP
l , corresponds to the 1-halo

term, and the second, correlation term CC
l , to the 2-halo

term. The Poisson term represents the shot noise that does
not depend on the multipole l’s, while the correlation term
is due to the intrinsic spatial correlation of sources. These
two terms are related to the spatial power spectrum through

 CP
l ! 1

E2hIN#E$i2
Z

dz
d2V
dzd!

Z
dL"E#L; z$F E#L; z$2;

(19)

 CC
l ! 1

E2hIN#E$i2
Z

dz
d2V
dzd!

Plin

!
l

r#z$ ; z
"

%
#Z

dL"E#L; z$bB#L; z$F E#L; z$
$
2
; (20)

where the lower and upper bounds of integration over z and
L are the same as in Eq. (11). Detailed derivations are
given in Appendix A 2. Here the power spectrum of blazars
is approximated as PB#k;L1;L2$ & bB#L1$bB#L2$Plin#k$,
and the blazar bias bB represents how strongly blazars
cluster compared with dark matter. (See also Sec. 2.1 of
Ref. [46].)

While the blazar bias bB#L; z$ is currently unknown, it
will probably be measured directly from GLAST blazar
catalog [46]. (This measurement is, however, limited to the
bias of resolved blazars, which can be different from the
bias of unresolved blazars which contribute to the CGB
anisotropy.) At the moment, one may estimate bB#L; z$
from several approaches including the angular and spatial
correlation analysis of optical quasars [51,52] and x-ray

selected AGNs [53–55]. These results, however, are not
consistent with each other, potentially due to some obser-
vations being biased by a limited field of view covered, or
because there is something wrong in our understanding of
the unified picture of the AGNs. In any case, a very wide
range of the blazar bias is still allowed, bB & 5; see
Sec. 3.2 of Ref. [46] for a more detailed discussion.

B. Results

Figure 3 shows the angular power spectrum of the CGB
from blazars predicted for EGRET. The dotted lines show
the Poisson term [Eq. (19)], the dashed lines show the
correlation part [Eq. (20)] evaluated with bB ! 1, and the
solid lines show the total. While the blazar bias could
perhaps vary from '1 to 5, the Poisson term dominates
the angular power spectrum at all multipoles if bB ! 1.
The dominance of Poisson term is due to a relatively small
number of bright blazars just below EGRET’s sensitivity.
The Poisson term will decrease as we remove more fainter
objects. We also remark that the Cl does not depend on the
gamma-ray energy, since we here assume all the blazars
have the power-law spectrum with the same spectral index
of !" ! 2:2, and this energy dependence exactly cancels
when we divide by the mean intensity squared hIN#E$i2 to
obtain the normalized power spectrum Cl [see Eqs. (19)
and (20)].

For GLAST, we choose the point source flux limit of 2%
10(9 cm(2 s(1 (E> 100 MeV), '50 times better than

 

FIG. 3 (color online). Angular power spectrum of the CGB
from unresolved blazars expected from the EGRET data.
Contributions from Poisson term CP

l and the correlation term
CC
l with bB ! 1 (bB ! bQ#z$) are shown by the dotted and

dashed (dashed-dotted) curves, respectively. The total contribu-
tion is shown as the solid curve for bB ! 1.
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Galactic subhalos
Ando 2009

proportional to the density squared. Finally, in Fig. 6, we
show energy spectrum of the mean intensity E2dhIi=dE for
models A1 and A2, compared with the EGRET data [68].
These subhalo models are boosted by a factor of K=K0 !
13 (A1) and 53 (A2), with which associated anisotropies
would be detected (see discussion in the next subsection).

B. Results for the fiducial model and detectability with
Fermi

In Fig. 7(a), we show ‘"‘# 1$C‘=2! for the fiducial
model A1. The two-subhalo term [Eq. (20) with "sh % 1]
is much smaller than the one-subhalo term [Eq. (19)] for
large multipole ranges. For comparison, we also show the
Poisson noise [Eq. (23)] evaluated for the same model,
which would be realized if all the subhalos were to be
gamma-ray point sources. As expected, the power spec-
trum is more suppressed at smaller angular scales (higher
multipoles) compared with the noiselike spectrum. This
means that internal structure of the subhalos should be
probed with this analysis.

In fact, we can understand this qualitatively, by analyz-
ing the integrand of Eq. (19). In Fig. 8, we show contribu-
tions to C1sh

‘ from unit logarithmic mass range and from
unit logarithmic distance (s) range. The mass distributions
(Fig. 8(a)) peak at high-mass range close to Mmax, but are
broader for smaller angular scales. This is because at small
angular scales, massive subhalos are regarded as extended,
suppressing the power; note that j~u"‘=s;M$j2 is a decreas-
ing function of M for fixed ‘=s. Subhalo masses averaged

over this distribution and corresponding scale radii are
1:5& 109M' and rs ! 1:5 kpc (‘ ! 10), 1:2& 109M'
and rs ! 1:4 kpc (‘ ! 100), and 6:4& 108M' and rs !
1:1 kpc (‘ ! 1000). Now, Fig. 8(b) shows that the contri-
bution from farther subhalos is more important for smaller
angular scales, since the closer subhalos are more ex-
tended. Features at 15 kpc correspond to s("Lmax$, below
which contribution from massive subhalos are not included
as they are identified as individual sources. Distances
averaged over this distribution are s ! 13 kpc (‘ ! 10),
20 kpc (‘ ! 100), and 32 kpc (‘ ! 1000). Combining
these typical distance scales with the scale radii, we find
that the angular extension of the subhalos is typically 6.6)

(‘ ! 10), 3.9) (‘ ! 100), and 1.9) (‘ ! 1000). For the
latter two scales, the subhalo extensions are larger than the
angular scales probed (# * 180)=‘) and thus typical sub-
halos are extended, but for the case of ‘ ! 10, they are
almost pointlike sources. Therefore, as we see in Fig. 7(a),
the one-subhalo term starts to deviate from the white noise
above ‘+ 10.
In Figs. 9(a) and 10, we show the angular power spec-

trum, and mass and radius distributions, respectively, for
the other fiducial model (A2; Mmin ! 104M'). The ampli-
tude of the angular power spectrum for the one-subhalo
term is much larger than that for model A1, whereas the
spectrum shape is almost unchanged. This dependence and
its interpretation are the same as those discussed in
Sec. III B for simplified subhalo models (see Figs. 3 and

FIG. 6 (color online). Intensity spectrum of the gamma-ray
background for subhalo models A1 and A2, compared with the
EGRET data. These models are boosted by K=K0 ! 13 (A1) and
53 (A2).

FIG. 7 (color online). (a) Angular power spectrum for the
fiducial subhalo model with Mmin ! 10,6M' (A1 of Table I).
Contributions from the one-subhalo and two-subhalo terms are
shown as solid and dashed curves, respectively, while the dotted
curve shows the Poisson noise that would be obtained if subhalos
were point sources. (b) Errors for the angular power spectrum of
the signal $Cs

‘=C
s
‘, for fsh ! 0:5 and fb ! 0:5. The horizontal

arrow represents the bin width (!‘ ! 0:5‘) for error estimates.
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How to identify source populations with anisotropy?

! 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

! most gamma-ray source classes are effectively uncorrelated (i.e., cross-
correlation term is negligible)

! most gamma-ray source populations produce similarly-shaped, relatively 
featureless angular power spectra (shot-noise--like), the total angular power 
spectrum is likely to look shot-noise--like

! intensity and angular power spectrum (especially amplitude) of each individual 
source class is uncertain (and may not be independent!)

! how can we break the degeneracy to know which sources are making the total 
measured anisotropy?

10

examine the energy dependence!

Ctot
� = f2

EGCEG
� + f2

DMCDM
� + 2fEGfDMCEG×DM

�
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V cm
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JSG & Pavlidou 2009

Energy-dependent anisotropy

11

Log10( Intensity / K  [1030 cm-2 s-1 sr-1] )
-12 -7

blazars dark matterblazars + dark matter
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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 different source 

classes to the total measured emission

! a transition in energy from an angular power spectrum dominated by one source 
class to one dominated by another will show up as a modulation in the anisotropy 
energy spectrum

12

Ctot(E) = f2
A(E)CA + f2

B(E)CB + 2fA(E)fB(E)CA!B
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A dark matter feature in the intensity energy spectrum?
(or why we need anisotropy too)

13

0.1 1.0 10.0 100.0 1000.0
Energy [GeV]
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!2
 s!

1  sr
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]
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ref. blazars
 + EBL

alt. blazars

ref. blazars

total

JSG & Pavlidou 2009

example isotropic diffuse intensity spectrum
what makes up the 
“total” measured 

emission?

#1: ref. blazar model w/ DM
#2: alt. blazar model w/o DM

intensity spectra are 
degenerate!

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

! EBL attenuation produces an 
exponential cutoff in the 
observed spectrum

! observed blazar spectrum could 
hide a DM feature!
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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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!1

]

0.1 1.0 10.0 100.0 1000.0
Energy [GeV]

0.1

1.0

10.0

l(l
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  a

t l 
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ref. blazars

total

neutralino mass = 700 GeV

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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The anisotropy energy spectrum at work
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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 simple test to find multiple populations

15

! we assume the large-scale isotropic diffuse (IGRB) is 
composed primarily of emission from blazars and dark 
matter

! we fix the anisotropy properties of both populations, fix the 
blazar emission to a reference model, and vary the dark 
matter model parameters (mass, cross-section, annihilation 
channel)

! we define a simple, ‘model-independent’ test criterion:

is the anisotropy energy spectrum at E ≥ 0.5 GeV 
consistent with a constant value, equal to the weighted 
average of all energy bins?

! dark matter model is considered detectable if this 
hypothesis is rejected by a χ2 test at the 95% CL level

! NB: this test is not optimized to find specific dark matter 
models; tailored likelihood analysis could significantly 
improve sensitivity!
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Blazar and dark matter intensity spectra

16

reference blazar intensity spectrum dark matter annihilation spectra
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Sensitivity of the anisotropy energy spectrum

! DM produces a detectable 
feature in the anisotropy 
energy spectrum for a 
substantial region of 
parameter space in this 
scenario

! technique could probe 
cross-sections below 
thermal; extends the reach 
of current indirect 
searches

! NB: this test is highly 
sensitive to choice of test 
parameters (multipole, 
energy binning) and 
assumed dark matter and 
blazar angular power 
spectra amplitudes!
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Hensley, JSG, & Pavlidou (2009)

dark matter models above the
curves are detectable by this test!
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Comparison of DM and blazar intensities

18

Hensley, JSG, & Pavlidou (2009)
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annihilation cross-section below which dark matter is subdominant in 
intensity at all E > 0.5 GeV (SOLID);  5-yr sensitivity curves (DASHED)

dark matter intensity 
is subdominant 

relative to blazar 
intensity for a large 
region of detectable 

dark matter 
parameter space



J. Siegal-Gaskins Seminar, GGI, June 8, 2010

Relative intensity of the required DM signal
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Hensley, JSG, & Pavlidou (2009)
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Dependence on blazar model parameters

! shaded bands represent 
uncertainty from varying 
blazar spectral params 
within 1-sigma of their 
max likelihood values

! uncertainty in blazar 
spectrum impacts test 
sensitivity negligibly

! reducing blazar 
normalization increases 
DM detectability (but two-
component scenario less 
plausible for small blazar 
normalizations)

20

Hensley, JSG, & Pavlidou (2009)

dark matter models above the
curves are detectable by this test!
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Hensley, Pavlidou & JSG (in prep)

Separating the intensity spectra of 2 components

At minimum:

21

in a two-component scenario with one component 
dominating the anisotropy at low energies, 

when a dip or plateau in the anisotropy energy spectrum is 
observed, 

each component’s intensity spectrum can be extracted 
without a priori assumptions about the shape of the intensity 
spectra or anisotropy properties!
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Source spectra deconvolved!

We could measure 
the dark matter annihilation 

spectrum!

22

Hensley, Pavlidou & JSG (in prep)

We could measure 
the collective blazar 

spectrum!
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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) 

! combining anisotropy and energy information can enable the detection of 
unresolved source populations that are subdominant in the intensity, such 
as dark matter, without requiring a firm prediction for the expected signal

! the anisotropy energy spectrum is sensitive to a large parameter space of 
dark matter models, and could extend the reach of current indirect dark 
matter searches

! 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

! component separation with anisotropies could provide a model-
independent way to extract the collective blazar energy spectrum

! these techniques are generally applicable for unresolved source 
populations!

Summary

23


