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The nature of dark matter

Observational evidence indicates:

• non-baryonic

• neutral

• virtually collisionless

2

Additional assumptions for this talk:

• dark matter is a weakly-interacting massive particle (WIMP)

• GeV - TeV mass scale

• can pair annihilate or decay to produce standard model particles

• accounts for the measured dark matter density
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The challenge
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To detect an uncertain (and likely subdominant) signal in 
the presence of uncertain backgrounds 
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Strategy

8

• the “best” approach depends on both the expected dark 
matter signal and the target source or emission

• complementarity is key for making the most of the data: 
info from other dark matter searches (indirect and 
otherwise) and from studies of astrophysical sources is 
essential

• multiwavelength (and multimessenger) studies can leverage searches 
beyond a single experiment and help alleviate issues with systematics

• making full use of complementary results will help to efficiently direct 
future efforts
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Tools
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1. spectral information

2. spatial information

3. know your backgrounds and impostor signals 

better
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Energy spectra

10

• dark matter gives bumps, 

lines, cut-offs

• many astrophysical sources 

make power laws and may 

have exponential cut-offs

• some astrophysical sources 

(e.g., pulsars) also give 

bumps

0.001 0.010 0.100 1.000
x=E/mχ

0.0001

0.0010

0.0100

0.1000

1.0000

x2 d
N/
dx ¯

bb̄

tt̄W+W−

τ+τ−

Spectra calculated with PPPC 4 DM ID [Cirelli et al. 2010]



Sackler Colloqium: Dark Matter Universe, Irvine, CA, October 20, 2012J. Siegal-Gaskins

1078 J. M. Siegal-Gaskins et al.

Figure 3. Average intensity spectra of the MSP reference model for |b| >

30◦ (dashed magenta line) compared with the IGRB intensity (blue crosses),
the Galactic diffuse emission for |b| > 30◦ (dot–dashed red line, from Cuoco
et al. 2011) and two benchmark dark matter models. The two dark matter
models correspond to an 8-GeV particle pair-annihilating preferentially into
τ+τ− at a rate 〈σv〉 = 1 × 10−26 cm3 s−1 (dotted yellow line), and to a
40-GeV particle annihilating into bb̄ with 〈σv〉 = 3 × 10−26 cm3 s−1 (solid
yellow line).

significantly to the anisotropy on angular scales of !1◦–2◦, corre-
sponding to multipoles # " 100 (see e.g. Cuoco et al. 2011), and
therefore MSPs could be a dominant contributor to the anisotropy of
the high-latitude diffuse emission while remaining a subdominant
contributor to the intensity.

Fig. 3 also compares the intensity spectrum of MSPs to that of
the high-latitude emission predicted for two example dark matter
models, chosen because their energy spectra bear some resemblance
to the collective MSP energy spectrum. We do not resort to any spe-
cific particle physics setup in the choice of the models. Rather, we
specify a dominant pair-annihilation final state, the particle mass
and the rate of pair-annihilation. One of the dark matter models
corresponds to a dark matter particle with a mass of 8 GeV and a
cross-section 〈σv〉 = 1 × 10−26 cm3 s−1, for which the dominant
annihilation final state is a pair of τ leptons. This model was chosen
to align with that found in the analysis of Hooper & Goodenough
(2011) to best fit a gamma-ray excess claimed to exist in the inner-
most 2◦ in the direction of the Galactic Centre (see also Abazajian
2011, for an interpretation of that signal as MSP emission). We
also compare a second dark matter model, with a mass of 40 GeV
and a pair-annihilation cross-section 〈σv〉 = 3 × 10−26 cm3 s−1, for
which the dominant annihilation final state is bottom quarks. This
second model can be regarded as a prototypical light bino-like dark
matter candidate from the minimal supersymmetric extension of the
standard model, with a cross-section that would allow for thermal
production of the correct universal dark matter density. The intensity
of the dark matter emission for these two models corresponds to that
predicted for the high-latitude signal from annihilation in Galactic
dark matter subhaloes in model A1 of Ando (2009), assuming the
particle properties for each model specified above.

Dark matter annihilation or decay in Galactic substructure may
generate a significant level of anisotropy in the IGRB with an energy
dependence similar to that from MSPs due to their similar energy
spectra. Although the detailed shapes of the energy spectra of the
dark matter models shown in Fig. 3 differ from that of the collective
MSP emission, the energy range at which both of these possible
contributors become most prominent in the IGRB, as well as their
cut-off energies, are similar. Since an anisotropy analysis requires

large photon statistics to robustly measure small anisotropies, the
number of energy bins in which a measurement can be made with
the Fermi-LAT is limited, and therefore it may be difficult to localize
features in the energy dependence of the anisotropy. Consequently,
there remains the possibility that an MSP-induced anisotropy in the
IGRB could be confused with a similar signal from dark matter
annihilation. However, we stress that only a signal from very light
dark matter candidates is likely to exhibit a spectral cut-off at suf-
ficiently low energies to effectively mimic MSPs in an anisotropy
measurement.

4.3 Angular power spectra

We consider the angular power spectrum of intensity fluctuations
δI(ψ) = (I(ψ) − 〈I〉)/〈I〉, where I(ψ) is the intensity in the direction
ψ , and 〈I〉 is the average intensity over the unmasked region of
the sky. The angular power spectrum is calculated by expanding
δI in spherical harmonics δI =

∑
#,ma#,mY#,m(ψ), to obtain the

coefficients C# = 〈|a#,m|2〉. Since a fluctuation map is dimensionless,
its angular power spectrum characterizes the angular distribution of
the emission, independent of its overall intensity.

We calculate the angular power spectrum of the emission from
MSPs from the simulated sky maps using HEALPIX. The angular
power spectra are calculated on the cut sky, after removing the
monopole and dipole components. To approximately correct for the
power suppression due to masking, the angular power spectra of the
cut sky are divided by the fraction of the sky outside the mask, f sky.
This approximation is valid at multipoles # " 100.

The angular power spectra of 10 Monte Carlo realizations of
the reference model are shown in Fig. 4, calculated with a mask
excluding |b| < 40◦. The scatter between realizations is small,
with each realization generating an angular power spectrum C#

approximately constant in multipole with a value 0.03 ! C# ! 0.04
for # " 100. The multipole-independence of C# is characteristic
of the power spectrum of Poisson noise (shot noise) CP, which
arises from an uncorrelated distribution of sources. Noting that the
angular power spectrum from MSPs at high latitudes appears to
be dominated by the Poisson contribution, we hereafter make the
approximation that the angular power from MSPs is constant in
multipole, and identify CP as the average of C# over # = 50 to 150.

Figure 4. Angular power spectrum of the reference model, with Galactic
latitudes |b| < 40◦ masked. Each line corresponds to one of 10 realizations;
the variation between realizations is small. The C# are remarkably constant
in multipole, which is consistent with the angular power spectrum of an
uncorrelated distribution of point sources.

C© 2011 The Authors, MNRAS 415, 1074–1082
Monthly Notices of the Royal Astronomical Society C© 2011 RAS

Energy spectra
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• dark matter gives bumps, 

lines, cut-offs

• many astrophysical sources 

make power laws and may 

have exponential cut-offs

• some astrophysical sources 

(e.g., pulsars) also give 

bumps
JSG et al. MNRAS 415, 1074–1082 (2011)
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Credit: NASA/General Dynamics

The Fermi Large Area Telescope (LAT)
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The Cherenkov Telescope Array (CTA)

12



Sackler Colloqium: Dark Matter Universe, Irvine, CA, October 20, 2012J. Siegal-Gaskins

Current and future capabilities
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LAT and CTA is the same at a given energy, the Fermi-LAT will be able to
do a better measurement of a source. While HAWC’s performance in these
quantities is rather modest, its main goal is to detect new sources and study
variability and find transients. HAWC is not shown in Figure 1 as differ-
ential sensitivity curves has not been provided by the HAWC collaboration
and indeed, it is not the relevant quantity for the aforementioned goals. In
the energy range at which this study is focused, HAWC is not competitive
with the Fermi-LAT and CTA except perhaps for the detection of very short
timescale transients such as GRBs.
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Figure 2: Left: Angular resolution for Fermi-LAT [29] and CTA [30]. H.E.S.S. [31] and
HAWC [32] are shown as examples for a current-generation IACT and for a next-generation
water Cherenkov detector. Also shown is the limiting angular resolution that could be
achieved if all Cherenkov photons emitted by the particle shower could be detected [33].
The CTA curve has not been optimized for angular resolution and enhanced analysis
techniques are expected to improve this curve. Right: Energy resolution for Fermi-LAT
and CTA. Shown is the 68% containment radius around the mean of the reconstructed
energy. It is evident that the energy resolution of Fermi-LAT in the overlapping energy
range is significantly better than the CTA resolution.

2. The SensitivityModel

The sensitivity of gamma-ray detectors is determined by three basic char-
acteristics: the effective collection area, residual background rate and angular
resolution, all of which are typically a strong function of gamma-ray energy.

5

Funk et al. 2012

(limit for IACTs)
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GAMMA-400
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A comparison of main characteristics 

Space-based gamma-ray telescopes 
Ground-based 

gamma-ray telescopes  

EGRET AGILE Fermi-LAT CALET GAMMA-400 H.E.S.S. MAGIC VERITAS 

Energy range, 
GeV 0,03-30 0,03-50 0,02-300 10-10000 0,1-3000 >100 >50 >100 

Angular 
resolution 
(Eγ > 100 GeV) 

0,2° 
(Eγ~0,5 GeV) 

0,1° 
(Eγ~1 GeV) 

0,2º 0,1º ~0,01º 0,1º 0,1º 0,1º 

Energy 
resolution 
(Eγ > 100 GeV) 

15% 
(Eγ~0,5 GeV) 

50% 
(Eγ~1 GeV) 

10% 2% ~1% 15% 20% 15% 

ECRS-2012 
Moscow, July 2012 

A.M. Galper1,2, O. Adriani3, R.L. Aptekar4, I.V. Arkhangelskaja2, A.I. Arkhangelskiy2, M. Boezio5, V. Bonvicini5, K.A. Boyarchuk6, Yu.V. Gusakov1, M.I. Fradkin1, V.A. Kachanov7, V.A. Kaplin2, E.N. Korchagin15, M.D. Kheymits2, A.A. Leonov2, F. Longo5, P. Maestro8, 
P. Marrocchesi8, E.P. Mazets4, I.A. Mereminskiy2, E. Mocchiutti5, A.A. Moiseev9, N. Mori3, I. Moskalenko10, P.Yu. Naumov2, P. Papini3, P. Picozza11, V.G. Rodin12, M.F. Runtso2, R. Sparvoli11, P. Spillantini3, S.I. Suchkov1, M. Tavani13, N.P. Topchiev1, A. Vacchi5, 

E. Vannuccini3, Yu.T. Yurkin2, N. Zampa5, V.N. Zirakashvili14, V.G. Zverev2 
  
  

 

1 Lebedev Physical Institute, Russian Academy of Sciences, Moscow, Russia; 
2 National Research Nuclear University MEPhI, Moscow, Russia; 
3 Istituto Nazionale di Fisica Nucleare, Sezione di Firenze and Physics Department of University of Florence, 
Florence, Italy; 
4 Ioffe Physical Technical Institute, Russian Academy of Sciences, St. Petersburg, Russia; 
5 Istituto Nazionale di Fisica Nucleare, Sezione di Trieste, Trieste, Italy; 
6 Open  Joint  Stock  Company  “Research  Institute  for  Electromechanics”,  Istra, Moscow region, Russia; 

7 Institute for High Energy Physics, Protvino, Moscow region, Russia; 
8 Istituto Nazionale di Fisica Nucleare, Sezione di Pisa and Physics Department of University os Siena, 
Siena, Italy; 
9 NASA Goddard Space Flight Center and CRESST/University of Maryland, Maryland, USA; 
10 Hansen Experimental Physics Laboratory and Kavli Institute for Particle Astrophysics and Cosmology, 
Stanford University, Stanford, USA; 
11 Istituto Nazionale di Fisica Nucleare, Sezione di Roma 2 and Physics Department of University of Rome 
“Tor  Vergata”,  Rome,  Italy;; 

12 Space Research Institute, Russian Academy of Sciences, Moscow, Russia; 
13 Istituto Nazionale di Astrofisica – IASF  and  Physics  Department  of  University  of  Rome  “Tor  Vergata”,  
Rome, Italy. 
14 Pushkov Institute of Terrestrial Magnetism, Ionosphere and Radiowave Propagation (IZMIRAN) Troizk, , 
Moscow region, Russia; 
15 Lavochkin Association, Khimki, Moscow region, Russia 

 

Main Scientific Objectives 
- search for dark matter particle annihilation and decay signatures; 
- study of processes in active astrophysical objects both Galactic and extragalactic, namely, the Galactic center; 
- study of origin and propagation of CR electron + positron and nuclear component of very high energy; 
- study of gamma-ray bursts. 

AC - anticoincidence detectors  (ACtop + AClat) 
C - Converter-Tracker - 1 Xo                                                                                               
            10 Si(x,y) (pitch 0.1 mm) + 8 W (0.1 Xo)* 
S1, S2 - TOF detectors   
Si array - Si pad (1x1 cm2 ) detector 
S3, S4 -  calorimeter  scintillator detectors   
CC1 -  imaging  calorimeter  3Xo  
         4 layers: CsI 0.75 Xo + Si(х,у) (pitch 0.5 mm)  
CC2 - electromagnetic calorimeter 22Xo  
        BGO (1024 crystals 2.5x2.5x25 cm3 ) 
LD  -  4 lateral  calorimeter detectors  50x120 cm2 

ND - neutron detector 
 

* To  be  changed  to  “25  Si(x,y) (pitch 0.1 mm) + 4 W (0.2 Xo)”  

for enhanced LE instrument option 

  

Main characteristics 

Gamma-ray 
energy range  0.1-3000 GeV 

Multilayer 
converter-tracker 

100  х  100  cm2 
~1Xo 

Calorimeter  80  х  80  cm2 
~25 Xo 

Angular resolution 
(Eγ > 100 GeV) ~ 0.01 

Energy resolution 
(Eγ > 100 GeV)  ~ 1% 

Proton rejection  ~106 

Effective area 
(Eγ > 100 GeV) ~4000 cm2  

Telemetry downlink 100 Gbyte/day 

Power 
consumption 2000 W 

Max. dimensions 2x2x3 m3 

Total mass 2600 kg 

Some 100 GeV gamma-ray sources, which can be observed by GAMMA-400 

Name Type 
Expected flux    

I(>100 GeV),10-9 s-1 cm-2 
Expected number of 

quanta per 30 days 
 N(>100 GeV) 

Spectral index 

Center Ridge UKN    263   per sr       2740 per sr 2.29 ±0.07±0.02 

3C 279 FSRQ  219     2270 4.11 ±0.68±0.2 

PG 1553+113 HBL  204     2120 4.01 ±0.6±0.1 

PKS 2155-304 HBL   69     716 3.53 ±0.05±0.1 

1ES 1011+496 HBL   68     701 4 ±0.5±0.2 

H 1426+428 HBL   26      248 3.55 ±0.46 

Crab PWN   12      121 2.48 ±0.03±0.2 

Mkn 501 HBL   11      111 2.28 ±0.05 

Mkn 421 HBL    6.1      63 3.2 ±0.2 

1ES 1959+650 HBL    5.8      60 2.78 ±0.13 

W Com IBL    4.6      47 3.8 ±0.35±0.34 

1ES 1218+304 HBL    4.1      42 3 ±0.4±0.7 

Mkn 180 HBL    3.6      37 3.25 ±0.66±0.2 

BL Lac LBL    3.2       33 3.64 ±0.54±0.2 

1ES 2344+514 HBL    1.7       17 3.3 ±0.7±0.7 

GAMMA-400 on Navigator platform 

Gamma-400 performance:  
Monte-Carlo simulations 

Abstract 
The preliminary design of the new space gamma-ray telescope GAMMA-400 for the energy range 100 MeV – 3 TeV is presented. GAMMA-400 will be installed on the Navigator space service platform. This mission is approved and funded by the 
Russian Federal Space Agency. The launch is planned for 2018. The mission (baseline concept) is optimized for the high-energy gamma-radiation above ~1 GeV with unprecedented angular resolution ~0.01° at Eγ > 100 GeV and energy resolution 
~1% at Eγ > 100 GeV, with the proton rejection factor ~106. The observatory will also include the KONUS-FG gamma-ray burst monitor. The option of enhancing instrument performance at low energy below few GeV by placing more Si strip tracker 
planes without passive converter is currently under consideration in Italy and USA. 

GAMMA-400 baseline concept 

References: 
1. GAMMA-400: A.M. Galper et al., Status of the GAMMA-400 Project, 2012, submitted to Advances in Space Research, and references therein 
2. KONUS-FG Gamma-ray burst monitor: R.L. Aptekar et al., ApJL 698, 82 (2009) 
3. Fermi LAT: W.B. Atwood et al., ApJ 697, 1071 (2009), and http://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm 
4. EGRET: D.J. Thompson et al., ApJS 86, 629 (1993) 
5. AGILE: M. Tavani et al., A&A 502, 995 (2009) 
6. CALET: S. Torii et al., ASR 41, 2032 (2008) 
7. MAGIC: J. Aleksis et al., ApJ 721, 843 (2010) 
8. HESS: F. A. Aharonian et al., A&A 466, 543 (2007) 
9. VERITAS: T.C. Weeks et al., IJMPD 19, 1003 (2010) 
10. CTA: The CTA Consortium, arXiv: 1008.3703 (2010)  

launch scheduled for 2018
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Fermi LAT and GAMMA-400 capabilities
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Fig. 3. Energy dependence of angular resolution for  

the GAMMA-400 and Fermi-LAT gamma-ray telescopes. 

 7 
 

 

Fig. 2. Energy dependence of energy resolution for  

the GAMMA-400 and Fermi-LAT gamma-ray telescopes. 

Galper et al. 2012

but, GAMMA-400 has a smaller effective area
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Comparison of gamma-ray experiments
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Table 2. A comparison of basic parameters of existing and planned 

space- and ground-based experiments. 

 

 Space-based experiments Ground-based experiments 
 Fermi AMS-2 GAMMA-

400 
H.E.S.S.-II MAGIC CTA 

Energy range, 
GeV 0.02-300 10-1000 0.1-3000 > 30 > 50 > 20 

Field-of-view, sr 2.4 0.4 ~1.2 0.01 0.01 0.1 

Effective area, m2 0.8 0.2 ~0.4 105 105 106 

Angular resolution 
(Eγ > 100 GeV) 0.2º 1.0º ~0.01º 0.07º 0.05º 0.06º 

Energy resolution 
(Eγ > 100 GeV) 10% 2% ~1% 15% 15% 10% 

 Galper et al. 2012
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Selected gamma-ray dark matter search targets

Log10( Intensity / K  [1030 cm-2 s-1 sr-1] )
-14 -9-12 -7
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The inner galaxy

The isotropic gamma-ray background
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The inner galaxy
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The high-energy inner galaxy
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see also: Hooper & Goodenough (2011); Abazajian (2011)

Aharonian et al. 2006 Abazajian & Kaplinghat 2012 
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FIG. 1. Shown in the top row are photon counts in four energy bins that have significant evidence for an extended source
with a spectrum, morphology, and rate consistent with a 30 GeV mass WIMP annihilating to bb̄-quarks in the 7� ⇥ 7� region
about the GC. This row shows the 17 2FGL point sources in the ROI as circles. The second row shows the residuals for the
fit to the region varying all the sources in the 2FGL catalog as well as the amplitudes of Galactic di↵use and isotropic di↵use
models. The presence of an extended source and oversubraction of the central point sources are visible here. The third row
shows the best fit model counts for 30 GeV WIMP annihilating to bb̄-quarks. The fourth row is the residual emission for this
model without subtracting the extended component. The fifth row contains the residuals when the extended component is also
subtracted. The maps have been filtered with a Gaussian of width � = 0.3�.

© 2006 Nature Publishing Group 

 

model for point-like emission at the position of these excesses yields
the map shown in Fig. 1b. Two significant features are apparent after
subtraction: extended emission spatially coincident with the un-
identified EGRETsource 3EG J174423011 (discussed in ref. 10) and
emission extending along the Galactic plane for roughly 28. The latter
emission is not only very clearly extended in longitude l, but also
significantly extended in latitude b (beyond the angular resolution of
HESS) with a characteristic root-mean-square (r.m.s.) width of 0.28,
as can be seen in the Galactic latitude slices shown in Fig. 2. The
reconstructed g-ray spectrum for the region jlj , 0.88, jbj ,0.38
(with point-source emission subtracted) is well described by a power
law with photon index G ¼ 2.29 ^ 0.07stat ^ 0.20sys (Fig. 3; see the
Supplementary Information for a discussion of systematic errors).
Given the plausible assumption that the g-ray emission takes place

near the centre of the Galaxy, at a distance of about 8.5 kpc, the
observed r.m.s. extension in latitude of 0.28 corresponds to a scale of
,30 pc. This value is similar to that of interstellar material in giant

molecular clouds in this region, as traced by their CO emission and in
particular by their CS emission11. CS line emission does not suffer
from the problem of ‘standard’ CO lines12: that clouds are optically
thick for these lines and hence the total mass of clouds may be
underestimated. The CS data suggest that the central region of the
Galaxy, jlj ,1.58 and jbj ,0.258, contains about 3–8 £ 107 solar
masses of interstellar gas, structured in a number of overlapping
clouds, which provide an efficient target for the nucleonic cosmic
rays permeating these clouds. The region over which the g-ray
spectrum is integrated contains 55% of the CS emission correspond-
ing to a mass of 1.7–4.4 £ 107 solar masses. At least for jlj ,18, we
find a close match between the distribution of the VHE g-ray
emission and the density of dense interstellar gas as traced by CS
emission (Fig. 1b and Fig. 2).
The close correlation between g-ray emission and available target

material in the central 200 pc of our galaxy is a strong indication for
an origin of this emission in the interactions of cosmic rays.
Following this interpretation, the similarity in the distributions of
CS line and VHE g-ray emission implies a rather uniform CR density
in the region. In the case of a power-law energy distribution the
spectral index of the g-rays closely traces the spectral index of the
cosmic rays themselves (corrections due to scaling violations in the
cosmic-ray interactions are small, DG ,0.1; see Supplementary
Information), so the measured g-ray spectrum implies a cosmic-
ray spectrum near the Galactic Centre with a spectral index close to
2.3, significantly harder than in the solar neighbourhood (where an
index of 2.75 is measured). Given the probable proximity of particle
accelerators, propagation effects are likely to be less pronounced than
in the Galaxy as a whole, providing a natural explanation for the
harder spectrum which is closer to the intrinsic cosmic-ray-source
spectra. The main uncertainty in estimating the flux of cosmic rays in
the Galactic Centre is the uncertainty in the amount of target
material. Following ref. 3 and using the mass estimate of ref. 11 we
can estimate the expected g-ray flux from the region, assuming for
the moment that the Galactic Centre cosmic-ray flux and spectrum
are identical to those measured in the solar neighbourhood. Figure 3
shows the expected g-ray flux as a grey band, together with the
observed spectrum. While below 500GeV there is reasonable agree-
ment with this simple prediction, there are clearly more high-energy
g-rays than expected. The g-ray flux above 1 TeV is a factor of 3–9
higher than the expected flux. The implication is that the number
density of cosmic rays with multi-TeV energies exceeds the local
density by the same factor. The size of the enhancement increases
rapidly at energies above 1 TeV.
The observation of correlation between target material and TeV

g-ray emission is unique and provides a compelling case for an origin
of the emission in the interactions of cosmic-ray nuclei. In addition,
the harder-than-expected spectrum and the higher-than-expected
TeV flux imply that there is an additional component to the Galactic
Centre cosmic-ray population above the cosmic-ray ‘sea’ that fills the
Galaxy. This is the first time that such direct evidence for recently
accelerated (hadronic) cosmic rays in any part of our Galaxy has been
found. The energy required to accelerate this additional component
is estimated to be 1049 erg in the energy range 4–40 TeVor,1050 erg
in total if the measured spectrum extends from 109–1015 eV. Given a
typical supernova explosion energy of 1051 erg, the observed cosmic
ray excess could have been produced in a single supernova remnant,
assuming a 10% efficiency for cosmic-ray acceleration. In such a
scenario, any epoch of cosmic-ray production must have occurred in
the recent enough past that the rays that were accelerated have not
yet diffused out of the Galactic Centre region. Representing the
diffusion of protons with energies of several TeV in the form
D ¼ h £ 1030 cm2 s21 (where 1030 cm2 s21 is the approximate value
of the diffusion coefficient in the Galactic disk at TeV energies), we
estimate the diffusion timescale to be t ¼ R2/2D < 3,000(v/18)2/h
years, where v is the angular distance from the Galactic Centre.
Owing to the larger magnetic field and higher turbulence in the

Figure 1 | VHE g-ray images of the Galactic Centre region. a, g-ray count
map; b, the same map after subtraction of the two dominant point sources,
showing an extended band of gamma-ray emission. Axes are Galactic
latitude (x) and Galactic longitude (y), units are degrees. The colour scale is
in ‘events’ and is dimensionless. White contour lines indicate the density of
molecular gas, traced by its CS emission. The position and size of the
composite supernova remnant G0.9þ0.1 is shown with a yellow circle. The
position of Sgr A* ismarked with a black star. The 95% confidence region for
the positions of the two unidentified EGRETsources in the region are shown
as dashed green ellipses20. These smoothed and acceptance-corrected images
are derived from 55 hours of data consisting of dedicated observations of Sgr
A*, G0.9þ0.1 and a part of the data of the HESS Galactic plane survey21. The
excess observed along the Galactic plane consists of ,3,500 g-ray photons
and has a statistical significance of 14.6 standard deviations. The absence of
any residual emission at the position of the point-like g-ray source G0.9þ0.1
demonstrates the validity of the subtraction technique. The energy
threshold of the maps is 380GeV, owing to the tight g-ray selection cuts
applied here to improve signal/noise and angular resolution. We note that
the ability of HESS to map extended g-ray emission has been demonstrated
for the shell-type supernova remnants RXJ1713.7–3946 (ref. 22) and RX
J0852.024622 (ref. 23). The white contours are evenly spaced and show
velocity integrated CS line emission from ref. 11, and have been smoothed to
match the angular resolution of HESS.
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FIG. 1: Fits to the gamma-ray spectrum of the source 1FGL J1745.6-2900 using Fermi LAT and HESS data. Top, left panel:
single power law, case G.1 (dashed, blue curve) and a power law in combination with a heavy dark matter annihilation spectrum,
case G.2 (solid, black curve). Top, right panel: log-parabola spectrum, modeling an average pulsar, and a heavy dark matter
annihilation spectrum, case G.3 (solid curve). Bottom, left panel: a power-law and two dark annihilation spectra, case G.5
(solid, black curve) and a power law with an exponential cutoff, modeling the pulsar contribution, case G.4 (dashed, blue curve).
Bottom, right panel: same the bottom left panel but for data set C, cases G.7 (dashed, blue curve) and G.8 (solid, black curve).
In all panels , the dark matter annihilation spectra, the power laws and the exponential cutoff function are plotted separately
as dotted lines. See Table I for details.
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model for point-like emission at the position of these excesses yields
the map shown in Fig. 1b. Two significant features are apparent after
subtraction: extended emission spatially coincident with the un-
identified EGRETsource 3EG J174423011 (discussed in ref. 10) and
emission extending along the Galactic plane for roughly 28. The latter
emission is not only very clearly extended in longitude l, but also
significantly extended in latitude b (beyond the angular resolution of
HESS) with a characteristic root-mean-square (r.m.s.) width of 0.28,
as can be seen in the Galactic latitude slices shown in Fig. 2. The
reconstructed g-ray spectrum for the region jlj , 0.88, jbj ,0.38
(with point-source emission subtracted) is well described by a power
law with photon index G ¼ 2.29 ^ 0.07stat ^ 0.20sys (Fig. 3; see the
Supplementary Information for a discussion of systematic errors).
Given the plausible assumption that the g-ray emission takes place

near the centre of the Galaxy, at a distance of about 8.5 kpc, the
observed r.m.s. extension in latitude of 0.28 corresponds to a scale of
,30 pc. This value is similar to that of interstellar material in giant

molecular clouds in this region, as traced by their CO emission and in
particular by their CS emission11. CS line emission does not suffer
from the problem of ‘standard’ CO lines12: that clouds are optically
thick for these lines and hence the total mass of clouds may be
underestimated. The CS data suggest that the central region of the
Galaxy, jlj ,1.58 and jbj ,0.258, contains about 3–8 £ 107 solar
masses of interstellar gas, structured in a number of overlapping
clouds, which provide an efficient target for the nucleonic cosmic
rays permeating these clouds. The region over which the g-ray
spectrum is integrated contains 55% of the CS emission correspond-
ing to a mass of 1.7–4.4 £ 107 solar masses. At least for jlj ,18, we
find a close match between the distribution of the VHE g-ray
emission and the density of dense interstellar gas as traced by CS
emission (Fig. 1b and Fig. 2).
The close correlation between g-ray emission and available target

material in the central 200 pc of our galaxy is a strong indication for
an origin of this emission in the interactions of cosmic rays.
Following this interpretation, the similarity in the distributions of
CS line and VHE g-ray emission implies a rather uniform CR density
in the region. In the case of a power-law energy distribution the
spectral index of the g-rays closely traces the spectral index of the
cosmic rays themselves (corrections due to scaling violations in the
cosmic-ray interactions are small, DG ,0.1; see Supplementary
Information), so the measured g-ray spectrum implies a cosmic-
ray spectrum near the Galactic Centre with a spectral index close to
2.3, significantly harder than in the solar neighbourhood (where an
index of 2.75 is measured). Given the probable proximity of particle
accelerators, propagation effects are likely to be less pronounced than
in the Galaxy as a whole, providing a natural explanation for the
harder spectrum which is closer to the intrinsic cosmic-ray-source
spectra. The main uncertainty in estimating the flux of cosmic rays in
the Galactic Centre is the uncertainty in the amount of target
material. Following ref. 3 and using the mass estimate of ref. 11 we
can estimate the expected g-ray flux from the region, assuming for
the moment that the Galactic Centre cosmic-ray flux and spectrum
are identical to those measured in the solar neighbourhood. Figure 3
shows the expected g-ray flux as a grey band, together with the
observed spectrum. While below 500GeV there is reasonable agree-
ment with this simple prediction, there are clearly more high-energy
g-rays than expected. The g-ray flux above 1 TeV is a factor of 3–9
higher than the expected flux. The implication is that the number
density of cosmic rays with multi-TeV energies exceeds the local
density by the same factor. The size of the enhancement increases
rapidly at energies above 1 TeV.
The observation of correlation between target material and TeV

g-ray emission is unique and provides a compelling case for an origin
of the emission in the interactions of cosmic-ray nuclei. In addition,
the harder-than-expected spectrum and the higher-than-expected
TeV flux imply that there is an additional component to the Galactic
Centre cosmic-ray population above the cosmic-ray ‘sea’ that fills the
Galaxy. This is the first time that such direct evidence for recently
accelerated (hadronic) cosmic rays in any part of our Galaxy has been
found. The energy required to accelerate this additional component
is estimated to be 1049 erg in the energy range 4–40 TeVor,1050 erg
in total if the measured spectrum extends from 109–1015 eV. Given a
typical supernova explosion energy of 1051 erg, the observed cosmic
ray excess could have been produced in a single supernova remnant,
assuming a 10% efficiency for cosmic-ray acceleration. In such a
scenario, any epoch of cosmic-ray production must have occurred in
the recent enough past that the rays that were accelerated have not
yet diffused out of the Galactic Centre region. Representing the
diffusion of protons with energies of several TeV in the form
D ¼ h £ 1030 cm2 s21 (where 1030 cm2 s21 is the approximate value
of the diffusion coefficient in the Galactic disk at TeV energies), we
estimate the diffusion timescale to be t ¼ R2/2D < 3,000(v/18)2/h
years, where v is the angular distance from the Galactic Centre.
Owing to the larger magnetic field and higher turbulence in the

Figure 1 | VHE g-ray images of the Galactic Centre region. a, g-ray count
map; b, the same map after subtraction of the two dominant point sources,
showing an extended band of gamma-ray emission. Axes are Galactic
latitude (x) and Galactic longitude (y), units are degrees. The colour scale is
in ‘events’ and is dimensionless. White contour lines indicate the density of
molecular gas, traced by its CS emission. The position and size of the
composite supernova remnant G0.9þ0.1 is shown with a yellow circle. The
position of Sgr A* ismarked with a black star. The 95% confidence region for
the positions of the two unidentified EGRETsources in the region are shown
as dashed green ellipses20. These smoothed and acceptance-corrected images
are derived from 55 hours of data consisting of dedicated observations of Sgr
A*, G0.9þ0.1 and a part of the data of the HESS Galactic plane survey21. The
excess observed along the Galactic plane consists of ,3,500 g-ray photons
and has a statistical significance of 14.6 standard deviations. The absence of
any residual emission at the position of the point-like g-ray source G0.9þ0.1
demonstrates the validity of the subtraction technique. The energy
threshold of the maps is 380GeV, owing to the tight g-ray selection cuts
applied here to improve signal/noise and angular resolution. We note that
the ability of HESS to map extended g-ray emission has been demonstrated
for the shell-type supernova remnants RXJ1713.7–3946 (ref. 22) and RX
J0852.024622 (ref. 23). The white contours are evenly spaced and show
velocity integrated CS line emission from ref. 11, and have been smoothed to
match the angular resolution of HESS.
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Figure 1: Shape of DM density (left) and magnetic field (right) profiles discussed in the text,
as a function of the galactocentric coordinate r.

be compared with observational data, in order to rule out combinations of astrophysical and
particle physics parameters that violate observational constraints.

The aim of this paper is to compare the regions suggested by the PAMELA (and ATIC)
data in the plane of annihilation cross section and DM mass ( v,M) with those excluded by
photon observations. We perform the analysis for arbitrary values of M and for several di⇧erent
primary annihilation modes. We take into account di⇧erent choices for the main astrophysical
unknown ingredients: the galactic DM density profiles and the galactic magnetic field. In
section 2 we discuss bounds from gamma-ray observations, mainly performed by the HESS
experiment. Section 3 discusses bounds from lower energy photons radiated by the e±.

2 ⇥ ray observations

We start by considering the ⇥-ray fluxes produced by DM annihilations directly. Since DM is
neutral, a tree-level annihilation into ⇥’s is of course not possible, thus the flux is the sum of
various e⇧ects that arise at higher order in �em: i) a continuum at lower energies produced
by the bremsstrahlung of charged particles and the fragmentation of hadrons produced in the
annihilations; ii) a line at E ⌥ M produced by one-loop e⇧ects; iii) possibly a continuum at
E just below M produced by three-body annihilations [15]. Infrared divergences in the total
annihilation rate cancel among i) and one loop corrections without photons in the final state,
and these contributions are separately gauge invariant in the energy ranges where they are
separately relevant. The details of contributions ii) and iii) are model dependent, so that we
only consider the contribution i).

The di⇧erential flux of photons from a given angular direction d⌅ is

d⇤⇥

d⌅ dE
=

1

2
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�2
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f

✏ v⇣f
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dE
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�(r)

�⇤
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where r⇤ ⌥ 8.5 kpc is the distance of the Sun from the galactic center, �⇤ = 0.3 GeV/cm3 is the
DM density at the location of the solar system and f runs over all the ⇥-ray producing channels
with annihilation cross section ✏ v⇣f and individual spectrum dN f

⇥ /dE. The adimensional

4

Bertone et al. 2009

GAMMA-400 @ 100 GeV

CTA / FERMI LAT @ 100 GeV

GAMMA-400 / FERMI LAT 
@ 1 GeV

“circumnuclear ring”



Sackler Colloqium: Dark Matter Universe, Irvine, CA, October 20, 2012J. Siegal-Gaskins

Point source or extended emission?

23

Linden & Profumo 2012

4

tion between models. We find that the improved angular
resolution of CTA will allow for a 3σ rejection of the
poorer fitting model with only ∼5h of pointed observa-
tion! In Figure 1 (top right), we again show a binned
analysis for this dataset, noting specifically the under-
density of photons observed within the inner 0.01◦, which
provides an independent, statistically significant indica-
tion that would be difficult to explain with an additional
diffuse or cosmic-ray background. We note that over the
projected lifetime of CTA, nearly 500h of GC observation
are expected, which would lead to a 32σ differentiation
between models, with a result that is plotted in Figure 1
(bottom right). A wealth of information on the nature of
the GC source will clearly be available in this case, going
well beyond simply distinguishing between a point-source
emission and a hadronic model.
In realistic models, additional emission sources must

also be considered, including an isotropic cosmic-ray
background, a line of sight background through the
Galactic plane2, and unresolved sources in the region sur-
rounding the GC – all of which will contribute additional
uncertainties to the differentiation of the point source
and hadronic models. One particularly interesting back-
ground could stem from the annihilation of dark mat-
ter particles in the GC region. The morphology of the
dark matter annihilation is partially constrained to be
spherically symmetric with a density distribution which
follows a form ρ(r) ∝ r−α. While a standard value,
α = 1.0 is employed in the standard NFW dark mat-
ter model (Navarro et al. 1997), the dark matter profile
is highly uncertain in the GC region, and the gravita-
tional effect from baryons in the GC may significantly
steepen the dark matter distribution (Blumenthal et al.
1986; Ryden & Gunn 1987; Gnedin et al. 2004, 2011).
This makes it potentially difficult to differentiate be-
tween dark matter models for TeV emission from the
GC, and the possible combination of emission from both
point source and hadronic sources.
In Figure 2 we plot a projection for the cumulative

distribution function of photons observed with 500h at
CTA as a function of the angular distance from the GC,
for models of point source emission, hadronic emission,
dark matter annihilation with a density profile α = 1.0
and with a density profile α = 1.4. In the case of models
where we consider only the point source and hadronic
emission sources, we note that any combination of emis-
sion intensities will produce a cumulative distribution
function (CDF) which lies between the individual mod-
els. Additionally, the point source model contains the
fastest rising CDF possible, with a morphology uniquely
determined by the instrumental PSF.
Any combination of emission from a point source and

the hadronic model must produce a CDF which lies be-
tween the individual models, and the relative contribu-
tion of each source class can be accurately (to within
∼10% errors after 500h of observation), by examining
the CDF observed by CTA. However, a small contribu-
tion from dark matter annihilation following an index
α = 1.0 along with a dominant contribution from the
point-source, may be misinterpreted as emission stem-
ming from important contributions of both the point-

2 We note that this is also basically isotropic for the very small
angular regions considered here.

Galactic
Plane

Fig. 3.— Expected photon counts as a function of the azimuthal
angle φ = arctan(b/l) (shown in the inset), for both the point-
source (black squares) and the hadronic emission scenario (red tri-
angles) for photons observed within 0.05◦ of the GC. In the case of a
point source, photons are symmetrically distributed around the po-
sition of the GC, while the majority of emission due to hadronic in-
jection follows the distribution of gas, which is aligned more closely
with the Galactic plane.

source and hadronic models. Moreover, models where
the emission is entirely dominated by dark matter which
is highly peaked towards the GC (such as α = 1.4),
may also be misinterpreted as some linear combination
of hadronic and point source contributions. This uncer-
tainty is a standard result from an attempt to identify
three unknown intensities using only one constraint pa-
rameter.
A separate measurement is therefore necessary in or-

der to constrain the relative contributions from all three
source classes. An obvious choice is to model the ra-
dial distribution of photons around the GC, noting that
both the point source and dark matter models are spher-
ically symmetric. In Figure 3 we plot the expected az-
imuthal angular distribution for both the point source
and hadronic models, counting the number of photons
from a given angle φ = arctan(b/l), i.e. the angle formed
between the Galactic plane and the direction joining the
GC and the photon location in the sky (see inset). We
restrict the counts to photons within 0.05◦ of the GC,
where contributions from the H.E.S.S. point source are
believed to be largely dominant. While a (spherically
symmetric) point source provides a flat distribution in
the incoming photon angle (as expected), contributions
from the hadronic scenario deviate significantly, and are
primarily aligned with the Galactic plane. We note that
with 500h of observation, an evaluation of the nature
of the central TeV source can be made with more than
11σ confidence - without any reference to the radial dis-
tribution shown in Figure 1. Most importantly, this
implies that in cases where the point-source, hadronic
sources, and dark matter annihilation all contribute non-
negligibly to the total TeV galactic center source, we
can determine the relative contribution stemming from
hadronic emission to within 20% with more than 2σ con-
fidence.

Azimuthal counts distribution
3

and follows the functional form given in Aharonian et al.
(2006b) of a two-component Gaussian where the proba-
bility of finding a photon in a radial bin dθ is given by:

P (θ) = Aθ(exp(−
θ2

2σ2
1

) +Arel exp(−
θ2

2σ2
2

)) (1)

with σ1 = 0.046, σ2 = 0.12, Arel = 0.15 and A a nor-
malization constant. However, in this work, these pa-
rameters are set specifically to account for the spectral
characteristics of the Crab Pulsar and a 60◦ zenith an-
gle. These parameters provide a 68% containment angle
of 0.12◦ degrees. In the case of the GC, Aharonian et al.
(2006c) yields a 68% containment angle of 0.08◦, and we
thus linearly scale down the parameters θ1 and θ2 to the
values θ1 = 0.031 and θ2 = 0.08 in order to obtain the cor-
rect 68% containment angle. Finally, H.E.S.S. observa-
tions from (Aharonian et al. 2009) find a best fit intensity
above 1 TeV of I>1TeV = (1.99± 0.09) x 10−12 cm−2 s−1.
Given the calculated effective area of H.E.S.S, this im-
plies a point source observation of 1332 photons with
energy in the range 1-10 TeV.
In order to model the instrumental performance of

CTA, we adopt best fitting parameters following the de-
sign specifications set forth in CTA Consortium (2011),
noting, however, that the ultimate design specifications
for the instrument are presently unknown. Specifically,
we adopt an effective area in the 1-10 TeV band of
2 x 1010 cm2, which exceeds the H.E.S.S. effective area by
an order of magnitude, and we adopt an equivalent func-
tional form for the point-spread function as described in
Eq. (1) for H.E.S.S., but rescale the parameters σ1 and
σ2 such that the 68% containment radius of the photon
signal is 0.03◦. This yields σ1 = 0.0115 and σ2 = 0.03.
While CTA contains additional improvements over cur-
rent Cherenkov telescopes, especially stemming from its
significantly lower energy threshold , the poorer angular
resolution in the lower energy regime mitigates the effec-
tiveness of CTA to test the morphology of the dense GC
region. In this work we evaluate the performance of CTA
after both 100 and 500 hours of observation, indicating
both a lower bound and a target observation time for
the GC region. This yields an expected 14323 and 71613
photon counts, respectively.
In order to simulate observations of the GC with both

the H.E.S.S. and CTA instruments we employ Monte
Carlo techniques to calculate the expected distribution
of observed photons. We first calculate the 3D morphol-
ogy for the true photon direction. In the case of hadronic
emission, we calculate this by multiplying the 3D distri-
bution of gas with the r−2 cosmic-ray density assumed
for rectilinear transport of TeV protons. For dark mat-
ter models we assume a density distribution ρ(r) = r−2α

and evaluate scenarios α={1.0, 1.4}, as we note that cur-
rent hydrodynamical simulations indicate the possibility
that the inner dark matter density profile is adiabati-
cally contracted (i.e. α > 1.0) (Blumenthal et al. 1986;
Ryden & Gunn 1987; Gnedin et al. 2004, 2011). These
emission profiles are integrated over the line of sight,
and then photons are selected from this distribution and
smeared with the PSF of each instrument. We run 1000
simulations of all models in order to achieve reasonable
statistical accuracy.

Fig. 2.— Cumulative Distribution Function (CDF) of photons
observed within 0.05◦ of the GC for models of the total number of
photons produced within ∼0.07◦ of the GC. We show the case of a
point source at the position of the GC (solid black), the hadronic
model as described in Section 2 (green short dash), dark matter
following an NFW profile α = 1.0 (blue long dash) and dark matter
following a steeper profile with α = 1.4 (orange dot-dashed).

3. RESULTS

In models employing the effective area and angular res-
olution of the H.E.S.S. telescope, the morphological fea-
tures stemming from the gas density employed in the
hadronic emission scenario occur on angular scales sig-
nificantly smaller than the σ = 0.08◦ angular resolution
of the telescope. Since these angular features are them-
selves centered around the position of Sgr A*, differ-
entiating between the point-source and hadronic mod-
els becomes extremely difficult. Calculating the average
cumulative-distribution function over 1000 simulations
of both a GC point source and the hadronic emission
scenario, we employ a K-S test and find that current
H.E.S.S. results would only be able to differentiate be-
tween models with a χ2/d.o.f. = 0.85, which falls far
short of providing a minimum 2σ level of confidence be-
tween the emission profiles. In Figure 1 (top left) we
provide a binned (at 0.05◦) sample of photons collected
by the H.E.S.S. telescope in each scenario. In realistic ob-
servations, this result is further complicated by residuals
stemming from both the Galactic plane integrated over
the line of sight, as well as from contaminating cosmic-
ray backgrounds, both of which should appear isotropic
in the small region under consideration. While additional
H.E.S.S. observations time may slightly improve these
statistics, these additional backgrounds make it unlikely
that the H.E.S.S. telescope will be capable of differen-
tiating between the point source and hadronic emission
scenarios.
In the case of CTA, the improved angular resolution

will provide a much sharper view to distinguish between
a point source and hadronic models. Furthermore, the
greatly increased effective area will (in our simplified
model where additional backgrounds are rejected) in-
crease the χ2 mismatch between models linearly. Using
100 hours of CTA observation, a K-S test provides a fit
χ2/dof = 208, which provides more than 14σ differentia-

Cumulative counts

Testing this hypothesis with CTA
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Dark matter in the inner galaxy

• likely the brightest dark 
matter source in the gamma-
ray sky, but...

• embedded in large and 
complicated backgrounds:

• resolved sources

• unresolved sources

• diffuse emission

24

Abazajian & Kaplinghat 2012 

4

0.69� 0.95 GeV 0.95� 1.29 GeV 1.29� 1.76 GeV 1.76� 2.40 GeV

O
b
se
rv
ed

C
ou

n
ts

B
as
el
in
e
M
o
d
el

R
es
id
u
al
s

E
x
te
n
d
ed

S
ou

rc
e
M
o
d
el

E
x
te
n
d
ed

S
ou

rc
e
C
ou

n
ts

F
u
ll
M
o
d
el

R
es
id
u
al
s

FIG. 1. Shown in the top row are photon counts in four energy bins that have significant evidence for an extended source
with a spectrum, morphology, and rate consistent with a 30 GeV mass WIMP annihilating to bb̄-quarks in the 7� ⇥ 7� region
about the GC. This row shows the 17 2FGL point sources in the ROI as circles. The second row shows the residuals for the
fit to the region varying all the sources in the 2FGL catalog as well as the amplitudes of Galactic di↵use and isotropic di↵use
models. The presence of an extended source and oversubraction of the central point sources are visible here. The third row
shows the best fit model counts for 30 GeV WIMP annihilating to bb̄-quarks. The fourth row is the residual emission for this
model without subtracting the extended component. The fifth row contains the residuals when the extended component is also
subtracted. The maps have been filtered with a Gaussian of width � = 0.3�.
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The inner galaxy

25

1. spectrally: DM signal may be subdominant, making a 
spectral signature difficult to identify

2. spatially: strong spatial signatures may be present (source 
of uncertainty), but not accessible with current data

3. know your backgrounds and impostor signals better: 
pulsars and other astrophysical sources, hadronic 
emission...
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The inner galaxy

25

1. spectrally: DM signal may be subdominant, making a 
spectral signature difficult to identify

2. spatially: strong spatial signatures may be present (source 
of uncertainty), but not accessible with current data

3. know your backgrounds and impostor signals better: 
pulsars and other astrophysical sources, hadronic 
emission...

1+2 = improved angular resolution could help to determine 
morphology of emission and address differences between GeV and 
TeV results

2+3 = multiwavelength studies can access smaller angular scales and 
could pin down origin and spatial distribution of some components
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The isotropic gamma-ray background

26
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What is making the diffuse gamma-ray background?

27

Credit: NASA/DOE/Fermi LAT Collaboration 
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What is making the diffuse gamma-ray background?

28

Expected contribution of source populations to the IGRB

Sum is ~ 60-100% of IGRB intensity (energy-dependent)
Fermi-LAT Collaboration (preliminary)

Main)(and)guaranteed))contributions)to)the)Fermi)EGB)

Contribution)from)FSRQs)+)BL)Lac)+)Radio)galaxies)+)star&forming)galaxies:)
)~might)account)for)the)totality)of)the)measured)EGB)at)high)energies.)
)~not)enough)to)account)for)the)EGB)at)low)energies)!)What$makes$the$rest?$

[Courtesy)of)M.)Ajello])

PRELIMINARY 

Radio galaxies

BL Lacs

FSRQs

Star-forming galaxies
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Dark matter signals in the IGRB
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Figure 3. The vertically hatched band illustrates the span in the expected isotropic extragalactic
(EG) gamma-ray signal, defined by being the region enclosed by our MSII-Sub1 and MSII-Sub2 cases.
The horizontally hatched band is the flux that can be expected from Galactic substructure. The filled
grey band is the signal range that could be expected from the main DM Galactic halo, at a latitude
of 10�, which would by itself produce an anisotropic signal. The data points show the measurement
of the IGRB by the Fermi-LAT [30] (horisontal bars are the energy bin range, and vertical bars are
our later used 1� errors). The gamma-ray spectra are from DM particles with mass of 400 GeV, a
total annihilation cross section h�vi = 3⇥ 10�26 cm3 s�1 into bb̄ quarks, and a minimal subhalo mass
cut-o↵ at 10�6M�. See the text for more details.

substructures, inside the galactocentric distance r (in kpc), as:

Lsub(< r) = L200
main ⇥B ⇥ xx

�0.24
, where x = r/r200 and r200 ⇡ 200 kpc. (2.3)

This functional form is a parametrization of the result presented for the Aquarius simula-
tion in [19]. L200

main is the total DM-induced luminosity inside r200 from the smooth halo
(normalized through the Einasto profile in equation (2.4)), and B gives the relative signal
enhancement inside r200 due to substructures. The upper boarder of the vertically hatched
band is obtained when a single power law relation between the substructure flux and the
minimal DM subhalo mass are related as suggested in [19], which give B ⇠ 230.4 The lower
boarder is when the substructure signal strength instead is implemented consistently with
the average substructure enhancement used in the MSII-Sub1 calculation of the extragalactic
signal. Then the luminosity from all substructures inside r200 for a Milky-Way-sized halos
is merely B ⇠ 2 times the luminosity of the main DM halo. This lower signal limit is also
similar in amplitude to the finding in [71], where the Aquarius simulation is used, but a

4We note that by using the MSII-Sub2 prescription for substructure for Milky Way sized halos, the vertically
hatched upper limit would be extended up further by one order of magnitude.

– 7 –

Abdo et al., JCAP 04 014 (2010)
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Figure 5. Cross section h�vi limits on dark matter annihilation into bb̄ final states. The blue regions
mark the (90, 95, 99.999)% exclusion regions in the MSII-Sub1 �2(z) DM structure scenario (and
for the other structure scenarios only 95% upper limit lines). The absorption model in Gilmore et
al. [68] is used, and the relative e↵ect if instead using the Stecker et al. [69] model is illustrated by the
upper branching of the dash-dotted line in the MSII-Res case. Our conservative limits are shown on
the left and the stringent limits on the right panel. The grey regions show a portions of the MSSM7
parameter space where the annihilation branching ratio into final states of bb̄ (or bb̄ like states) is
> 80%. See main text for more details.

particle propagation in the Galaxy. In the preparation of this paper, Fermi-LAT data was
used in [10, 11] to set cross section limits on Galactic DM induced gamma-rays. In these two
papers, their data analysis method is more similar to our conservative analysis approach, and
the presented limits are comparable to our conservative MSII-sub1 limits when their Galactic
DM halos are described by a smooth Einasto or NFW DM density profile. As mentioned, most
hadronic channels are very similar in their gamma-ray production. To within roughly a factor
of two (if final states are not very close to, or below, production thresholds) our cross section
limits are also valid for prompt annihilation into the standard model gauge bosons, other
quarks, as well as (for WIMP masses below about 100 GeV) into the leptonic ⌧+⌧� channel.

Figure 6 shows the exclusion region for the leptonic DM model, together with the 2�
best fit region for this model to the PAMELA and Fermi-LAT positron and electron data.
The sharp upper endings of the gray best fit regions come from the constrain to not overshoot
HESS data [104]. Both the best fit regions and the exclusion regions for all our discussed
DM scenarios are calculated in a self-consistent way, modulo minor corrections. Below a DM
mass of about 500GeV, the limits on these models are determined by the FSR signal at the
high-energy end of the DM spectra, see figure 4, and therefore depend more substantially
on the choice of the absorption model. We note here that this conclusion holds even if one
considers the constraints that the low energy COMPTEL [105] and EGRET [25, 26] data
would pose on the first (IC) peak in the spectra. The di↵erence between the Stecker et
al. [69] and the Gilmore et al. [68] absorption model results in a di↵erence in the FSR signal
calculated in the two cases by a factor . 2, and a↵ects our limits correspondingly.

– 14 –

Constraints from the IGRB

30

Abdo et al., JCAP 04 014 (2010)
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Getting rid of the IGRB

• the IGRB is time-dependent: will get smaller as more sources are resolved

• future IGRB measurements will lead to improved DM sensitivity

31

These are consistent with previous work [8], though more
constrained because we are also fitting the source-count
distribution function dN=dF. The model reproduces the
DGRB and blazar dN=dF, with a reduced !2=DOF ¼
0:63. The value of q indicates that the bolometric luminos-
ity of a blazar jet is roughly 15 thousand times more
luminous than the x ray from the accretion disk. Here,
"1 > 1:0 so low-luminosity blazars have significant con-
tributions to the total blazar flux. Therefore, a ten or more
order-of-magnitude lower value of L";min would modify
the calculation considerably, though no blazars have been
detected below our L";min threshold, and therefore it seems
unlikely that there is a large population of very-low-
luminosity blazars. The fraction # ’ 2:4" 10#6 implies
that there is roughly one blazar for every 420 thousand
nonblazar AGN. Our fit to the DGRB spectrum is shown in
Fig. 3 and the fit to dN=dF is in Fig. 4.

Our value for the AGN XLF and blazar GLF ratio #,
3:4" 10#6 to 5" 10#7 (at 95% CL), is similar to and

slightly larger than the central value derived by Inoue &
Totani [8], 1:7" 10#6. This implies that only a small
fraction of x-ray loud AGN is visible as gamma-ray blaz-
ars. The intrinsic jet opening angle of a blazar has been
found to be $1 deg (subtending an area of $2" 10#4

steradian) [50]. Following from this is that only
$2" 10#5 of the AGN jets are potentially visible as
blazars. Our model then requires that only & 20% of
AGN jets are gamma-ray blazars. This is not inconsistent
with jet models [51], though if this fraction drops consid-
erably (i.e., # is required to be much smaller), then it would
call into question the blazar model analyzed here.
Note that using the dN=dF estimated from a power-law

blazar spectrum model is not perfect, due to the fact that
the detection efficiency estimate depends on the spectral
model [4]. However, Ref. [4] tested the dN=dF depen-
dence on the sensitivity estimate with a non-power-law fit
to the blazar spectra and found it did not significantly
change the measurement of dN=dF. We also verified this

FIG. 3 (color online). 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 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. [60].

FIG. 2. Shown are contours with 68% and 95% confidence level (CL) regions for the parameters of the luminosity scale q and GLF
faint-end index "1, q vs #, and # vs "1. The best-fit value is labeled by the cross.

CONTRIBUTION OF BLAZARS TO THE EXTRAGALACTIC . . . PHYSICAL REVIEW D 84, 103007 (2011)

103007-7

see also Abazajian, Blanchet, Harding 2012

Abazajian, Blanchet, Harding 2011

unresolved blazar contribution 
now and at 5 years
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but... we can do better than just detecting  
more of the unresolved sources: 

we can model them or use other 
techniques and observables to identify 

their contribution to the IGRB
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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

33
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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

33

Anisotropy is another IGRB observable!!!
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Gamma-ray anisotropies from dark matter

34

Gamma rays from Galactic DM

Log10( Intensity / K  [1030 cm-2 s-1 sr-1] )
-14 -9-12 -7

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

after convolving with 0.1° beambefore accounting for instrument PSF

gamma rays from DM annihilation and decay in Galactic and 
extragalactic dark matter structures could imprint small 

angular scale fluctuations in the diffuse gamma-ray background

JSG, JCAP 10(2008)040
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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)

35
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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

36

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
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• the angular power spectrum of dark matter annihilation and decay falls off faster than Poisson at 
multipoles above ~ 100

• current measurement uncertainties are too large to identify a dark matter component via scale 
dependence; may be possible with future measurements
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Angular power spectra of dark matter signals
14 Fornasa et al.
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Figure 7. Upper panels: Fluctuation APS of the template gamma-ray maps at an observed energy of 4 GeV for annihilating DM (left) and decaying DM
(right). The particle physics parameters (including Mmin) as well as the color coding are the same as those in Figs. 5 and 6. Solid (dashed) lines indicate
the extragalactic (galactic) emission. Bottom panels: The same as the upper panels but for the intensity APS (see Eq. 13). The upper panels give a measure
of the relative anisotropies of the different components, whereas the bottom panels are an absolute measurement of the anisotropies and clearly show which
components dominate the APS. The grey dashed line (with arbitrary normalization) indicates a Poissonian APS independent on multipole.

resolved structures generate anisotropies that only contribute to a
small fraction of the total emission (the fi factor in Eq. 14).

In the lower panels of Fig. 7 we show the intensity APS, which
allow us to estimate the absolute contribution of the different com-
ponents. Large values of the intensity APS can be obtained from a
particularly anisotropic component or from a very bright one. The
angular dependence for all components is the same as in the fluctu-
ation APS, but now, due to a very small average intensity, the EG-
MSII component has the lowest intensity APS (black solid line),
followed by the solid green line, corresponding to the sum of the
EG-MSII and EG-UNRESMain components (even if the fluctua-
tion APS is larger for the former than for the latter). Once the full

extragalactic emission is considered (solid red and blue lines), the
intensity APS is between a factor of 100 and 5× 104 larger than the
intensity APS of EG-MSII, depending on the subhalo boost used.
Notice that the solid yellow and purple lines (that only include re-
solved (sub)halos and the subhalo boost to the resolved main halos)
have essentially the same intensity APS as the solid red and blue
lines, which implies that the total intensity APS of the DM annihi-
lation signal is dominated by the extragalactic unresolved subhalos
of the massive main halos.

In the case of DM decay (right panels), we can see that the
fluctuation APS of the EG-MSII component (solid black line) has
the same shape as the solid green line (which adds the contribution
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Predicted angular power spectrum 
of DM annihilation

Predicted angular power spectrum 
of DM decay
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Anisotropy constraints on dark matter

• small angular scale IGRB anisotropy 
measured for the first time with the 
Fermi LAT

• angular power measurement 
constrains contribution of individual 
source classes, including DM, to the 
IGRB intensity

38

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

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
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intensity. However, adopting alternative models for the1313
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dicted angular power by as much as ∼ 2 orders of magni-1315

tude [29–31], so the measured angular power represents1316
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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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Identifying IGRB contributions
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in a two-component IGRB scenario, 

where the components are uncorrelated, 

and one component dominates the 
anisotropy at low energies, 

features observed in the anisotropy 
energy spectrum can be used to extract 
each component’s intensity spectrum 

without a priori assumptions about the 
shape of the intensity spectra or anisotropy 
properties!

2

model or prediction for any of the contributions.80

For diffuse backgrounds composed of emission from un-81

correlated source populations, we show that under cer-82

tain conditions, if the intensity energy spectrum (differ-83

ential photon intensity as a function of energy) and the84

anisotropy energy spectrum (angular power at a fixed85

multipole as a function of energy) of the diffuse back-86

ground are both measured with sufficient accuracy, the87

shape of the intensity energy spectrum of each compo-88

nent can be recovered; in some cases the absolute nor-89

malizations of the intensity spectra are also recoverable.90

Similarly, in some cases the amplitude of the angular91

power spectra of the individual components can also be92

determined. We discuss the conditions under which such93

decompositions are feasible, and demonstrate these novel94

techniques on plausible scenarios for the IGRB composi-95

tion. Although our examples are restricted to the IGRB,96

the methods presented here can be applied to any diffuse97

background at any wavelength.98

In §II we introduce the formalism common to all of99

the decomposition techniques. In §III we define IGRB100

component models and simulated observations used for101

the example scenarios. The details of each decomposi-102

tion technique are described in §IV; example scenarios103

illustrating a subset of the techniques are also presented.104

We extend our approach to selected three-component sce-105

narios in §V. We discuss the potential of these tech-106

niques for understanding gamma-ray source populations107

and highlight multiwavelength applications in §VI.108

II. TWO-COMPONENT DECOMPOSITION:109

METHODS110

The two properties of diffuse emission we will use are111

the differential intensity energy spectrum I(E) (photons112

per area per time per solid angle per energy) and the113

angular power spectrum C! of a sky map of the inten-114

sity. The angular power spectrum is defined as C! =115

〈|a!m|2〉, where a!m are the coefficients of the expansion116

of the intensity map in the basis of spherical harmonics.117

We also define the fluctuation angular power spectrum118

Ĉ! ≡ C!/I2, where I is the mean intensity of the emis-119

sion with intensity angular power spectrum C!. Because120

Ĉ! describes fluctuations in units of the mean, the fluc-121

tuation angular power at a fixed ! is energy-independent122

for a signal arising from a single population of sources123

with identical observer-frame intensity spectra. In the124

following we assume that each distinct component of the125

diffuse emission meets this criterion.126

Variation between the source spectra of individual127

members of a population can result in fluctuation an-128

gular power which is energy dependent because the rel-129

ative contributions of spectrally different sources within130

a population change with energy (e.g., harder sources131

contribute relatively more flux at high energies than at132

low energies). In addition, for cosmological source popu-133

lations, energy-dependent fluctuation angular power can134

also arise due to redshifting of sharp features in the source135

spectra, such as line emission or abrupt cut-offs [see, e.g.,136

23, 24].137

In practice, if a component of the emission arises from138

a population of sources, we assume that the requirement139

that the single-population Ĉ! is energy-independent is140

satisfied if the variation in the intensity spectra of in-141

dividual members of the population is sufficiently small142

that the deviation of the fluctuation angular power from143

an energy-independent quantity is at a level smaller than144

the uncertainty on the anisotropy measured by a specific145

observation. We comment on the validity of this assump-146

tion in the context of the IGRB in §III.147

Our approach exploits the energy independence of the
single-component fluctuation angular power, and so it is
convenient for us to work with Ĉ!. If we consider a sce-
nario in which the diffuse emission is composed of emis-
sion from two spatially uncorrelated components with in-
tensity spectra I1(E) and I2(E) and angular power spec-
tra C!,1 and C!,2, then the total intensity is simply the
sum of the two components,

Itot(E) = I1(E) + I2(E) . (1)

The angular power spectrum of the total signal for un-
correlated components is the sum of the angular power
spectra of the components,

C!,tot(E) = C!,1(E) + C!,2(E). (2)

Rewritten in terms of the fluctuation angular power,

Ĉ!,tot(E) =

(

I1(E)

Itot(E)

)2

Ĉ!,1 +

(

I2(E)

Itot(E)

)2

Ĉ!,2 . (3)

This is the fluctuation anisotropy energy spectrum for148

the case we consider. In the following we will always149

use the term “anisotropy energy spectrum” to refer to150

the fluctuation angular power of the total emission as a151

function of energy.152

With sufficient photon statistics, Itot and Ĉ!,tot can be
determined at each energy from observations. If there is
a way to also determine Ĉ!,1 and Ĉ!,2 from the data, we
can solve Eqs. (1) and (3) for I1 and I2:

I1 = Itot





Ĉ!,2 ±
√

Ĉ!,1Ĉ!,tot + Ĉ!,2Ĉ!,tot − Ĉ!,1Ĉ!,2

Ĉ!,1 + Ĉ!,2





(4)

I2 = Itot





Ĉ!,1 ∓
√

Ĉ!,1Ĉ!,tot + Ĉ!,2Ĉ!,tot − Ĉ!,1Ĉ!,2

Ĉ!,1 + Ĉ!,2





(5)
If there is an energy ∼ E0 around which only one com-153

ponent is expected to contribute to the total intensity154

(i.e., an energy range around E0 where I2(E0)/Itot(E0) ≈155

0), the anisotropy energy spectrum will be flat over this156

energy range. Then from Eq. (3) we immediately obtain157
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with identical observer-frame intensity spectra. In the124
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ative contributions of spectrally different sources within130

a population change with energy (e.g., harder sources131
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low energies). In addition, for cosmological source popu-133

lations, energy-dependent fluctuation angular power can134

also arise due to redshifting of sharp features in the source135

spectra, such as line emission or abrupt cut-offs [see, e.g.,136

23, 24].137

In practice, if a component of the emission arises from138
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that the single-population Ĉ! is energy-independent is140
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dividual members of the population is sufficiently small142

that the deviation of the fluctuation angular power from143

an energy-independent quantity is at a level smaller than144

the uncertainty on the anisotropy measured by a specific145

observation. We comment on the validity of this assump-146

tion in the context of the IGRB in §III.147

Our approach exploits the energy independence of the
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function of energy.152

With sufficient photon statistics, Itot and Ĉ!,tot can be
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Ĉ!,1 ∓
√
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nario in which the diffuse emission is composed of emis-
sion from two spatially uncorrelated components with in-
tensity spectra I1(E) and I2(E) and angular power spec-
tra C!,1 and C!,2, then the total intensity is simply the
sum of the two components,

Itot(E) = I1(E) + I2(E) . (1)

The angular power spectrum of the total signal for un-
correlated components is the sum of the angular power
spectra of the components,

C!,tot(E) = C!,1(E) + C!,2(E). (2)

Rewritten in terms of the fluctuation angular power,
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anisotropy
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TABLE I: Summary of two-component decomposition techniques.

Method Observational Signature Inferred Properties of
Components

Intensity
Normalization
Recovered?

Fluctuation
Angular Power
Recovered?

Double plateau Plateaus at both high and
low energies observed in
anisotropy energy spectrum

One source dominant in
anisotropy at low energies,
other source dominant at
high energies

Yes Yes

Low-Anisotropy
Plateau

Anisotropy energy spectrum
rises from (falls to) a low-
anisotropy plateau at low
(high) energy

Source that is subdominant
in intensity is much more
anisotropic than the domi-
nant source

No No

High-Anisotropy
Plateau

Anisotropy energy spectrum
falls from (rises to) a high-
anisotropy plateau at low
(high) energy

Source that is subdominant
in intensity is much less
anisotropic than the domi-
nant source

Yes No

Known
Zero-Anisotropy
Component

None; requires a priori
knowledge that one of the
two components is isotropic

One source is completely
isotropic

No No

Minimum Minimum observed in the
anisotropy energy spectrum

Both source components
have comparable intensity
and anisotropy such that
Eq. 20 is satisfied at some
energy

Yes Yes

Multiple-!
Measurements

Two distinct anisotropy en-
ergy spectra can be obtained
at two different !

Ĉ! is a function of ! for at
least one source such that
two distinct anisotropy en-
ergy spectra can be obtained
at different !

Yes Yes

Ĉ!,1 = Ĉtot
! (E0) from the anisotropy of this baseline. A158

similar flat baseline could result if two source classes have159

the same spectral shape over an energy range, but such a160

scenario is unlikely for the source classes considered here.161

In each of the following cases, we will assume either that162

we can obtain the Ĉ! of one of the two source classes163

in this way, or that one source class is known to have164

Ĉ! ! 0.165

We discuss six distinct two-component decomposition166

techniques below. Some of them allow us to extract the167

component intensity spectra, while others only allow us168

to derive the shapes of the two intensity spectra up to169

unknown normalization constants. Some of the tech-170

niques also yield measurements of the fluctuation angu-171

lar power spectra of each component source population.172

Table I gives a summary of these techniques and their173

applicability conditions. We emphasize that in all cases174

we make the following three assumptions: (1) the diffuse175

background is composed of emission from uncorrelated176

source classes, (2) the fluctuation angular power of each177

individual component is independent of energy, and (3)178

the fluctuation angular power of one component can be179

directly measured from the data at some energy or is180

known to be negligibly small.181

III. PARAMETERS OF EXAMPLE SCENARIOS182

A. IGRB Component Models183

To illustrate the decomposition techniques, we apply184

them to example scenarios that could be measured by the185

Fermi-LAT within 5–10 years of observation time. Our186

example IGRBs are composed of an extragalactic blazar187

component, which is assumed to be dominant in intensity188

at low energies (less than a few GeV), and either a Galac-189

tic dark matter annihilation component with one of two190

benchmark spectra (annihilation to a τ+τ− or bb̄ final191

state), or a known zero-anisotropy component which is192

assumed to have a power-law intensity energy spectrum.193

Our example scenarios are consistent with current ob-194

servations of the measured IGRB intensity energy spec-195

trum [20] and the measurement of the IGRB anisotropy196

energy spectrum [21]. Although we do not consider them197

in our example scenarios, other known gamma-ray source198

populations which may contribute significantly to the in-199

tensity and/or anisotropy of the IGRB at some energies200

include star-forming galaxies [9, 25] VASO add more201

recent ones here?, gamma-ray loud radio galaxies [26]202
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Example IGRB decomposition

41

Hensley, Pavlidou & JSG (in prep)

Example observed intensity spectrum and 
anisotropy energy spectrum

red = published LAT measurements
black = example scenario for 10 yrs LAT observations

PRELIMINARY
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Example IGRB decomposition

41

Hensley, Pavlidou & JSG (in prep)

Example observed intensity spectrum and 
anisotropy energy spectrum

Decomposed energy spectra

red = published LAT measurements
black = example scenario for 10 yrs LAT observations

PRELIMINARY PRELIMINARY
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The IGRB

42

1. spectrally: DM signal must be subdominant since a spectral 
signature is not obvious in the IGRB energy spectrum

2. spatially: signal and backgrounds are mostly isotropic but 
with potentially different small-scale features

3. know your backgrounds and impostor signals better: 
pinning down contribution from astrophysical sources a 
major challenge but could significantly improve dark matter 
sensitivity
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The IGRB

42

1. spectrally: DM signal must be subdominant since a spectral 
signature is not obvious in the IGRB energy spectrum

2. spatially: signal and backgrounds are mostly isotropic but 
with potentially different small-scale features

3. know your backgrounds and impostor signals better: 
pinning down contribution from astrophysical sources a 
major challenge but could significantly improve dark matter 
sensitivity

1+2 = combining spectral and spatial information could allow 
contributions from multiple components to be disentangled
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Summary

• this is an exciting time!  searches already reaching interesting 
regions of parameter space and some targets show hints of a 
detection!

• search strategies need to be optimized for different dark 
matter models, targets, and instruments

• complementarity should be an important factor in designing 
searches and should be taken advantage of wherever possible

• improved angular resolution of future gamma-ray instruments 
may be key to disentangling a dark matter signal by separating 
emission regions, associating astrophysical sources, and mapping 
spatial signatures of a dark matter signal

• combining spectral and spatial features can improve sensitivity 
to subdominant signals

43


