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What is making the diffuse gamma-ray background?

2

Credit: NASA/DOE/Fermi LAT Collaboration 

Energy spectrum of the Fermi-LAT
isotropic gamma-ray background (IGRB)

BLAZARS



J. Siegal-Gaskins The Future of Astronomy, Northwestern University, September 1, 2011

Adding up diffuse GeV emission

3

• 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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Adding up diffuse GeV emission
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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

Relatively featureless total 
IGRB intensity spectrum ➔ 

lack of spectral handles to ID 
individual components!
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Detecting unresolved sources with anisotropies

• 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

4
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Detecting unresolved sources with anisotropies

• 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)

5
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Ando, Komatsu, Narumoto & Totani 2007

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)

063519-7

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�/�I�2
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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

8



J. Siegal-Gaskins The Future of Astronomy, Northwestern University, September 1, 2011 9

All-sky map

PRELIMINARYPRELIMINARY

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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PRELIMINARYPRELIMINARY

10

All-sky map Map with default mask applied
PRELIMINARYPRELIMINARY

PRELIMINARYPRELIMINARY

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

11

Csignal
� =

Craw
� /fsky − CN

(W beam
� )2

Angular power spectrum analysis of Fermi LAT data
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DATA:CLEANED

PRELIMINARY

12

Angular power spectra of the data
intensity angular power spectra

DATA:CLEANED = DATA - Galactic diffuse model
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13

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

• at l ≳ 150, angular power is roughly 
constant in multipole; this is Poisson-like, 
characteristic of unclustered point sources

• subtraction of a Galactic diffuse model 
from the data (foreground cleaning):

• reduces power at l ≲150 at lower 
energies

• indicates low-multipole large angular 
power likely due in part to 
contamination by Galactic diffuse 
emission

• does not have a substantial impact on 
the anisotropy above l ~ 150

• indicates contamination at l ≳ 150 by 
Galactic diffuse emission is small
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Angular power in the data

17

• 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 predicted angular power

18

• 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 
(e.g., MSP constraints in JSG et al, MNRAS 415 (2011) 1074S)

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�/�I�2
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Source population constraints from anisotropy

19

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

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

predicted 
fluctuation 

angular power at 
l = 100 [sr]

max IGRB 
contribution

blazars 2e-4 22%

starforming 
galaxies 2e-7 100%

dark matter 
annihilation/decay 5e-5 45%

MSPs 0.03 2%

in all energy bins, measured fluctuation 
angular power (l ≳ 150) is ~ l e-5 sr

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.
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Energy dependence of anisotropy

20

• 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

1 10
Energy [GeV]

5.0•10 6

0

5.0•10 6

1.0•10 5

1.5•10 5

2.0•10 5
C P

 / 
I2   [

sr
]

DATA
DATA:CLEANED

PRELIMINARY



J. Siegal-Gaskins The Future of Astronomy, Northwestern University, September 1, 2011

Energy dependence of anisotropy

21

• 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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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

22

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

dN

dS
=

�
A S−β S ≥ Sb

A Sb
−β+αS−α S < Sb

break flux
high (bright-end) 
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

23

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

23

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

24

Best-fit logN-logS params
(from Fermi-LAT source 

count analysis)

Blazars overproduce 
IGRB anisotropy Blazars 

overproduce IGRB 
intensity

Blazars make 100% of 
IGRB anisotropy Blazars make 100% 

of IGRB intensity

Constraints on source count distribution 
(logN-logS) parameter space

Cuoco, Komatsu, & JSG, in prep

• 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

Blazars make less than 
100% of IGRB anisotropy 

and intensity

1-10 GeV
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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

25
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Additional slides

26



J. Siegal-Gaskins The Future of Astronomy, Northwestern University, September 1, 2011

Validation studies

• 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 results of data 
analyzed with P6_V3 and P6_V8 IRFs

• 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)

• contamination by Galactic diffuse emission: subtraction of a Galactic diffuse model from 
the data (foreground cleaning) does not have a substantial impact on the anisotropy above 
l ~ 100; indicates contamination in this multipole range by Galactic diffuse is small

• 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

27
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Analysis using 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

28
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Angular power spectra of the data

1 - 2 GeV
fluctuation angular power spectra

• good agreement between default analysis and analysis with exposure map from 
shuffling

• at low multipoles excess angular power likely due to contamination by Galactic 
diffuse emission; angular power is robustly detected at multipoles above l ~ 150

• angular power at high multipoles is also detected in other energy bins
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Angular power spectra of the data

2 - 5 GeV

fluctuation angular power spectra

• good agreement between default analysis and analysis with exposure map from 
shuffling 

• at low multipoles excess angular power likely due to contamination by Galactic 
diffuse emission; angular power is robustly detected at multipoles above l ~ 150
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Angular power spectra of the data

5 - 10 GeV

fluctuation angular power spectra

10 - 50 GeV

• good agreement between default analysis and analysis with exposure map from shuffling

• at 5-10 GeV angular power is robustly detected at multipoles above l ~ 150

• at 10-50 GeV, angular power is detected at lower significance at multipoles above l ~ 150
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Dependence on IRFs

1 - 2 GeV

intensity angular power spectra

• excellent agreement of angular power spectra of data processed with these two 
IRFs indicates that the results are not sensitive to the differences in the PSF 
models implemented in these IRFs
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2 - 5 GeV

intensity angular power spectra

• excellent agreement of angular power spectra of data processed with these two 
IRFs indicates that the results are not sensitive to the differences in the PSF 
models implemented in these IRFs

Dependence on IRFs
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5 - 10 GeV

intensity angular power spectra

10 - 50 GeV

• excellent agreement of angular power spectra of data processed with these two 
IRFs indicates that the results are not sensitive to the differences in the PSF 
models implemented in these IRFs

Dependence on IRFs
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Dependence on latitude mask

1 - 2 GeV

intensity angular power spectra

• differences in results masking |b| < 30 deg and |b| < 40 deg are small for 
multipoles l ≥ 155, demonstrating that detected angular power is not strongly 
correlated with a component with a significant latitude dependence, such as 
Galactic diffuse emission 
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2 - 5 GeV

intensity angular power spectra

Dependence on latitude mask

• differences in results masking |b| < 30 deg and |b| < 40 deg are small for 
multipoles l ≥ 155, demonstrating that detected angular power is not strongly 
correlated with a component with a significant latitude dependence, such as 
Galactic diffuse emission 
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5 - 10 GeV

intensity angular power spectra

10 - 50 GeV

Dependence on latitude mask

• above 10 GeV convergence at multipoles l ≥ 155 is seen masking only 
|b| < 20 deg
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Simulations

• GAL: 

• DEFAULT: standard recommended Galactic diffuse model 
(gll_iem_v02.fit)

• HI-RES: updated Galactic diffuse model using higher-resolution 
CO maps (ring_21month_v1.fit)

• CAT: 11-month source catalog

• ISO: isotropic background = Fermi-measured large-scale isotropic 
diffuse + unrejected charged particles (isotropic_iem_v02.txt 
spectrum template)

38

two models of the all-sky emission are simulated with 
gtobssim (Fermi Science Tools) and their angular power spectra 

are calculated to compare with the data

MODEL = sum of GAL:DEFAULT, CAT, and ISO

HI-RES MODEL = sum of GAL:HI-RES, CAT, and ISO
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Comparison with simulated models

1 - 2 GeV

intensity angular power spectra

• smaller amplitude angular power detected at low significance in both models 
at l ≥ 155 is inconsistent with the excess observed in the data

• angular power spectra of the two models are in good agreement
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2 - 5 GeV

intensity angular power spectra

Comparison with simulated models

• no significant angular power detected in either model at l ≥ 155

• angular power spectra of the two models are in good agreement
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5 - 10 GeV

intensity angular power spectra

10 - 50 GeV

Comparison with simulated models

• no significant angular power detected in either model at l ≥ 155

• angular power spectra of the two models are in good agreement



J. Siegal-Gaskins The Future of Astronomy, Northwestern University, September 1, 2011

0 100 200 300 400 500
Multipole l

2•10 17

0

2•10 17

4•10 17

6•10 17

8•10 17

(C
l 

 C
N
)/W

2   [
(c

m
2  s

1  sr
1 )2  sr

]

1.0 2.0 GeV

 

TOTAL MODEL
GALACTIC

11 MO SRCS
ISOTROPIC

PRELIMINARY

0 100 200 300 400 500
Multipole l

2•10 17

1•10 17

0

1•10 17

2•10 17

3•10 17

(C
l 

 C
N
)/W

2   [
(c

m
2  s

1  sr
1 )2  sr

]

1.0 2.0 GeV

 

TOTAL MODEL
GALACTIC

11 MO SRCS
ISOTROPIC

PRELIMINARY

42

Simulated model components

1 - 2 GeV

intensity angular power spectra

• as expected, most of the total angular power at all multipoles (TOTAL MODEL) 
is due to the GAL component

• by construction, ISO contributes no significant angular power; CAT provides no 
contribution because all sources were masked
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2 - 5 GeV

intensity angular power spectra

Simulated model components

• as expected, most of the total angular power at all multipoles (TOTAL MODEL) 
is due to the GAL component

• by construction, ISO contributes no significant angular power; CAT provides no 
contribution because all sources were masked
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5 - 10 GeV

intensity angular power spectra

10 - 50 GeV

Simulated model components

• as expected, most of the total angular power at all multipoles (TOTAL MODEL) 
is due to the GAL component

• by construction, ISO contributes no significant angular power; CAT provides no 
contribution because all sources were masked


