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Expected contribution of source populations to the IGRB

Sum is ~ 40-70% of IGRB intensity (energy-dependent)

Radio galaxies

BL Lacs

FSRQs

Star-forming galaxies

Fermi-LAT Collaboration (preliminary)
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FIG. 3. Shown are the best-fit model for the current DGRB spectrum (solid black line) and our upper/lower 95% CL forecast
for the Fermi-LAT 5-year sensitivity (magenta-star/green-circle points). The low-energy-dominating solid red line is the AGN
flux from Ref. [10]. The high-energy-dominating blue lines are the blazar contribution to the DGRB for the current (solid), and
predictions for the most-optimistic (dashed) and least-optimistic (dotted) 95% CL 5-year Fermi-LAT resolved fractions. The
grey lines are the combined 95% CL AGN plus blazar predicted flux for the corresponding blazar contribution. The DGRB
data (triangles) are from FS10 and the COMPTEL data (diamonds) are from Ref. [50].

fit the spectrum, we can determine the predicted values
for the DGRB flux at the Fermi-LAT’s 5-year sensitivi-
ties and determine the theoretical uncertainty on these
predictions.

In another analysis of the contribution of blazars to the
DGRB, the Fermi-LAT Collaboration used the currently
measured di⇥erential number distributions of blazars
(dN/dF ) and blazar gamma-ray index (�) distributions
to estimate the contribution of unresolved blazars to the
DGRB [4]. In that analysis, it was found that less than
20% of the DGRB can be accounted for by blazar emis-
sion. However, in that calculation, the assumption was
made that the distribution of indices � is independent
of sensitivity. Because less-luminous BL Lacs have sig-
nificantly di⇥erent indices than more luminous FSRQs,
the overall distribution of indices should change as bet-
ter sensitivity allows a greater fraction of BL Lacs to be
detected.

Additionally, it was shown in Refs. [28, 39] that a ba-
sic power-law model does not fit the individual blazar
spectra well, especially for the low-luminosity BL Lacs.
A GLF plus SED model should overcome these issues.
The GLF accounts for di⇥ering redshifts of blazars, so
the relationship between flux sensitivity and luminosity

detectability is well-defined. The SED accounts for the
distribution of luminosities with energy, so a calculation
around the IC peaks for BL Lacs should more realistically
reproduce the contribution to the DGRB from blazars
than a simple distribution of photon indices. This is es-
pecially important to incorporate when determining the
contribution of unresolved low-luminosity blazars to the
DGRB, since they have much harder spectra than high-
luminosity blazars.

IV. 5-YEAR PREDICTIONS FOR BLAZARS
AND THE DGRB

We adopt the 5-year predictions for a sensitiv-
ity to point-sources by Fermi-LAT of S5 = 2 �
10�9 photons cm�2 s�1 above 100 MeV. This value is
consistent with the Fermi-LAT Collaboration’s estimate
of the LAT sensitivity to point sources with gamma-ray
index of ⇥2 [54].2 As discussed earlier, the majority of

2 http://fermi.gsfc.nasa.gov/science/433-SRD-0001 CH-04.pdf
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4.3. The Fermi Spectrum and Unresolved Sources vs.
Truly Diffuse Mechanisms

The Fermi observations have placed significant con-
straints on extragalactic dark matter annihilation
(Cirelli et al. 2010; Abdo et al. 2010a; Ackermann et al.
2010a). Currently, there is no evidence of quark-
annihilation features and spectral lines seen in the EGB
spectrum, features that would be a clear annihilation sig-
nal (see e.g., Stecker & Tylka 1989a; Rudaz & Stecker
1991). The observed spectrum does not match that
expected from dark matter annihilation, placing con-
straints on any dark matter annihilation contribution to
the EGB (Abdo et al. 2010a). Therefore, it is probable
that dark matter annihilation γ-rays, if present, provide
only a minor contribution to the EGB.
The same argument about matching spectra can

be made regarding the contribution from electromag-
netic cascades produced by very high and ultrahigh
energy cosmic-ray interactions as the resulting spec-
trum would be significantly harder than the observed
spectrum (Kalashev et al. 2009; Berezinsky et al. 2011;
Ahlers et al. 2010; Venters 2010).

5. RESULTS

The calculated spectrum of the unresolved FSRQ con-
tribution to the EGB (see Sections 3.1 and 4.1) is plotted
in Figure 5. For comparison, we include the Fermi anal-
ysis of the EGB (Abdo et al. 2010j), two analyses22 of
the EGRET EGB (Sreekumar et al. 1998; Strong et al.
2004a), and the calculation of the collective spectrum of
unresolved FSRQs ignoring the effect of source confusion.
Our results clearly show that the effect of source confu-
sion is to reduce the number of resolved sources, increas-
ing the collective intensity of unresolved blazars, particu-
larly below ∼ 1 GeV energy. Thus, accounting for source
confusion modifies the predicted spectrum such that the
EGRET and Fermi measurements of the EGB below ∼ 1
GeV are both compatible with unresolved FSRQs. In
contrast, the better angular resolution of the Fermi-LAT
above ∼ 1 GeV allows it to resolve more blazars result-
ing in a limiting flux that is dominated by the Fermi-
LAT sensitivity rather than source confusion. Thus, the
collective spectrum of FSRQs breaks at ∼ 3 GeV23. At
energies above ∼ 1 GeV, the predicted collective spec-
trum of FSRQs falls below the data points, though they
are likely consistent with the data within the uncertain-
ties in the galactic foreground emission model. Note also
that the collective FSRQ spectrum exhibits much less
curvature than seen in Stecker & Salamon (1996). This
is because the spread in the SID in our current model is
much smaller than that of the Stecker & Salamon (1996)
model.
In Figure 6, we plot the spectra of the unresolved star-

forming galaxy contributions to the EGB calculated for
the models discussed in Sections 3.2 and 4.2. For compar-
ison, we include the spectrum of the unresolved starburst
galaxy contribution alone that we determined from the
best-fit IR luminosity function of Hopkins et al. (2010).

22 The two sets of EGRET data points result from two different
estimations of the galactic foreground emission.

23 The actual break should be more gradual since in our calcu-
lations we used the approximate broken angular resolution curve
shown in Figure 3.
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Fig. 5.— The collective spectrum of unresolved FSRQs. Solid
green line: The spectrum accounting for source confusion. Dashed
green line: The spectrum without accounting for source confu-
sion. Black circles: The Fermi measurement of the spectrum
of the EGB as determined in Abdo et al. (2010j). Blue squares:
The EGRET measurement of the spectrum of the EGB as deter-
mined by Sreekumar et al. (1998) and confirmed by the analysis
of Stecker et al. (2008) and S. D. Hunter (private communication).
Red triangles: The EGRET measurement of the spectrum of the
EGB as determined by Strong et al. (2004a).

For the spectrum of starburst galaxies, we have assumed
the same form of the π0 decay spectrum as for star-
forming galaxies. The range in the calculations of the
overall contribution to the EGB from unresolved star-
forming galaxies spans about an order of magnitude in-
dicating the degree of uncertainty in such a calculation24

We note that even though our most extreme model
could possibly explain the lowest energy Fermi data
points (and possibly, within systematics, a couple oth-
ers), it cannot explain the EGRET data points below 300
MeV. The Strong et al. (2004a) EGRET data points (mi-
nus the two highest energy data points) with the Fermi
data points resemble a featureless power law, while the
spectra of unresolved star-forming galaxies do not. No-
tably, the data points show no indication of a π0-decay
“bump” at the energies at which the contribution of the
star-forming galaxies should peak.

6. DISCUSSION & CONCLUSIONS

We have calculated the spectral shape of the contri-
bution of unresolved FSRQs to the EGB assuming that
the γ-ray luminosity of an FSRQ is, on average, pro-
portional to its radio luminosity (Giroletti et al. 2010;
Abdo et al. 2010j; Ghirlanda et al. 2010; Mahony et al.
2010), and also accounting for the effects of source con-
fusion. We have demonstrated that the combination of
the source density predicted by the Dunlop & Peacock
(1990) FSRQ radio luminosity function and the strong
energy dependence of the Fermi-LAT angular resolution
increases the contribution of unresolved FSRQs to the
EGB at energies below 1 GeV. The resulting overall spec-
trum predicted by the fit to the Fermi source count distri-

24 Though, we note that each individual model is subject to its
own uncertainty. As such, the degree of uncertainty is likely even
more than an order of magnitude. Within the range of our various
predictions of the EGB from star forming galaxies, we agree with
the results of the model of Fields et al. (2010) and Makiya et al.
(2011).
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Other predictions for the blazar contribution to the IGRB
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• guaranteed contributors 
include:

• blazars (but no consensus 
on size of contribution!)

• star-forming galaxies

• millisecond pulsars

• possible contributions from 
unknown/unconfirmed 
source classes:

• dark matter

• ???

Energy spectra of possible 
contributors to the IGRB

Dermer 2007
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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

IGRB measurements 
from EGRET
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Relatively featureless total IGRB intensity spectrum ➔ 
lack of spectral handles to ID individual components!

Energy spectra of possible 
contributors to the IGRB
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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

IGRB measurements 
from EGRET

Energy spectrum of the Fermi-LAT IGRB 

Fermi-LAT Collaboration (preliminary)
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• diffuse emission that originates from one or more unresolved source 
populations will contain fluctuations on small angular scales due to 
variations in the number density of sources in different sky directions

• the amplitude and energy dependence of the anisotropy can reveal 
the presence of multiple source populations and constrain their 
properties
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Anisotropy is another IGRB observable!!!
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The angular power spectrum

• intensity angular power spectrum: 

• indicates dimensionful amplitude of anisotropy

• fluctuation angular power spectrum: 

• dimensionless, independent of intensity normalization

• amplitude for a single source class is the same in all energy 
bins (if all members have same energy spectrum)
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Angular power spectra of unresolved gamma-ray sources

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)
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Predicted angular power spectrum 
of unresolved blazars

• the angular power spectrum of 
many gamma-ray source classes 
(except dark matter) is 
dominated by the Poisson 
(shot noise) component for 
multipoles greater than ~ 10

• Poisson angular power arises 
from unclustered point sources 
and takes the same value at all 
multipoles

predicted fluctuation angular 
power                [sr] at l = 100 
for a single source class 
(LARGE UNCERTAINTIES):

• blazars: ~ 2e-4

• starforming galaxies: ~ 2e-7

• dark matter: ~ 1e-6 to ~ 1e-4

• MSPs: ~ 0.03

C`/hIi2
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• the angular power spectrum 
from Galactic diffuse emission 
is NOT expected to look 
Poissonian; instead, it falls off 
quickly with multipole

Angular power spectra of foregrounds
Anisotropies in the Diffuse Gamma-Ray Background from Dark Matter with Fermi LAT: a closer look 5

Figure 2. All sky angular spectra for E > 10 GeV of the
employed models for point sources (red), Galactic foregrounds
(green), EGB (magenta) and EGB DM (blue) after convolution
with the Fermi-LAT Point Spread Function. For illustration, the
flux of each component is arbitrarily normalized to the level of the
IGRB detected by Fermi-LAT, and 5 years of Fermi-LAT obser-
vations have been assumed. The power spectrum of the exposure
map is also shown (black line). In the top panel the spectra be-
fore shot noise removal are shown (shot noise is represented by the
dashed lines) . All the spectra are calculated with HEALpix. The
last panel shows the angular power spectra after the application
of a suitable mask to cover the low latitude Galactic foregrounds
and the point sources. Since the mask is effective in suppress-
ing the point sources signal the related power spectrum has been
removed.

The following section describes in detail how the power
spectra of DM and astrophysical EGB are modeled and how
the related maps are simulated. The section can be skipped
by the reader not interested in these details.

4 DARK MATTER AND ASTROPHYSICAL

ANISOTROPIES

4.1 Modeling the EGB

Since we neglect the Poisson term coming from the unre-
solved point sources, the remaining source of anisotropies
of the IGRB is given by the anisotropic spatial distribu-
tion of the sources themselves. To derive the anisotropy we
will assume, as a reasonable first approximation, that the
gamma ray sources are distributed as the matter density of
the universe ρ("x), i.e. following the cosmological Large Scale
Structures (LSS). In principle ρs, the density distribution of
astrophysical sources, should be used instead of ρ: ρs in gen-
eral exhibits a scale and time dependent bias with respect
to the matter density. However, specific classes of astrophys-
ical gamma-ray sources have different biases. For example,
blazars are well known to concentrate at the center of clus-
ters of galaxies, thus presenting an over-bias with respect to
galaxies at high densities. On the other hand, galaxies and
clusters of galaxies reasonably trace the matter density, at
least in the recent cosmic epoch. The assumption ρs = ρ
is thus general enough to approximately describe emission
from astrophysical sources.

Given these assumptions the extragalactic cosmic
gamma-ray signal can be written as (Ullio et al. 2002;
Bergstrom et al. 2001; Cuoco et al. 2006)

Iγ(Eγ , n̂) ∝
∫ ∞

0

z.
ρ(z, n̂, r(z)) g[Eγ(1 + z)] e−τ(Eγ ,z)

H(z) (1 + z)3
, (1)

where g(E) = dNγ/dE is the photon spectrum of the
sources, Eγ is the energy we observe today, ρ(z, n̂, r) is the
matter density in the direction n̂ at a comoving distance
r, and the redshift z is used as time variable. The Hub-
ble expansion rate is related to its present z = 0 value H0

through the matter and cosmological constant energy den-
sities as H(z) = H0

√

ΩM (1 + z)3 + ΩΛ, and the reduced
Hubble expansion rate h(z) is given by H(z) = 100 h(z)
km/s/Mpc. We will in the following use ΩM = 0.3, ΩΛ = 0.7
and H0 = 70 km/s/Mpc. The quantity τ (Eγ, z) is the op-
tical depth of photons to absorptions via pair production
(PP) on the Extra-galactic Background Light (EBL). We use
the parametrization of τ (Eγ, z) from (Stecker et al. 2006)
for 0 < z < 5, where the evolution of the EBL is included
in the calculation. The EBL is expected to be negligible at
redshifts larger than z ≈ 5 corresponding to the peak of
star formation. Thus, gamma photons produced at earlier
times experience an undisturbed propagation until z ≈ 5,
while only in the recent epoch they start to lose energy
due to scattering on the EBL. Correspondingly, we assume
τ (Eγ, z) = τ (Eγ , 5) for z > 5 (see also formula (A.6) in
(Cuoco et al. 2006)).

In the case of cosmological DM annihilation, the re-
sulting spatial distribution of the gamma signal follows the
square of the matter distribution ρ2("x) through

Cuoco, Sellerholm, Conrad, & Hannestad 2010
point sources

Galactic diffuse

multipole range of interest 
for data analysis (l ≳ 150)
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Credit: NASA/General Dynamics

The Fermi Large Area Telescope (Fermi LAT)

• 20 MeV to > 300 GeV

• Angular resolution ~ 0.1 
deg above 10 GeV

• Uniform sky exposure of 
~ 30 mins every 3 hrs

• Excellent charged 
particle background 
rejection

11
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All-sky map

1-2 GeV

Map with default mask applied

Angular power spectrum analysis of Fermi LAT data

mask |b| < 30 deg

• data selection: ~ 22 months of data, diffuse class events

• energy range: 1 GeV - 50 GeV, divided into 4 energy bins for angular power 
spectrum analysis

• masking: 11-month catalog sources are masked within a 2 deg angular radius, 
and |b| < 30 deg masked to reduce contamination by Galactic diffuse emission
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All-sky map Map with default mask applied

2-5 GeV

5-10 GeV

10-50 GeV

mask |b| < 30 deg

mask |b| < 30 deg

mask |b| < 30 deg

Angular power spectrum analysis of Fermi LAT data
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• angular power spectrum calculation: performed using HEALPix (Gorski 
et al. 2005)

• signal angular power spectrum estimator:

• corrected for effects of masking (valid above l ~ 10)

• photon noise is subtracted

• corrected for effects of the PSF (“beam window function”)

• measurement uncertainties: indicate 1-sigma statistical uncertainty, 
systematic uncertainty not included

14

Csignal
� =

Craw
� /fsky � CN

(W beam
� )2

Angular power spectrum analysis of Fermi LAT data
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DATA
DATA:CLEANED
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Angular power spectra of the data
intensity angular power spectra

DATA:CLEANED = DATA - Galactic diffuse model
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Angular power spectra of the data
intensity angular power spectra

DATA:CLEANED = DATA - Galactic diffuse model
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Angular power spectra of the data
intensity angular power spectra

DATA:CLEANED = DATA - Galactic diffuse model
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Angular power spectra of the data
intensity angular power spectra

DATA:CLEANED = DATA - Galactic diffuse model
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Angular power in the data

19

• identifying the signal at 155 ≤ l ≤ 504 as Poisson angular power CP, 
best-fit value of CP is determined

• significant (>3σ) detection of angular power up to 10 GeV, lower 
significance power measured at 10-50 GeV

11

TABLE II: Best-fit values of the angular power CP and fluctuation angular power CP/〈I〉
2 in each energy bin over the multipole

range 155 ≤ ! ≤ 504. Results are shown for the data processed with the default analysis pipeline, the foreground-cleaned data,
and the default simulated model.

Emin Emax CP Significance CP/〈I〉
2 Significance

[GeV] [GeV] [(cm−2 s−1 sr−1)2 sr] [10−6 sr]

DATA 1.04 1.99 7.39 ± 1.14× 10−18 6.5σ 10.2 ± 1.6 6.5σ

1.99 5.00 1.57 ± 0.22× 10−18 7.2σ 8.35 ± 1.17 7.1σ

5.00 10.4 1.06 ± 0.26× 10−19 4.1σ 9.83 ± 2.42 4.1σ

10.4 50.0 2.44 ± 0.92× 10−20 2.7σ 8.00 ± 3.37 2.4σ

DATA:CLEANED 1.04 1.99 4.62 ± 1.11× 10−18 4.2σ 6.38 ± 1.53 4.2σ

1.99 5.00 1.30 ± 0.22× 10−18 6.0σ 6.90 ± 1.16 5.9σ

5.00 10.4 0.845 ± 0.246 × 10−19 3.4σ 8.37 ± 2.41 3.5σ

10.4 50.0 2.11 ± 0.86× 10−20 2.4σ 7.27 ± 3.36 2.2σ

MODEL 1.04 1.99 1.89 ± 1.08× 10−18 1.7σ 2.53 ± 1.47 1.7σ

1.99 5.00 1.92 ± 2.10× 10−19 0.9σ 0.99 ± 1.12 0.9σ

5.00 10.4 3.41 ± 2.60× 10−20 1.3σ 3.04 ± 2.34 1.3σ

10.4 50.0 0.62 ± 9.63× 10−21 0.1σ 0.24 ± 3.02 0.1σ

lent agreement. The modeling of the instrument PSF dif-732

fers between the P6 V3 and P6 V8 IRFs, however no sig-733

nificant differences in the measured angular power spec-734

tra are evident. The insensitivity of the measured angu-735

lar power spectrum to the choice of IRF confirms that736

variations in the PSF model between these two IRFs do737

not affect the anisotropy on the angular scales to which738

this analysis is sensitive.739

D. Dependence on masked region740

In this analysis we apply a generous latitude mask741

to reduce contamination of the data by Galactic diffuse742

emission. The mask is intended to remove enough con-743

tamination so that the measured angular power can be744

attributed to sources that are very uniformly distributed745

in the sky region we consider, i.e., sources that do not746

exhibit a strong gradient with Galactic latitude. The747

effectiveness of the mask at reducing the contribution748

to the angular power from a strongly latitude-dependent749

component can be evaluated by considering the angular750

power spectrum of the data as a function of latitude cut.751

The results are shown in Figs. 9 and 10.752

At low multipoles (! <∼ 100), increasing the latitude cut753

significantly reduces the angular power, indicating that754

in this multipole range the contamination by a strongly755

latitude-dependent component, such as Galactic diffuse756

emission, is considerable. For 155 ≤ ! ≤ 254 at 1–2 GeV757

and 2–5 GeV, the angular power measured using the 30◦758

latitude mask is noticeably smaller than when using the759

20◦ latitude mask. However, at all energies there are no760

significant differences in the angular power measured for761

! ≥ 155 using the 30◦ and 40◦ latitude masks, and for762

energies greater than 5 GeV the 20◦ latitude mask also763

yields consistent results. We conclude that applying the764

30◦ latitude mask is sufficient to ensure that no signifi-765

cant amount of the measured angular power at ! ≥ 155766

originates from the Galactic diffuse emission or from any767

source class that varies greatly between |b| of 30◦ and768

40◦.769

E. Foreground cleaning770

To minimize the impact of Galactic foregrounds we771

have employed until now a mask with a generous lati-772

tude cut. However, Galactic diffuse emission may extend773

to very high latitudes and may not exhibit a strong gra-774

dient with latitude, and it is thus important to investi-775

gate to what extent our data set may be contaminated776

by a residual Galactic contribution. For this purpose we777

attempt to reduce the Galactic diffuse contribution to778

the high-latitude emission by subtracting a model of the779

Galactic foregrounds from the data, and then calculating780

the angular power spectrum of the residual maps. For781

the calculation of the angular power spectra of the resid-782

ual maps (cleaned data) we note that the noise term CN783

is calculated from the original (uncleaned) map, since784

subtracting the model from the data does not reduce the785

photon noise level.786

In the following we limit ourselves to the recommended787

Galactic diffuse model gll iem v02.fit, which is also788

the default GAL model that we simulate, as described in789

§V. To tailor the model to the high-latitude sky regions790

considered in this work, the normalization of the model791

was adjusted by refitting the model to the data only in792

the regions outside the latitude mask. For the fit we used793

GaRDiAn which approximates the instrument response794

by convolving the model with the effective area and the795

PSF. The normalization obtained in this way is, however,796

very close to the nominal one, within a few percent.797
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Comparison with simulated models

• comparison with simulated all-sky models: two simulated models of the gamma-ray sky are 
analyzed; little or no angular power above l ~ 100 is found, in contrast to the results from 
the data

20

12

TABLE II: Best-fit values of the angular power CP and fluctuation angular power CP/〈I〉
2 in each energy bin over the multipole

range 155 ≤ ! ≤ 504. Results are shown for the data processed with the default analysis pipeline, the foreground-cleaned data,
and the default simulated model. Significance indicates the measured angular power expressed in units of the measurement
uncertainty σ; the measurement uncertainties can be taken to be Gaussian.

Emin Emax CP Significance CP/〈I〉
2 Significance

[GeV] [GeV] [(cm−2 s−1 sr−1)2 sr] [10−6 sr]

DATA 1.04 1.99 7.39 ± 1.14× 10−18 6.5σ 10.2 ± 1.6 6.5σ

1.99 5.00 1.57 ± 0.22× 10−18 7.2σ 8.35 ± 1.17 7.1σ

5.00 10.4 1.06 ± 0.26× 10−19 4.1σ 9.83 ± 2.42 4.1σ

10.4 50.0 2.44 ± 0.92× 10−20 2.7σ 8.00 ± 3.37 2.4σ

DATA:CLEANED 1.04 1.99 4.62 ± 1.11× 10−18 4.2σ 6.38 ± 1.53 4.2σ

1.99 5.00 1.30 ± 0.22× 10−18 6.0σ 6.90 ± 1.16 5.9σ

5.00 10.4 0.845 ± 0.246 × 10−19 3.4σ 8.37 ± 2.41 3.5σ

10.4 50.0 2.11 ± 0.86× 10−20 2.4σ 7.27 ± 3.36 2.2σ

MODEL 1.04 1.99 1.89 ± 1.08× 10−18 1.7σ 2.53 ± 1.47 1.7σ

1.99 5.00 1.92 ± 2.10× 10−19 0.9σ 0.99 ± 1.12 0.9σ

5.00 10.4 3.41 ± 2.60× 10−20 1.3σ 3.04 ± 2.34 1.3σ

10.4 50.0 0.62 ± 9.63× 10−21 0.1σ 0.24 ± 3.02 0.1σ

0 100 200 300 400 500
Multipole l

0.0

0.2

0.4

0.6

0.8

1.0

W
l2

P6_V3_FRONT
P6_V11_FRONT

10!50 GeV
5!10 GeV
2!5 GeV
1!2 GeV

0 100 200 300 400 500
Multipole l

0.0

0.2

0.4

0.6

0.8

1.0

W
l2

P6_V3_BACK
P6_V11_BACK

FIG. 7: Comparison of the beam window functions of the data for the P6 V3 and P6 V11 IRFs; the P6 V3 IRFs are the
default used in this analysis. The quantity W 2

! , which is the factor by which the angular power is suppressed due to the finite
angular resolution of the instrument, is shown for the front-converting (left panel) and back-converting (right panel) events,
evaluated at the log-center of each energy bin used in this analysis. The differences between the W 2

! of these two IRFs are
small (<∼ few percent) at all energies considered, indicating that our results are insensitive to the differences between the PSF
models implemented in these IRFs.

At low multipoles (! <∼ 100), increasing the latitude cut848

significantly reduces the angular power, indicating that849

in this multipole range the contamination by a strongly850

latitude-dependent component, such as Galactic diffuse851

emission, is considerable. For 155 ≤ ! ≤ 254 at 1–2 GeV852

and 2–5 GeV, the angular power measured using the 30◦853

latitude mask is noticeably smaller than when using the854

20◦ latitude mask. However, at all energies there are855

no significant differences in the angular power measured856

for ! ≥ 155 using the 30◦ and 40◦ latitude masks, and857

for energies greater than 5 GeV the 20◦ latitude mask858

also yields consistent results. We conclude that apply-859

ing the 30◦ latitude mask is sufficient to ensure that860

no significant amount of the measured angular power at861

! ≥ 155 originates from the Galactic diffuse emission or862

from any source class that varies greatly in the region863

30◦ < |b| < 40◦.864

E. Galactic foreground cleaning865

To minimize the impact of Galactic foregrounds we866

have employed a large latitude cut. However, Galactic867

diffuse emission may extend to very high latitudes and868

may not exhibit a strong gradient with latitude, and it869

is thus important to investigate to what extent our data870
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TABLE II: Best-fit values of the angular power CP and fluctuation angular power CP/〈I〉
2 in each energy bin over the multipole

range 155 ≤ ! ≤ 504. Results are shown for the data processed with the default analysis pipeline, the foreground-cleaned data,
and the default simulated model. Significance indicates the measured angular power expressed in units of the measurement
uncertainty σ; the measurement uncertainties can be taken to be Gaussian.
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! of these two IRFs are
small (<∼ few percent) at all energies considered, indicating that our results are insensitive to the differences between the PSF
models implemented in these IRFs.

At low multipoles (! <∼ 100), increasing the latitude cut848

significantly reduces the angular power, indicating that849

in this multipole range the contamination by a strongly850

latitude-dependent component, such as Galactic diffuse851

emission, is considerable. For 155 ≤ ! ≤ 254 at 1–2 GeV852

and 2–5 GeV, the angular power measured using the 30◦853

latitude mask is noticeably smaller than when using the854

20◦ latitude mask. However, at all energies there are855

no significant differences in the angular power measured856

for ! ≥ 155 using the 30◦ and 40◦ latitude masks, and857

for energies greater than 5 GeV the 20◦ latitude mask858

also yields consistent results. We conclude that apply-859

ing the 30◦ latitude mask is sufficient to ensure that860

no significant amount of the measured angular power at861

! ≥ 155 originates from the Galactic diffuse emission or862

from any source class that varies greatly in the region863

30◦ < |b| < 40◦.864

E. Galactic foreground cleaning865

To minimize the impact of Galactic foregrounds we866

have employed a large latitude cut. However, Galactic867

diffuse emission may extend to very high latitudes and868

may not exhibit a strong gradient with latitude, and it869

is thus important to investigate to what extent our data870
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(! ≥ 155).

G. Dependence on the set of masked sources

The recently-released second Fermi LAT source cata-
log (2FGL) [54] is an update to the 1FGL catalog used
to define the default source mask adopted in this work.
The 2FGL catalog reports the detection of 1873 sources,
compared to the 1451 included in the 1FGL catalog.
We briefly comment that one motivation for using the

1FGL catalog, rather than the 2FGL catalog, to define
the source mask in our default analysis is that the 1FGL
catalog was also used in the Fermi LAT source count
distribution analysis [10]. The results of that study are
closely related to the interpretation of the results of the
current analysis, and so our choice to mask that same
source list in our default analysis allows the results of
the two analyses to be used together straightforwardly.
However, it is natural to ask to what extent the measured
angular power reported in the data may be attributable
to the additional sources resolved in the 2FGL catalog.
We address this question by analyzing the data using

a source mask defined by the 2FGL sources and compar-
ing the results to those obtained using the 1FGL source
mask. We repeat the analysis of the data using the de-
fault pipeline, changing only the source mask; the total
mask is defined by the source mask combined with the
default latitude cut masking |b| < 30◦. When combined
with the default latitude cut, the 2FGL source mask re-
sults in an unmasked sky fraction fsky = 0.295, a small
decrease compared to fsky = 0.325 when using the 1FGL
source mask.
The angular power spectra of the data analyzed using

the 2FGL catalog to define the source mask are shown
in Figs. 14 and 15, compared with the results of the de-
fault data analysis which uses the 1FGL catalog. The
angular power CP measured in the data using the 2FGL
source mask is reduced relative to the 1FGL case (see
Table II), while the measurement uncertainties remain
roughly the same as in the 1FGL case. The decrease in
CP is ∼ 20–30% in the 1–2, 2–5, and 5–10 GeV energy
bins, however significant detections (> 3σ) are still found
in these three bins. A ∼ 70% decrease in CP is seen in
the 10–50 GeV bin, and due to the large measurement
uncertainty the significance of the measurement in this
bin falls from 2.7σ to 0.8σ. The significance of the de-
tected fluctuation angular power over all four energy bins
remains greater than 7σ.
We can estimate the expected decrease in angular

power when masking the 2FGL sources by calculating the
difference in angular power produced when the source de-
tection threshold is reduced from the 1FGL to the 2FGL
catalog level, following the approach used to calculate
the angular power of the simulated sources in §VIB.
We assume the sources follow the flux distribution func-
tion dN/dS given by Eq. 10 with the same parameters
given in that section as the best-fit for the high-latitude

Fermi sources in the 1.04–10.4 GeV band. Calculating
CP via Eq. 11 for an assumed flux threshold of ∼ 5 ×
10−10cm−2 s−1, appropriate for the 1FGL catalog [46],
yields CP ∼ 9.4× 10−18 (cm−2 s−1 sr−1 GeV−1)2 sr. Us-
ing a lower flux threshold of ∼ 4×10−10cm−2 s−1, appro-
priate for the 2FGL catalog [54], gives CP ∼ 6.8× 10−18

(cm−2 s−1 sr−1 GeV−1)2 sr, which is indeed a roughly
30% decrease in CP, as observed in the data.

H. Comparison of data and simulated models

To understand the origin of the angular power mea-
sured in the data, we compare the angular power spec-
tra of the default data to those of the default simulated
model and the alternate simulated model, described in
§V. The simulated models were processed and their an-
gular power spectra calculated using the same analysis
pipeline as the data, and thus we expect the angular
power spectra of the data and models to be consistent
if the models accurately reflected the statistical proper-
ties of the emission on the relevant angular scales.
Figs. 16 and 17 present the angular power spectra of

the data and models. The angular power spectra of the
two models agree very well at all energies at multipoles
above ! = 105. At all energies and scales, both models
exhibit less angular power than the data. Moreover, the
amplitude of the detected angular power in both models
is inconsistent with that of the data at > 95% CL in the
three energy bins spanning 1–10 GeV, and at > 90% CL
in the 10–50 GeV bin (see Table III). The lack of signifi-
cant power at high multipoles in either simulated model
indicates that the Galactic diffuse emission, as imple-
mented in these models, provides a negligible contribu-
tion to the anisotropy ! ≥ 155. At lower multipoles, the
discrepancy between the data and models and between
the two models may be due to the presence of large-scale
features in the data which are not included in the mod-
els, however we defer a full investigation of the origin of
the low-multipole angular power to future work.

TABLE III: Significance of the difference ∆CP between in-
tensity angular power CP for 155 ≤ ! ≤ 504 in the default
data and the default simulated model in each energy bin.
The associated measurement uncertainties can be taken to
be Gaussian.

Emin Emax Significance of ∆CP

1.04 1.99 3.5σ

1.99 5.00 4.5σ

5.00 10.4 2.0σ

10.4 50.0 1.7σ

The contributions to the angular power spectrum of
the individual components of the default model are shown
in Figs. 18 and 19. At all energies the only component
contributing significantly to the total power is the Galac-

Significance of difference in angular power 
between data and model
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Comparison with predicted angular power
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• fluctuation angular power of ~ 1e-5 sr falls in the range predicted for 
some astrophysical source classes and some dark matter scenarios

• can be used to constrain the IGRB contribution from these populations 

11

TABLE II: Best-fit values of the angular power CP and fluctuation angular power CP/〈I〉
2 in each energy bin over the multipole

range 155 ≤ ! ≤ 504. Results are shown for the data processed with the default analysis pipeline, the foreground-cleaned data,
and the default simulated model.

Emin Emax CP Significance CP/〈I〉
2 Significance

[GeV] [GeV] [(cm−2 s−1 sr−1)2 sr] [10−6 sr]

DATA 1.04 1.99 7.39 ± 1.14× 10−18 6.5σ 10.2 ± 1.6 6.5σ

1.99 5.00 1.57 ± 0.22× 10−18 7.2σ 8.35 ± 1.17 7.1σ

5.00 10.4 1.06 ± 0.26× 10−19 4.1σ 9.83 ± 2.42 4.1σ

10.4 50.0 2.44 ± 0.92× 10−20 2.7σ 8.00 ± 3.37 2.4σ

DATA:CLEANED 1.04 1.99 4.62 ± 1.11× 10−18 4.2σ 6.38 ± 1.53 4.2σ

1.99 5.00 1.30 ± 0.22× 10−18 6.0σ 6.90 ± 1.16 5.9σ

5.00 10.4 0.845 ± 0.246 × 10−19 3.4σ 8.37 ± 2.41 3.5σ

10.4 50.0 2.11 ± 0.86× 10−20 2.4σ 7.27 ± 3.36 2.2σ

MODEL 1.04 1.99 1.89 ± 1.08× 10−18 1.7σ 2.53 ± 1.47 1.7σ

1.99 5.00 1.92 ± 2.10× 10−19 0.9σ 0.99 ± 1.12 0.9σ

5.00 10.4 3.41 ± 2.60× 10−20 1.3σ 3.04 ± 2.34 1.3σ

10.4 50.0 0.62 ± 9.63× 10−21 0.1σ 0.24 ± 3.02 0.1σ

lent agreement. The modeling of the instrument PSF dif-732

fers between the P6 V3 and P6 V8 IRFs, however no sig-733

nificant differences in the measured angular power spec-734

tra are evident. The insensitivity of the measured angu-735

lar power spectrum to the choice of IRF confirms that736

variations in the PSF model between these two IRFs do737

not affect the anisotropy on the angular scales to which738

this analysis is sensitive.739

D. Dependence on masked region740

In this analysis we apply a generous latitude mask741

to reduce contamination of the data by Galactic diffuse742

emission. The mask is intended to remove enough con-743

tamination so that the measured angular power can be744

attributed to sources that are very uniformly distributed745

in the sky region we consider, i.e., sources that do not746

exhibit a strong gradient with Galactic latitude. The747

effectiveness of the mask at reducing the contribution748

to the angular power from a strongly latitude-dependent749

component can be evaluated by considering the angular750

power spectrum of the data as a function of latitude cut.751

The results are shown in Figs. 9 and 10.752

At low multipoles (! <∼ 100), increasing the latitude cut753

significantly reduces the angular power, indicating that754

in this multipole range the contamination by a strongly755

latitude-dependent component, such as Galactic diffuse756

emission, is considerable. For 155 ≤ ! ≤ 254 at 1–2 GeV757

and 2–5 GeV, the angular power measured using the 30◦758

latitude mask is noticeably smaller than when using the759

20◦ latitude mask. However, at all energies there are no760

significant differences in the angular power measured for761

! ≥ 155 using the 30◦ and 40◦ latitude masks, and for762

energies greater than 5 GeV the 20◦ latitude mask also763

yields consistent results. We conclude that applying the764

30◦ latitude mask is sufficient to ensure that no signifi-765

cant amount of the measured angular power at ! ≥ 155766

originates from the Galactic diffuse emission or from any767

source class that varies greatly between |b| of 30◦ and768

40◦.769

E. Foreground cleaning770

To minimize the impact of Galactic foregrounds we771

have employed until now a mask with a generous lati-772

tude cut. However, Galactic diffuse emission may extend773

to very high latitudes and may not exhibit a strong gra-774

dient with latitude, and it is thus important to investi-775

gate to what extent our data set may be contaminated776

by a residual Galactic contribution. For this purpose we777

attempt to reduce the Galactic diffuse contribution to778

the high-latitude emission by subtracting a model of the779

Galactic foregrounds from the data, and then calculating780

the angular power spectrum of the residual maps. For781

the calculation of the angular power spectra of the resid-782

ual maps (cleaned data) we note that the noise term CN783

is calculated from the original (uncleaned) map, since784

subtracting the model from the data does not reduce the785

photon noise level.786

In the following we limit ourselves to the recommended787

Galactic diffuse model gll iem v02.fit, which is also788

the default GAL model that we simulate, as described in789

§V. To tailor the model to the high-latitude sky regions790

considered in this work, the normalization of the model791

was adjusted by refitting the model to the data only in792

the regions outside the latitude mask. For the fit we used793

GaRDiAn which approximates the instrument response794

by convolving the model with the effective area and the795

PSF. The normalization obtained in this way is, however,796

very close to the nominal one, within a few percent.797

predicted fluctuation angular 
power                [sr] at l = 100 
for a single source class 
(LARGE UNCERTAINTIES):

• blazars: ~ 2e-4

• starforming galaxies: ~ 2e-7

• dark matter: ~ 1e-6 to ~ 1e-4

• MSPs: ~ 0.03

C`/hIi2

Fluctuation angular power in data



• intensity angular power can constrain the absolute IGRB 
contribution from a single population

• fluctuation angular power can constrain the fractional 
IGRB contribution from a single population

C
P,i  C

P,tot

f2

i  C
P,tot/hItoti2

C
P,i/hIii2
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Source population constraints from anisotropy
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Constraints from the fluctuation angular power

23

Constraints from best-fit constant fluctuation angular power (l ≳ 150) 
measured in the data and foreground-cleaned data

NB: these are indicative predicted values for source populations, taken from the literature.  

• dependent on source model (large variations possible, especially for dark matter 
scenarios)

• dependent on source detection threshold 

• for cosmological populations, dependent on EBL assumptions

These values may not be accurate for your favorite source population model.

22

TABLE V: Maximum fractional contribution of various source populations to the IGRB intensity that is compatible with
the best-fit constant value of the measured fluctuation angular power in all energy bins, 〈CP/〈I〉

2〉 = 9.05 × 10−6 sr for the
default data analysis or 〈CP/〈I〉

2〉 = 6.94× 10−6 sr for the Galactic-foreground–cleaned data analysis. Indicative values for the
fluctuation angular power C!/〈I〉

2 of each source class are taken from existing literature (see text for details) and evaluated at
! = 100.

Source class Predicted C100/〈I〉2 Maximum fraction of IGRB intensity

[sr] DATA DATA:CLEANED

Blazars 2× 10−4 21% 19%

Star-forming galaxies 2× 10−7 100% 100%

Extragalactic dark matter annihilation 1× 10−5 95% 83%

Galactic dark matter annihilation 5× 10−5 43% 37%

Millisecond pulsars 3× 10−2 1.7% 1.5%

catalog is between 0.5 and 1 × 10−9 photons cm−2 s−1
1267

for |b| > 30◦, higher than the threshold assumed in [24].1268

If the blazar luminosity function is identical to the one1269

assumed in [24], this discrepancy in thresholds would im-1270

ply that the prediction for the blazar anisotropy in [24] is1271

underestimated with respect to the one applicable to our1272

analysis, since our masked maps include more bright un-1273

resolved blazars. As a result, the constraint on the frac-1274

tional intensity contribution to the IGRB from blazars1275

for this model from our measurement would, if anything,1276

be stronger.1277

In contrast to the larger anisotropy expected from1278

blazars, the fluctuation angular power at ! ∼ 100 pre-1279

dicted for star-forming galaxies by Ref. [27] is ∼ 2 ×1280

10−7 sr at 1 GeV, far below the value measured in this1281

analysis. Since star-forming galaxies would thus pro-1282

vide a subdominant contribution to the measured angular1283

power, this anisotropy measurement does not constrain1284

their contribution to the total IGRB intensity.1285

The anisotropy from dark matter annihilation in ex-1286

tragalactic structures is predicted to be slightly smaller1287

than that from unresolved blazars, although estimates1288

can vary substantially due to differences in the adopted1289

models. Moreover, for extragalactic dark matter anni-1290

hilation the amplitude of the expected anisotropy can1291

be highly sensitive to the energy spectrum of the emis-1292

sion. The source energy spectrum depends on the dark1293

matter particle mass and dominant annihilation chan-1294

nels, while the observed energy spectrum is affected by1295

redshifting and EBL attenuation. These factors can in-1296

troduce a non-trivial energy dependence into the am-1297

plitude of the anisotropy, particularly for high mass1298

(∼ 1 TeV) dark matter candidates. As a benchmark1299

range, Refs. [23, 24, 36] predict the anisotropy from an-1300

nihilation of extragalactic dark matter to be ∼ 10−6–1301

10−5 sr at ! ∼ 100 at energies of a few GeV, comparable1302

to the measured value.1303

The anisotropy from annihilation in Galactic dark mat-1304

ter substructure is expected to be much larger than that1305

from extragalactic dark matter. While variations in the1306

assumed properties of Galactic substructure can lead to1307

order-of-magnitude or larger variations in the predicted1308

angular power, for typical assumptions the predicted fluc-1309

tuation angular power is ∼ 5 × 10−5 sr at ! ∼ 100 (e.g.,1310

Model A1 in Ref. [30]), which implies that dark matter1311

annihilation can contribute less than ∼ 43% of the total1312

intensity. However, adopting alternative models for the1313

substructure properties can increase or decrease the pre-1314

dicted angular power by as much as ∼ 2 orders of magni-1315

tude [29–31], so the measured angular power represents1316

a strong constraint on some substructure models.1317

Galactic gamma-ray MSPs have also been considered1318

as possible contributors to the intensity and anisotropy1319

of the IGRB due to their extended latitude distribu-1320

tion [15, 28]. The emission from Galactic MSPs is ex-1321

pected to feature very large fluctuation anisotropy due1322

to the relatively low number density of this source class1323

compared to dark matter substructure or extragalactic1324

source populations. Ref. [28] predicts fluctuation angular1325

power at high Galactic latitudes of ∼ 0.03 sr at ! ∼ 1001326

for this Galactic source class, which implies a contribu-1327

tion to the total IGRB intensity of no more than a few1328

percent.1329

We note that constraints derived in this section have1330

not taken into account information about the likely en-1331

ergy spectrum of the dominant contributing population,1332

discussed in §VII, which is incompatible with sources1333

known or expected to feature spectral peaks at the ener-1334

gies we consider (for example, Galactic and extragalac-1335

tic dark matter and MSPs). A careful study combining1336

all observables obtained in this work would almost cer-1337

tainly yield stronger constraints on contributing popula-1338

tions. Furthermore, we have discussed the constraints1339

obtainable on specific source populations by requiring1340

that the total anisotropy from each population does not1341

exceed the measured value. We emphasize, however,1342

that stronger bounds could be derived if some fraction1343

of the total anisotropy could be robustly attributed to1344

one or more confirmed source classes, thereby reducing1345

the anisotropy available to additional contributors.1346
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IGRB anisotropies from millisecond pulsars

24

JSG, Reesman, Pavlidou, Profumo, & Walker 2011

unresolved MSPs could contribute significantly to the high-latitude 
gamma-ray emission (e.g., Faucher-Giguere & Loeb 2009)

3030

4040
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Angular power spectrum of MSPs

• remarkably constant in 
multipole → looks like 
emission from an 
unclustered source 
population (“Poisson-
noise--like”)

• large amplitude 
anisotropy → their 
diffuse contribution may 
be detectable/
constrainable from 
Fermi data

25

10 100
Multipole l

0.001

0.01

0.1

C l

JSG, Reesman, Pavlidou, Profumo, & Walker 2011
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Constraints on the MSP population

• MSP models in shaded regions exceed measured IGRB intensity/anisotropy + 2-sigma

• anisotropy constraints ~ 1 order of magnitude stronger than intensity constraints
26
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JSG, Reesman, Pavlidou, Profumo, & Walker 2011
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Energy dependence of anisotropy

27

• consistent with no energy dependence, but mild or localized energy 
dependence not excluded

• consistent with all anisotropy contributed by one or more source classes 
contributing same fractional intensity at all energies considered

Fluctuation anisotropy energy spectrum
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Figure 1. Left panel: flux–photon index plane for all the |b| ! 10◦ sources with TS ! 25. The dashed line is the flux limit as a function of photon index reported in
Abdo et al. (2010e), while the solid line represents the limiting flux above which the spectral selection effects become negligible. Right panel: photon index distribution
of all sources for F100 ! 7 × 10−8 ph cm−2 s−1. Above this limit, the LAT selection effect toward hard sources becomes negligible.
(A color version of this figure is available in the online journal.)

advance, with ∼4 times more blazars and a detailed investigation
of selection effects in source detection.

This work is organized as follows. In Section 3, the intrinsic
spectral properties of the Fermi sources are determined. In
Section 4, the Monte Carlo simulations used for this analyses
are outlined with the inherent systematic uncertainties (see
Section 5). Finally, the source count distributions are derived in
Section 6 and Section 7, while the contribution of point sources
to the GeV diffuse background is determined in Section 8.
Section 9 discusses and summarizes our findings. Since the
final goal of this work is to derive the contribution of sources to
the EGB, we will only use physical quantities (i.e., source flux
and photon index) averaged over the time (11 months) included
in the analysis for the First Fermi-LAT catalog (1FGL; Abdo
et al. 2010b).

2. TERMINOLOGY

Throughout this paper, we use a few terms which might not
be familiar to the reader. In this section, meanings of the most
often used are clarified.

1. Spectral bias (or photon-index bias). It is the selection effect
which allows Fermi-LAT to detect spectrally hard sources
at fluxes generally fainter than those of soft sources.

2. Flux-limited sample. It refers to a sample which is uni-
formly selected solely according to the source flux. If the
flux limit is chosen to be bright enough (as in the case of this
paper), then the selection effects affecting any other proper-
ties (e.g., the source spectrum) of the sample are negligible.
This is a truly uniformly selected sample.

3. Diffuse emission from unresolved point sources. It rep-
resents a measurement of the integrated emission from
sources that have not been detected by Fermi. As it will
be shown in the next sections, for each source detected at
low fluxes, there is a large number of sources that have
not been detected because of selection effects (e.g., the
local background was too large or the photon index was
too soft, or a combination of both). The diffuse emission
from unresolved point sources (computed in this work) ad-
dresses the contribution of all of those sources that have
not been detected because of these selection effects, but

have a flux that is formally larger than the faintest detected
source.

3. AVERAGE SPECTRAL PROPERTIES

3.1. Intrinsic Photon-index Distributions

As already shown in Abdo et al. (2009a; but see also Figure 1),
at faint fluxes the LAT more easily detects hard-spectrum
sources rather than sources with a soft spectrum. Sources with
a photon index (e.g., the exponent of the power-law fit to
the source photon spectrum) of 1.5 can be detected to fluxes
that are a factor >20 fainter than those at which a source
with a photon index of 3.0 can be detected (see Abdo et al.
2010e, for details). Thus, given this strong selection effect,
the intrinsic photon-index distribution is necessarily different
from the observed one. An approach to recovering the intrinsic
photon-index distribution is obtained by studying the sample
above F100 ≈ 7×10−8 ph cm−2 s−1 and |b| ! 10◦ (see the right
panel of Figure 1). Indeed, above this flux limit, LAT detects
all sources irrespective of their photon index, flux, or position
in the high-latitude sky. Above this limit, LAT detects 135
sources. Their photon-index distribution, reported in Figure 1,
is compatible with a Gaussian distribution with a mean of 2.40
± 0.02 and a dispersion of 0.24 ± 0.02. These values differ
from the mean of 2.23 ± 0.01 and the dispersion of 0.33 ±
0.01 derived using the entire |b| ! 10◦ sample. Similarly,
the intrinsic photon-index distributions of flat spectrum radio
quasars (FSRQs) and BL Lacertae objects (BL Lac objects)
are different from the observed distributions. In both cases,
the observed average photon index is harder than the intrinsic
average value. The results are summarized in Table 1.

3.2. Stacking Analysis

Another way to determine the average spectral properties is
by stacking source spectra together. This is particularly simple
since Abdo et al. (2010b) report the source flux in five different
energy bands. We thus performed a stacking analysis of those
sources with F100 ! 7 × 10−8 ph cm−2 s−1, TS ! 25, and
|b| !10◦. For each energy band, the average flux is computed as
the weighted average of all source fluxes in that band using the
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Energy dependence of anisotropy

28

• consistent with that arising from a source class with power-law energy 
spectrum with Γ = -2.40 ± 0.07 (-2.33 ± 0.08 for cleaned data)

• implied source spectral index is good agreement with mean intrinsic 
spectral index of blazars inferred from detected members

Intensity anisotropy energy spectrum
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Spectral indices of Fermi-LAT sources
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Figure 10. Distribution of photon indices (left) and fluxes (right) for the TS ! 50 and |b| ! 20◦ sources. The dashed line is the best-fit dN/dSdΓ model. Using the χ2

test, the probabilities that the data and the model line come from the same parent population are 0.98 and 0.97 for the photon-index and flux distributions, respectively.
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Figure 11. Comparison of log N–log S of the whole sample of (TS ! 50 and
|b| ! 20◦) sources built with the standard method (green data points; see
Section 6.1) and the global fit method (red data points; see Section 6.2).
(A color version of this figure is available in the online journal.)

redshift. While it is something reasonable to expect, this effect
in the current data set is not observed. The luminosity function,
which is left to a future paper, will allow us to investigate this
effect in great detail.

6.4. FSRQs

For the classification of blazars as FSRQs or BL Lac objects,
we use the same criteria adopted in Abdo et al. (2009a). This
classification relies on the conventional definition of BL Lac
objects outlined in Stocke et al. (1991), Urry & Padovani (1995),
and Marcha et al. (1996) in which the equivalent width of the
strongest optical emission line is <5 Å and the optical spectrum
shows a Ca ii H/K break ratio C < 0.4.

It is important to correctly determine the incompleteness of
the sample when dealing with a subclass of objects. Indeed, in
the sample of Table 2, 56 objects have no associations and
28 have either an uncertain or a tentative association with
blazars. Thus, the total incompleteness is 84/425 = ∼19%
when we refer to either FSRQs or BL Lac objects separately.
The incompleteness levels of all the samples used here are
also reported in Table 4 for clarity. Since we did not perform
dedicated simulations for the FSRQ and the BL Lac object
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Figure 12. Comparison between log N–log S distributions of the whole sample
of sources (solid circles) and blazars (open circles). The solid lines are the
respective best-fit models as reported in Table 4.
(A color version of this figure is available in the online journal.)

classes, their source count distributions can be derived only
with the method described in Section 6.2.

The best fit to the source counts (reported in Table 4) is a
double power-law model with a bright-end slope of 2.41 ± 0.16
and faint-end slope 0.70 ± 0.30. The log N–log S relationship
shows a break around F100 = 6.12(±1.30) × 10−8 ph cm−2 s−1.
The intrinsic distribution of the photon indices of FSRQs is
found to be compatible with a Gaussian distribution with a mean
and a dispersion of 2.48 ± 0.02 and 0.18 ± 0.01, respectively,
in agreement with what found previously in Table 1. The faint-
end slope is noticeably flatter and this might be due to the fact
that many of the unassociated sources below the break might
be FSRQs. Figure 13 shows how the best-fit model reproduces
the observed photon-index and flux distributions. The χ2-test
indicates that the probability that the real distribution and the
model line come from the same parent population is !0.99
for both the photon-index and flux distributions, respectively.
The left panel shows that the photon-index distribution is not
reproduced perfectly. This might be due to incompleteness or
by the fact that the intrinsic distribution of photon indices is
actually not Gaussian. However, a Kolmogorov–Smirnov (K-S)
test between the predicted and the observed distribution yields
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The source count distribution

29

Abdo et al. (Fermi LAT Collaboration), ApJ 720, 435 (2010)
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spectral index

low (faint-end) 
spectral index

the source count distribution (“LogN-LogS”) of Fermi-LAT–detected 
sources is consistent with a broken power law

LogN-LogS of Fermi LAT sources
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Anisotropy and source counts

30

the total intensity and Poisson angular power (CP) 
from unresolved sources can be predicted from the 

source count distribution
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Anisotropy and source counts

30

the total intensity and Poisson angular power (CP) 
from unresolved sources can be predicted from the 

source count distribution

How do the predicted intensity and angular power from unresolved 
blazars compare to the measured values?
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Constraints on unresolved gamma-ray sources

31

• we fix the high index and 
normalization of the source 
count distribution to the 
measured best-fit values

• we vary the low index and 
break flux, and calculate the 
intensity and anisotropy 
produced by the unresolved 
sources in the 1-10 GeV band

1-10 GeV
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Constraints on unresolved gamma-ray sources
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• we fix the high index and 
normalization of the source 
count distribution to the 
measured best-fit values

• we vary the low index and 
break flux, and calculate the 
intensity and anisotropy 
produced by the unresolved 
sources in the 1-10 GeV band

• anisotropy and source count 
analysis point to blazars 
contributing ~30% of IGRB 
intensity and ~100% of IGRB 
anisotropy

1-10 GeV
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Constraints on unresolved gamma-ray sources

31

• we fix the high index and 
normalization of the source 
count distribution to the 
measured best-fit values

• we vary the low index and 
break flux, and calculate the 
intensity and anisotropy 
produced by the unresolved 
sources in the 1-10 GeV band

• anisotropy and source count 
analysis point to blazars 
contributing ~30% of IGRB 
intensity and ~100% of IGRB 
anisotropy

• this result implies that 
component(s) making ~70% 
of IGRB intensity have very 
low level of anisotropy

1-10 GeV
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Dark matter implications

32

• utilize high-resolution numerical 
simulations of the Galactic and 
extragalactic DM distribution 
(Aquarius and Millenium-II by the 
Virgo Consortium)

• predict the DM anisotropy signal 
from annihilation and decay, 
accurately accounting for redshifting 
and EBL attenuation for extragalactic 
DM, and secondary emission from 
Galactic DM

• extend and improve the Fermi LAT 
anisotropy measurement: 

• more data

• improved data selections and 
instrument response

• more energy bins and larger 
energy range

• compare the predicted angular power 
spectra to the measurement to place 
constraints on DM properties

Joint project between Fermi LAT and MultiDark

Fornasa et al. 2012, in prep

DM annihilationDM decay

Sensitivity of energy-dependent anisotropy to DM
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• IGRB small-scale anisotropy has been detected for the first time!

• scale independence of high-multipole angular power suggests contribution from 
one or more unclustered point source populations

• measured angular power can be used to constrain the IGRB contribution from 
specific source classes

• lack of energy dependence of the fluctuation angular power suggests that the 
anisotropy is contributed primarily by one or more source populations with 
constant fractional contributions to the IGRB intensity over 1-50 GeV

• energy dependence of the intensity angular power is consistent with the 
anisotropy originating from a source population with a power-law energy 
spectrum with Γ = -2.40 ± 0.07; this spectral index closely matches the inferred 
mean intrinsic spectral index of blazars

• source count analysis and anisotropy measurements point to blazars contributing 
~100% of the anisotropy but only ~30% of the intensity of the IGRB

Summary

33
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Additional slides
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Analysis pipeline validation

• validation with a simulated source model: a source model with known anisotropy 
properties is simulated and analyzed using the same analysis pipeline as the data; the 
theoretically-predicted angular power spectrum is recovered

• dependence on the PSF model: no significant differences found between beam window 
functions for P6_V3 and P6_V11 IRFs

• test for anisotropies induced by inaccuracies in the exposure map: an alternate exposure 
map is calculated directly from the data using an event-shuffling technique; angular power 
spectra are consistent with those using the exposure map from the Fermi Science Tools

35
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Robustness to variations in masking

• dependence on the latitude 
mask: masking |b| < 30 deg is 
found to be sufficient to exclude 
significant contamination of the 
anisotropy above l ~ 100 by a 
component with a strong 
latitude dependence (e.g., 
Galactic diffuse emission)

• dependence on the source mask 
radius: no significant differences 
seen in multipole range of 
interest when mask angular 
radius is reduced from 2 deg to 
1deg
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Exposure maps from an event-shuffling technique

• the exposure map is calculated directly from the data using an event-shuffling 
technique:

• shuffling arrival times and arrival directions of real events in instrument 
coordinates generates a map indicating how an isotropic signal would appear in 
the LAT data

• shuffled data map is directly proportional to the exposure map, with arbitrary 
normalization (hence only fluctuation angular power spectra can be calculated)

• data is analyzed as in default analysis, except shuffled map is used for the exposure

• provides a cross-check to ensure that the result is not biased by inaccuracies in 
the exposure calculation which could introduce spurious anisotropy signals
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Energy-dependent anisotropy

38
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neutralino mass = 700 GeV

• 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!

The anisotropy energy spectrum at work

39

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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neutralino mass = 80 GeV
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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!

The anisotropy energy spectrum at work

39

• 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

40

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

• 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)

• 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 95% CL

• NB: this test is not optimized to find specific dark 
matter models; tailored likelihood analysis could 
significantly improve sensitivity!
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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 close 
to thermal; extends 
the reach of current 
indirect searches

41

Hensley, JSG, & Pavlidou 2010

dark matter models above the
curves are detectable by this test!
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