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Detecting unresolved sources with anisotropies

• in addition to the energy spectrum and average intensity, the large-scale isotropic gamma-
ray background (IGRB) contains angular information

• 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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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 
source distribution is independent of energy)
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predicted fluctuation angular 
power                [sr] at l = 100 
for a single source class 
(LARGE UNCERTAINTIES):

• blazars: ~ 1e-4

• starforming galaxies: ~ 1e-7

• dark matter: ~ 1e-4 to ~ 0.1

• MSPs: ~ 1e-2
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Blazars (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
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• 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
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Angular power spectrum analysis of Fermi data

• 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

• data processing: Fermi Science Tools used to handle instrument response and 
exposure calculation

• masking: sources in the 11-month catalog are masked within a 2 deg angular 
radius, and regions heavily contaminated by Galactic diffuse are masked by 
excluding |b| < 30 deg

• angular power spectrum calculation: performed using HEALPix (Gorski et al. 
2005)

• front- and back-converting events: processed separately through angular power 
spectrum calculation, then results are combined by weighted average

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

6
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All-sky map

PRELIMINARYPRELIMINARY

1-2 GeV
Map with default mask applied

Intensity maps of the data
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Intensity maps of the data

PRELIMINARYPRELIMINARY
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All-sky map Map with default mask applied
PRELIMINARYPRELIMINARY

PRELIMINARYPRELIMINARY

2-5 GeV

5-10 GeV

10-50 GeV
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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
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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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Foreground cleaning

1 - 2 GeV

intensity angular power spectra

• subtraction of a Galactic diffuse model from the data (foreground cleaning) does 
not have a substantial impact on the anisotropy above l ~ 150

• indicates contamination in this multipole range by the Galactic diffuse is small

• yields similar results at high energies
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Angular power in the data

13

9

FIGURE

FIG. 4: Intensity angular power spectrum of a simulated ob-
servation of the source population model, compared with the
theoretical prediction (shaded band). The angular power spec-
trum of the simulated population is in excellent agreement
with the prediction over a large multipole range. add extra
details here.

on the flux detection threshold (E > 100 MeV) corre-659

sponding to the simulated model, since we do not im-660

pose a flux detection threshold by masking or otherwise661

excluding simulated sources above a specific threshold662

flux. A spectral index ! = 2.4 was assumed to determine663

the threshold fluxes in the 1.04–10.4 GeV energy band.664

From these threshold fluxes we calculate the correspond-665

ing upper and lower bound on the predicted CP in the666

1–10 GeV energy band.667

The angular power spectrum for the simulated source668

population calculated via the analysis pipeline used in669

this study is presented in Fig. 4, with the shaded re-670

gion indicating the predicted range of CP; for a given671

model CP is independent of multipole, thus we expect672

the recovered angular power spectrum to be independent673

of multipole with amplitude within the shaded region.674

The angular power spectrum recovered from the simu-675

lated data is in excellent agreement with the prediction676

up to multipoles of ! ! 800. Above ! ! 800, the upturn677

in the measured angular power spectrum is likely due to678

inaccuracies in the modeling of the beam window func-679

tion, which can introduce features on very small angular680

scales. In the remainder of this study, we present results681

only for the multipole range ! = 5 to ! = 504.682

B. Angular power spectra of the data683

We now present the results of the angular power spec-684

trum analysis of the data. The fluctuation angular power685

spectra of the data using our standard analysis pipeline686

are shown along with the results obtained using the event687

shu"ing technique described in §IV in Fig. 5; insets of688

the angular power spectra for the 1–2 GeV and 2–5 GeV689

bins are shown in Fig. 6. The results of the two anal-690

ysis methods are in good agreement at all energies and691

TABLE I: Multipole dependence of intensity angular power
in the data for 105 ! ! ! 504 in each energy bin. The best-
fit power-law index n in each energy bin is given with the
associated "2 per degree of freedom (d.o.f.) of the fit.

Emin Emax n "2/d.o.f.

1.04 1.99 "0.10± 0.36 0.39

1.99 5.00 "0.22± 0.29 0.41

5.00 10.4 "0.71± 0.51 0.38

10.4 50.0 0.78± 1.22 0.40

multipoles considered, demonstrating that any potential692

inaccuracies in the Monte-Carlo–based exposure calcu-693

lation implemented in the ScienceTools have a negligible694

impact on the angular power spectra. In particular, from695

the consistency of the two methods we conclude that us-696

ing the Monte-Carlo–based exposure calculation does not697

induce any spurious signal anisotropy in our results.698

Significant angular power at ! " 105 is detected in the699

data in the 1–2, 2–5, and 5–10 GeV energy bins, with a700

less significant detection in the 10–50 GeV bin. The ex-701

cess angular power at ! < 105 at 1–10 GeV is likely due to702

contamination from the Galactic di#use emission which703

features correlations on large angular scales. In all en-704

ergy bins, the angular power spectrum for 105 # ! # 104705

is consistent with a Poisson spectrum (i.e., constant in706

multipole), as expected for the angular power spectrum707

of an unclustered, unresolved source population. The708

results of fitting the unbinned signal angular power spec-709

trum estimator for 105 # ! # 504 in each energy bin to710

a power law Csignal
! $ (!/!0)n are given in Table I. We711

emphasize that the uncertainty in the scale dependence712

is appreciable, particularly for the 10–50 GeV bin.713

In light of the scale independence of the angular power714

at ! " 105, we associate the signal in this multipole range715

with a Poisson spectrum and determine the best-fit con-716

stant value of the angular power CP and the fluctuation717

angular power CP/%I&2 over 105 # ! # 504 in each en-718

ergy bin. These results are summarized in Table II. The719

best-fit values of CP indicate a robust detection of ex-720

cess angular power at 1–2 and 2–5 GeV, corresponding721

to significances of 8.4" and 8.7", respectively. A 4.6" de-722

tection is found in the 5–10 GeV bin. In the 10–50 GeV723

bin, the best-fit CP represents only a 2.1" detection of an-724

gular power. Interestingly, the best-fit values of CP/%I&2725

take a similar value at all energies of ! 10!5 sr. The726

energy-dependence of the anisotropy is discussed in de-727

tail in §VII.728

C. Dependence on IRFs729

The impact of the assumed IRFs on the recovered an-730

gular power spectra of the data is examined in Figs. 7731

and 8. The intensity angular power spectra of the data732

processed with the P6 V3 and P6 V8 IRFs are in excel-733

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

• angular power detected at high significance up to 10 GeV, and at lower 
significance at 10-50 GeV

• in each energy bin, for 155 ≤ l ≤ 504, 
angular power consistent with constant 
value (but large uncertainties, some 
scale dependence not excluded)
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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.

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 6.5" 10.2 ± 1.6 6.5"

1.99 5.00 1.57 ± 0.22$ 10!18 7.2" 8.35 ± 1.17 7.1"

5.00 10.4 1.06 ± 0.26$ 10!19 4.1" 9.83 ± 2.42 4.1"

10.4 50.0 2.44 ± 0.92$ 10!20 2.7" 8.00 ± 3.37 2.4"

DATA:CLEANED 1.04 1.99 4.62 ± 1.11$ 10!18 4.2" 6.38 ± 1.53 4.2"

1.99 5.00 1.30 ± 0.22$ 10!18 6.0" 6.90 ± 1.16 5.9"

5.00 10.4 0.845 ± 0.246 $ 10!19 3.4" 8.37 ± 2.41 3.5"

10.4 50.0 2.11 ± 0.86$ 10!20 2.4" 7.27 ± 3.36 2.2"

MODEL 1.04 1.99 1.89 ± 1.08$ 10!18 1.7" 2.53 ± 1.47 1.7"

1.99 5.00 1.92 ± 2.10$ 10!19 0.9" 0.99 ± 1.12 0.9"

5.00 10.4 3.41 ± 2.60$ 10!20 1.3" 3.04 ± 2.34 1.3"

10.4 50.0 0.62 ± 9.63$ 10!21 0.1" 0.24 ± 3.02 0.1"

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

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

nificant di!erences 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 a!ect 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 di!use742

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

e!ectiveness 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 di!use756

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 di!erences 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 su"cient to ensure that no signifi-765

cant amount of the measured angular power at ! # 155766

originates from the Galactic di!use 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 di!use 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 di!use 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 di!use 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 e!ective 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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FIG. 4: Intensity angular power spectrum of a simulated ob-
servation of the source population model, compared with the
theoretical prediction (shaded band). The angular power spec-
trum of the simulated population is in excellent agreement
with the prediction over a large multipole range.

on the flux detection threshold (E > 100 MeV) corre-657

sponding to the simulated model, since we do not im-658

pose a flux detection threshold by masking or otherwise659

excluding simulated sources above a specific threshold660

flux. A spectral index ! = 2.4 is assumed to determine661

the threshold fluxes in the 1.04–10.4 GeV energy band.662

From these threshold fluxes we calculate the correspond-663

ing upper and lower bound on the predicted CP in the664

1.04–10.4 GeV energy band.665

The angular power spectrum for the simulated source666

population calculated via the analysis pipeline used in667

this study is presented in Fig. 4, with the shaded re-668

gion indicating the predicted range of CP; for a given669

model CP is independent of multipole, thus we expect670

the recovered angular power spectrum to be independent671

of multipole with amplitude within the shaded region.672

The angular power spectrum recovered from the simu-673

lated data is in excellent agreement with the prediction674

up to multipoles of ! ! 800. Above ! ! 800, the upturn675

in the measured angular power spectrum is likely due to676

inaccuracies in the modeling of the beam window func-677

tion, which can introduce features on very small angular678

scales. In the remainder of this study, we present results679

only for the multipole range ! = 5 to ! = 504.680

B. Angular power spectra of the data681

We now present the results of the angular power spec-682

trum analysis of the data. The fluctuation angular power683

spectra of the data using our standard analysis pipeline684

are shown along with the results obtained using the event685

shu"ing technique described in §IV in Fig. 5; insets of686

the angular power spectra for the 1–2 GeV and 2–5 GeV687

bins are shown in Fig. 6. The results of the two anal-688

ysis methods are in good agreement at all energies and689

TABLE I: Multipole dependence of intensity angular power
in the data for 155 ! ! ! 504 in each energy bin. The best-
fit power-law index n in each energy bin is given with the
associated "2 per degree of freedom (d.o.f.) of the fit.

Emin Emax n "2/d.o.f.

1.04 1.99 "1.33± 0.78 0.38

1.99 5.00 "0.07± 0.45 0.43

5.00 10.4 "0.79± 0.76 0.37

10.4 50.0 "1.54± 1.15 0.39

multipoles considered, demonstrating that any potential690

inaccuracies in the Monte-Carlo–based exposure calcu-691

lation implemented in the ScienceTools have a negligible692

impact on the angular power spectra. In particular, from693

the consistency of the two methods we conclude that us-694

ing the Monte-Carlo–based exposure calculation does not695

induce any spurious signal anisotropy in our results.696

Significant angular power at ! " 105 is detected in the697

data in the 1–2, 2–5, and 5–10 GeV energy bins, with a698

less significant detection in the 10–50 GeV bin. The ex-699

cess angular power at ! < 105 at 1–10 GeV is likely due to700

contamination from the Galactic di#use emission which701

features correlations on large angular scales. In all en-702

ergy bins, the angular power spectrum for 105 # ! # 104703

is consistent with a Poisson spectrum (i.e., constant in704

multipole), as expected for the angular power spectrum705

of an unclustered, unresolved source population. The706

results of fitting the unbinned signal angular power spec-707

trum estimator for 105 # ! # 504 in each energy bin to708

a power law Csignal
! $ (!/!0)n are given in Table I. We709

emphasize that the uncertainty in the scale dependence710

is appreciable, particularly for the 10–50 GeV bin.711

In light of the scale independence of the angular power712

at ! " 105, we associate the signal in this multipole range713

with a Poisson spectrum and determine the best-fit con-714

stant value of the angular power CP and the fluctuation715

angular power CP/%I&2 over 105 # ! # 504 in each en-716

ergy bin. These results are summarized in Table II. The717

best-fit values of CP indicate a robust detection of ex-718

cess angular power at 1–2 and 2–5 GeV, corresponding719

to significances of 8.4" and 8.7", respectively. A 4.6" de-720

tection is found in the 5–10 GeV bin. In the 10–50 GeV721

bin, the best-fit CP represents only a 2.1" detection of an-722

gular power. Interestingly, the best-fit values of CP/%I&2723

take a similar value at all energies of ! 10!5 sr. The724

energy-dependence of the anisotropy is discussed in de-725

tail in §VII.726

C. Dependence on IRFs727

The impact of the assumed IRFs on the recovered an-728

gular power spectra of the data is examined in Figs. 7729

and 8. The intensity angular power spectra of the data730

processed with the P6 V3 and P6 V8 IRFs are in excel-731
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Comparison with predicted angular power

14

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

• blazars: ~ 1e-4

• starforming galaxies: ~ 1e-7

• dark matter: ~ 1e-4 to ~ 0.1

• MSPs: ~ 1e-2

C�/�I�2

• 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 6.5" 10.2 ± 1.6 6.5"

1.99 5.00 1.57 ± 0.22$ 10!18 7.2" 8.35 ± 1.17 7.1"

5.00 10.4 1.06 ± 0.26$ 10!19 4.1" 9.83 ± 2.42 4.1"

10.4 50.0 2.44 ± 0.92$ 10!20 2.7" 8.00 ± 3.37 2.4"

DATA:CLEANED 1.04 1.99 4.62 ± 1.11$ 10!18 4.2" 6.38 ± 1.53 4.2"

1.99 5.00 1.30 ± 0.22$ 10!18 6.0" 6.90 ± 1.16 5.9"

5.00 10.4 0.845 ± 0.246 $ 10!19 3.4" 8.37 ± 2.41 3.5"

10.4 50.0 2.11 ± 0.86$ 10!20 2.4" 7.27 ± 3.36 2.2"

MODEL 1.04 1.99 1.89 ± 1.08$ 10!18 1.7" 2.53 ± 1.47 1.7"

1.99 5.00 1.92 ± 2.10$ 10!19 0.9" 0.99 ± 1.12 0.9"

5.00 10.4 3.41 ± 2.60$ 10!20 1.3" 3.04 ± 2.34 1.3"

10.4 50.0 0.62 ± 9.63$ 10!21 0.1" 0.24 ± 3.02 0.1"

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

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

nificant di!erences 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 a!ect 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 di!use742

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

e!ectiveness 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 di!use756

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 di!erences 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 su"cient to ensure that no signifi-765

cant amount of the measured angular power at ! # 155766

originates from the Galactic di!use 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 di!use 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 di!use 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 di!use 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 e!ective area and the795

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

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

(see poster by M. Fornasa)
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Energy dependence of anisotropy

15
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• consistent with no energy dependence, 
although 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

• consistent with that arising from a source 
class with power-law energy spectrum with 
Γ = -2.40 ± 0.07 

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

Fluctuation anisotropy energy spectrum

Intensity anisotropy energy spectrum
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• at multipoles 155 ≤ l ≤ 504, angular power is robustly measured in the data at energies 
from 1 to 10 GeV; lower significance angular power is detected in the 10-50 GeV energy 
bin 

• scale independence of the power at these multipoles suggests a contribution to the 
IGRB from one or more unclustered point source populations

• the fluctuation angular power measured in all energy bins is consistent with a constant 
value ~ 1e-5 sr 

• falls in the range of predicted angular power for some astrophysical source populations 
and dark matter scenarios

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

• energy dependence in the fluctuation angular power is not evident

• suggests that the anisotropy is contributed primarily by one or more source 
populations with constant fractional contributions to the IGRB intensity over this 
energy range

• the measured energy dependence of the intensity angular power is consistent with the 
IGRB 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

Summary

16
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Additional slides

17
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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 



J. Siegal-Gaskins Fermi Symposium, Roma, May 11, 2011

0 100 200 300 400 500
Multipole l

1.0•10 17

5.0•10 18

0

5.0•10 18

1.0•10 17

1.5•10 17

2.0•10 17

2.5•10 17

(C
l 

 C
N
)/W

2   [
(c

m
2  s

1  sr
1 )2  sr

]

2.0 5.0 GeV

 

|b| > 40 deg
|b| > 30 deg
|b| > 20 deg

PRELIMINARY

0 100 200 300 400 500
Multipole l

2•10 18

0

2•10 18

4•10 18

6•10 18

(C
l 

 C
N
)/W

2   [
(c

m
2  s

1  sr
1 )2  sr

]

2.0 5.0 GeV

 

|b| > 40 deg
|b| > 30 deg
|b| > 20 deg

PRELIMINARY

22

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



J. Siegal-Gaskins Fermi Symposium, Roma, May 11, 2011

100 200 300 400 500
Multipole l

2•10 17

0

2•10 17

4•10 17

6•10 17

8•10 17

1•10 16

I
2 (C

l 
 C

N
)/W

2   [
(c

m
2  s

1  sr
1 )2  sr

]

1.0 2.0 GeV

 

DATA
DATA:CLEANED

PRELIMINARY

100 200 300 400 500
Multipole l

1•10 17

0

1•10 17

2•10 17

3•10 17

I
2 (C

l 
 C

N
)/W

2   [
(c

m
2  s

1  sr
1 )2  sr

]

1.0 2.0 GeV

 

DATA
DATA:CLEANED

PRELIMINARY

24

Foreground cleaning

1 - 2 GeV

intensity angular power spectra

• foreground cleaning primarily reduces angular power at l < 155, with the most 
significant reductions at l < 105

• indicates that contamination of detected angular power at high multipoles by 
Galactic foregrounds is small



J. Siegal-Gaskins Fermi Symposium, Roma, May 11, 2011

100 200 300 400 500
Multipole l

5.0•10 18

0

5.0•10 18

1.0•10 17

1.5•10 17

2.0•10 17

2.5•10 17

I
2 (C

l 
 C

N
)/W

2   [
(c

m
2  s

1  sr
1 )2  sr

]

2.0 5.0 GeV

 

DATA
DATA:CLEANED

PRELIMINARY

100 200 300 400 500
Multipole l

2•10 18

0

2•10 18

4•10 18

6•10 18

I
2 (C

l 
 C

N
)/W

2   [
(c

m
2  s

1  sr
1 )2  sr

]

2.0 5.0 GeV

 

DATA
DATA:CLEANED

PRELIMINARY

25

2 - 5 GeV

intensity angular power spectra

• foreground cleaning primarily reduces angular power at l < 155, with the most 
significant reductions at l < 105

• indicates that contamination of detected angular power at high multipoles by 
Galactic foregrounds is small

Foreground cleaning
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5 - 10 GeV

intensity angular power spectra

10 - 50 GeV

• the effect of foreground cleaning is small for l ≥ 55

• indicates that contamination of detected angular power at high multipoles by 
Galactic foregrounds is small

Foreground cleaning
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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)

27

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 Fermi Symposium, Roma, May 11, 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

31

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


