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Gamma-ray Backgrounds

Fermi SKY

Known sources for the observed gamma-rays are:

i)Galactic Diffuse: decay of pi0s (and other mesons) from pp (NN) 
collisions (CR nuclei inelastic collisions with ISM gas), bremsstrahlung 
radiation off CR e, Inverse Compton scattering (ICS): up-scattering of 
CMB and IR, optical photons from CR e

ii)from point sources (galactic or extra galactic) (1873 detected in the 
first 2 years)

iii)Extragalactic Isotropic 

iv)”extended sources”

iv)misidentified CRs (isotropic dew to diffusion of CRs in the Galaxy)




Looking for DM annihilation signals

• Hardening of a spectrum without a clear cut-off 
localized in a certain region (Fermi haze->Fermi bubbles)


• Hardening of a spectrum with a clear cut-off: ~40-50 
GeV DM claims towards the Galactic Center (GC) inner 
few degrees


• Line or lines 


• One of the most likely targets is the GC (though 
backgrounds also peak), others are the known 
substructure (dSphs) or Galaxy clusters AND the 
extragalactic 

d��

dE
=

Z Z h�vi
4⇡

dN�

dE DM

⇢2DM (l,⌦)

2m2
�

dld⌦

For a DM annihilation signal (within the galaxy)

We want to observe:
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Figure 1: Various gamma-ray spectra expected from DM annihilation, all normalized to N(x > 0.1) =
1. Spectra from secondary particles (gray band) are hardly distinguishable. Pronounced peaks near the
kinematical endpoint can have different origins, but detectors with very good energy resolutions ∆E/E may
be needed to discriminate amongst them in the (typical) situation of limited statistics. See text for more
details about these spectra.

2.1. Lines
The direct annihilation of DM pairs into γX – where X = γ, Z,H or some new neu-

tral state – leads to monochromatic gamma rays with Eγ = mχ
!

1 − m2X/4m
2
χ

"

, providing
a striking signature which is essentially impossible to mimic by astrophysical contri-
butions [51]. Unfortunately, these processes are loop-suppressed with O(α2em) and thus
usually subdominant, i.e. not actually visible against the continuous (both astrophysical
and DM induced) background when taking into account realistic detector resolutions;
however, examples of particularly strong line signals exist [32, 33, 52–56]. A space-
based detector with resolution ∆E/E = 0.1 (0.01) could, e.g., start to discriminate be-
tween γγ and γZ lines for DM masses of roughly mχ ! 150GeV (mχ ! 400GeV) if at
least one of the lines has a statistical significance of" 5σ [57]. This would, in principle,
open the fascinating possibility of doing ‘DM spectroscopy’ (see also Section 5).

2.2. Internal bremsstrahlung (IB)
Whenever DM annihilates into charged particles, additional final state photons ap-

pear at O(αem) that generically dominate the spectrum at high energies. One may dis-
tinguish between final state radiation (FSR) and virtual internal bremsstrahlung (VIB)
in a gauge-invariant way [58], where the latter can very loosely be associated to pho-
tons radiated from charged virtual particles. FSR is dominated by collinear photons,
thus most pronounced for light final state particles, mf ≪ mχ, and produces a model-
independent spectrum with a sharp cut-off at Eγ = mχ [59, 60]; a typical example for a
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Continuum emis-
sion, tree level, 
relatively hard 
spectrum, but 
featureless

DM annihilation spectra
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Final state radiation Virtual Internal Bremss.
Comes from radiative corrections to processes 
with charged particles. Suppressed by O(a), but 
with a much harder spectrum; FSR has an 
additional suppression factor of (mf/Mchi)^2
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at O(a^2).

T. Bringmann & C. Weniger (2012)



Gamma-Rays at High Latitudes (mainly extragalactic)

Many possible components. These are astrophysical sources that suffer 
from relatively large uncertainties.  
• BL Lacs & Flat Spectrum Radio Quazars


• Star Forming Galaxies & Starburst Galaxies 


• UHECRs


• Fanarov Riley I & II galaxies (radio galaxies)


• Gammas from gravitationally induced waves


• GRBs


• MSPs
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Figure 11. Extragalactic γ-ray background measured by Fermi (EGB Fermi) (solid black) and the
minimal contribution of various known sources. The contributions are from solid blue: BL Lacs, solid
red : FSRQs, solid orange: millisecond pulsars (MSP), solid green : star-forming galaxies (SFG),
dashed blue: interactions of ultra high energy cosmic rays with the CMB and the galactic radiation
field (UHECR), dashed red : Fanarov Riley I and II galaxies (FRI & FRII), dashed orange gamma ray
bursts (GRB), dashed green starburst galaxies, dotted blue: gravitationally induced shock waves in the
intergalactic medium (IGS) and from dotted red : interactions of ultra high energy cosmic ray protons
in the inter-cluster medium (UHEpr ICM). The thick solid green is the total minimal contribution to
the EGBR (Total).

Compton component depends on the exact assumptions on the inter-cluster radiation field,
we ignore it in our conservative approach. The contribution of π0 component above about 1
GeV can be approximated by

dNγ

dE UHEp ICM
= 3.1× 10−9E−2.75

γ GeV−1cm−2s−1sr−1. (C.9)

The chosen normalization results in 1.0× 10−7 ph cm−2s−1sr−1 for energies above 100 MeV
[187, 188].

Finally, gravitationally induced shock waves in the intergalactic medium can accelerate
electrons and protons. The inverse Compton scattering of those electrons, which have a very
hard spectrum ∼ E−2, gives rise to γ-rays. However, the contribution of the accelerated
protons to γ-rays is negligible because of their long timescale for energy loss. While these
γ-rays are not extragalactic, they mimic the EGBR because of their contribution at high
latitudes. Following [189] (see also [190]) we take

dNγ

dE IGS
= 0.87 × 10−10 ×

⎧

⎨

⎩

(

Eγ

10

)−2.04
for Eγ < 10GeV

(

Eγ

10

)−2.13
for Eγ > 10GeV

⎫

⎬

⎭

GeV−1cm−2s−1sr−1. (C.10)

We include the attenuation of γ-rays for those sources which are expected to be im-
portant at high redshifts. The spectra of the mentioned sources are shown in Fig. 11. The
combination of these spectra results in a total flux of 4.3 × 10−6 ph cm−2s−1sr−1 between
100 MeV and 100 GeV or ≃ 40% of the total EGBR measured by [62].
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Figure 4. 3σ upper limits on WIMPs annihilation cross section versus mχ. The annihilation channels
are µ+µ− (top left), τ+τ− (top right), bb̄ (middle left), W+W− (middle right) and tt̄ (bottom). The
lines represent limits from γ-rays in |l| < 8◦, 1◦ < |b| < 9◦ (dotted green), γ-rays in |l| < 8◦, 9◦ <
|b| < 25◦ (dashed green), γ-rays in 0◦ < l < 360◦, |b| > 60◦ (dotted dashed green), antiprotons (red)
and leptons (blue). Our limits from leptons stop at 15GeV since in our analysis we ignore leptonic
data at lower energies. The ISM gas normalization is kept to be free within a factor of 2 from the
reference distribution case (see text for more details). We include all diffuse γ-ray components of DM
origin (prompt, ICS, bremsstrahlung).
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Using the very conservative assumptions on the contribution of conventional 
sources at high latitudes (and very conservative assumptions on the DM 
contribution):

The gamma-ray observations at high latitudes give the weakest limits 
compared to other indirect detection probes… but that’s not the full story 
since these limits are truly very conservative.
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FIG. 1. The models used in our analysis to describe the spectral shape of the gamma-ray emission from Milky Way-like star-
forming galaxies (left) and much higher luminosity starburst galaxies (right), neglecting attenuation from the cosmic infrared
background. See text for details.

of the Fermi mission.
The remainder of this paper is structured as follows.

In Sec. II, we discuss contributions to the EGB from a
variety of astrophysical sources, including star-forming
galaxies, radio galaxies, blazars, cascades induced by
ultra-high energy cosmic rays, and millisecond pulsars.
We describe and constrain a model for this astrophysical
emission, and find that the combination of these sources
could account for the entirety of the EGB, although with
significant statistical and systematic uncertainties. In
Sec. III, we calculate the contribution to the EGB from
dark matter annihilations, including extragalactic halos
and subhalos, and the halo and subhalos of the Milky
Way. In Sec. IV, we use these results to derive constraints
on the dark matter annihilation cross section. In Sec. V,
we make projections for Fermi’s future sensitivity to an-
nihilating dark matter. Finally, in Sec. VI, we summarize
our results and conclusions.

II. ASTROPHYSICAL CONTRIBUTIONS TO
THE DIFFUSE GAMMA-RAY BACKGROUND

In this section, we discuss several astrophysical contri-
butions to the EGB, and constrain their spectral shapes
and normalizations. Taken together, we find that the
combination of emission from star-forming galaxies, ra-
dio galaxies, FSRQs and BL Lac objects likely makes
up the majority of the EGB, although with significant
uncertainties.

A. Star-Forming Galaxies

Although few galaxies (excluding those with active nu-
clei) are bright enough to be detected by Fermi as indi-
vidual sources, they are very numerous and may collec-
tively contribute significantly to the EGB [15–17, 31].
Galaxies produce and contain cosmic rays, which gener-

ate gamma-rays through pion decay, inverse Compton,
and bremsstrahlung processes. The intensity and spec-
trum of this emission is expected to depend on the star
formation history of the galaxy in question. To date,
Fermi has reported the detection of only nine individ-
ual galaxies, four of which reside within the Local Group
(the SMC, LMC, M31, and Milky Way) and five of which
are more distant (NGC 253, M82, NGC 4945, NGC 1068
and Circinus) [27, 40–42]. Additionally, M82 and NGC
253 have been observed at very high-energies by ground-
based gamma-ray telescopes [43, 44]. Taking this infor-
mation alone, it would be very di�cult to produce a reli-
able model for the luminosity and redshift distribution of
such sources. Fortunately, many more galaxies have been
detected at infrared wavelengths [45], and the gamma-ray
luminosities of the galaxies detected by Fermi have been
shown to be highly correlated with the corresponding ra-
dio and infrared emission. In particular, Ref. [27] reports
the following relationship between the emission in the
0.1-100 GeV and 8-1000 µm bands:

log

✓
L0.1�100GeV

erg/s

◆
= ↵ log

✓
L8�1000µm

1010 L�

◆
+ �, (1)

where ↵ = 1.17± 0.07 and � = 39.28± 0.08. Combining
this observed correlation with the observed infrared lumi-
nosity function and redshift distribution of galaxies [45],
it is possible to derive the gamma-ray luminosity function
for this source population [27].
To describe the spectral shape from this source popula-

tion, we build a physical model for the gamma-ray spec-
tra from star-forming and starburst galaxies, constrained
to match the observed emission from such objects. In the
left and right frames of Fig. 1, we plot the gamma-ray
spectrum from a Milky Way-like star-forming galaxy and
a high luminosity starburst galaxy, respectively. In the
starburst case, we select the pion, inverse Compton, and
bremsstrahlung components to match the overall spectral
index (above 1 GeV) of 2.2, as observed from individual
starburst galaxies by Fermi [27]. In the Milky Way-like
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vidual sources, they are very numerous and may collec-
tively contribute significantly to the EGB [15–17, 31].
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and bremsstrahlung processes. The intensity and spec-
trum of this emission is expected to depend on the star
formation history of the galaxy in question. To date,
Fermi has reported the detection of only nine individ-
ual galaxies, four of which reside within the Local Group
(the SMC, LMC, M31, and Milky Way) and five of which
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253 have been observed at very high-energies by ground-
based gamma-ray telescopes [43, 44]. Taking this infor-
mation alone, it would be very di�cult to produce a reli-
able model for the luminosity and redshift distribution of
such sources. Fortunately, many more galaxies have been
detected at infrared wavelengths [45], and the gamma-ray
luminosities of the galaxies detected by Fermi have been
shown to be highly correlated with the corresponding ra-
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where ↵ = 1.17± 0.07 and � = 39.28± 0.08. Combining
this observed correlation with the observed infrared lumi-
nosity function and redshift distribution of galaxies [45],
it is possible to derive the gamma-ray luminosity function
for this source population [27].
To describe the spectral shape from this source popula-

tion, we build a physical model for the gamma-ray spec-
tra from star-forming and starburst galaxies, constrained
to match the observed emission from such objects. In the
left and right frames of Fig. 1, we plot the gamma-ray
spectrum from a Milky Way-like star-forming galaxy and
a high luminosity starburst galaxy, respectively. In the
starburst case, we select the pion, inverse Compton, and
bremsstrahlung components to match the overall spectral
index (above 1 GeV) of 2.2, as observed from individual
starburst galaxies by Fermi [27]. In the Milky Way-like
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FIG. 2. The estimated contribution to the EGB from star-
forming galaxies (including starburst galaxies). The dashed
curve represents the estimate derived using the central pa-
rameter values, while the solid lines are the 1� uncertainties
around that prediction. The error bars denote the spectrum of
the EGB as measured by Fermi [3], while the points without
error bars are the central values of the Fermi’s preliminary
EGB analysis, currently in preparation and shown only for
comparison [47]. See text for details.

case, we normalized the various components (relatively)
according to the model described in Ref. [46]. In calcu-
lating the contribution to the di↵use gamma-ray back-
ground, we describe the spectral shape from the com-
bination of all star-forming galaxies (including starburst
galaxies) as a weighted sum which is a function of a single
parameter, f :

dN�

dE�
= f

dN�

dE�

����
star�forming

+ (1� f)
dN�

dE�

����
starburst

. (2)

In Fig. 2, we show our estimate for the contribu-
tion to the EGB from star-forming galaxies. The cen-
tral (dashed) curve corresponds to the result found for
↵ = 1.17, � = 39.28, f = 0.5, and the central value of the
normalization of the infrared luminosity function [45]. To
calculate the uncertainty for this contribution (solid, rep-
resenting variations at the 1� level), we propagate the fol-
lowing uncertainties in these parameters: ↵ = 1.17±0.07,
� = 39.28 ± 0.08, f = 0.5 ⇥ 10±0.20 (constrained such
that 0 < f < 1), and an overall uncertainty of ±30%
in the normalization of the infrared luminosity function.
Taken together, we find that while star-forming galaxies
are likely to produce only ⇠10-15% of the extragalactic
di↵use gamma-ray background, the related uncertainties
are large, allowing for the possibility that their contribu-
tion could be more significant. Throughout this study, we
adopt standard cosmological parameters (⌦⇤ = 0.6817,
⌦M = 0.3183 [48]) and account for gamma-ray attenua-
tion via pair-production with the cosmic infrared back-
ground (� + �IR ! e+e�) using Ref. [49]’s “fiducial
model” for the optical depth, ⌧(E� , z).2

2
The “fiducial model” of Ref. [49] accounts for the evolution of

FIG. 3. The estimated contribution to the EGB from radio
galaxies (including both FRI and FRII galaxies). The dashed
curve represents the estimate derived using the central pa-
rameter values, while the solid lines are the 1� uncertainties
around that prediction. Error bars and points are as in Fig. 2.
See text for details.

B. Radio Galaxies

Radio galaxies are active galactic nuclei with relativis-
tic jets that are not aligned with our line-of-sight. Within
this context, Fanaro↵-Riley (FR) type I and II radio
galaxies are misaligned BL Lacs and FSRQs, respec-
tively [50]. Although radio galaxies are much fainter than
blazars, they are also much more numerous. As a result,
gamma-ray emission from unresolved radio galaxies is ex-
pected to contribute significantly to the EGB [28, 31, 51].
As with star-forming galaxies, only a small number

(eleven at present) of radio galaxies have been detected
at GeV energies [52]. But also like star-forming galaxies,
a strong correlation has been observed between the GeV
emission of radio galaxies and the emission produced at
other wavelengths. In particular, the gamma-ray (0.1-10
GeV) and radio (5 GHz) emission from both FRI and
FRII radio galaxies exhibit the following correlation [28]:

log

✓
L0.1�10GeV

erg/s

◆
= A log

✓
L5GHz

erg/s

◆
+B, (3)

where A = 1.16 ± 0.02 and B = �3.90 ± 0.61. We
combine this observed correlation with the luminosity
function and redshift distribution of radio galaxies as re-
ported by Willott et al. [53] (which includes both FRI
and FRII type galaxies) to generate a model for the re-
sulting gamma-ray emission.
For the spectral shape of the gamma-ray emission from

radio galaxies, we adopt a power-law with an index which

the absorption e�ciency of dust with redshift. If we had instead

adopted their “fixed model” for the optical depth, this would

have impact our limits by a factor of ⇠2 for dark matter masses

greater than a few TeV, and insignificantly for masses below

⇠500 GeV.

Modeling the contribution from extragalactic backgrounds

I.C., S. McDermott, D. Hooper, JCAP 1402 (2014)

Combining the star-forming and the star

burst galaxies at equal weights (f=0.5):
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combine this observed correlation with the luminosity
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ported by Willott et al. [53] (which includes both FRI
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FIG. 4. The estimated contribution to the EGB from blazars
(BL Lacs and FSRQs). Once again, the dashed curve repre-
sents the estimate derived using the central parameter values,
while the solid lines are the 1� uncertainties around that pre-
diction. Error bars and points are as in Fig. 2. See text for
details.

we allow to vary from source-to-source around an average
value. Using the ten spectral indices reported in Ref. [28],
we find that a good fit is found for an average spectral
index of � = 2.39 ± 0.15, with a source-to-source varia-
tion of � ⇡ 0.2. In addition to the uncertainties on the
spectral index and the radio-GeV correlation parameters,
we include a 14% uncertainty in the overall normaliza-
tion (corresponding to  = 0.081 ± 0.011 in Ref. [28]).
In Fig. 3, we show our estimate for the contribution of
radio galaxies to the EGB, including the result derived
using our central parameter values and the surrounding
1� uncertainty band.

C. Blazars

Blazars are by far the most numerous class of resolved
extragalactic gamma-ray sources, and were long consid-
ered to be a leading candidate to generate the majority of
the EGB. As the number of detected sources increased,
however, it became apparent that unresolved blazars are
unlikely to dominate this background. Taken together
with the observed degree of anisotropy in the di↵use
gamma-ray background at high-latitudes [22], blazars ap-
pear likely to account for only approximately 20% of the
EGB [23–26].

To estimate the contribution from blazars to the EGB,
we consider BL Lac objects and FSRQs independently.
For each of these source classes, Fermi has resolved a
large number of individual objects, making it possible to
construct fairly reliable distributions of these sources in
luminosity and redshift, without relying on correlations
with emission at other wavelengths. Our method to es-
timate these contributions follows closely the works of
Refs. [25, 26, 54], and we do not repeat the details here.
In Fig. 4, we show the resulting contributions of BL Lacs
and FSRQs to the EGB.

FIG. 5. The estimated contribution to the EGB from the
propagation of ultra-high energy cosmic rays. The upper and
lower sets of curves correspond to models with very strong
source evolution and no source evolution, respectively [35].
Error bars and points are as in Fig. 2. See text for details.

D. Ultra-High Energy Cosmic Ray Propagation

Ultra-high energy protons and nuclei scatter with the
cosmic microwave and infrared backgrounds, leading to
their attenuation and to the corresponding spectral fea-
ture known as the GZK cuto↵ [55, 56]. Such interac-
tions also initiate electromagnetic cascades. The ener-
getic photons and electrons associated with such cascades
undergo a rapid sequence of pair production and inverse
Compton scattering events, evolving rapidly downward
in energy. The resulting spectrum of di↵use gamma-rays
peaks at energies of ⇠10�100 GeV, representing the ap-
proximate energy below which the universe is transparent
to gamma-rays.

The spectrum of gamma-rays resulting from ultra-high
energy cosmic ray (UHECR) propagation depends on a
number of relatively unconstrained factors, including the
redshift distribution of sources, the chemical composition
of the UHECRs, the extragalactic magnetic field distri-
bution, and the energy density of the cosmic radio back-
ground. As a result, very large uncertainties are asso-
ciated with the overall flux of gamma-rays produced by
such particles. The spectral shape of this contribution,
in contrast, is less sensitive to these unknown factors. In
Fig. 5 we show the contribution from UHECR propaga-
tion to the EGB for a few representative cases, as origi-
nally presented in Ref. [35] (see also, Ref. [36]). For each
of the four curves shown, the injected cosmic ray spec-
trum is taken to consist purely of protons or iron nuclei,
with a spectral index of 2.3, and with an exponential cut-
o↵ above Z ⇥ 1020.5 eV (where Z = 1 for protons and 26
iron nuclei). The upper two curves assume a very strong
source evolution, n(z) = n0 (1 + z)5, while the lower two
curves adopt an unchanging source distribution with red-
shift, n(z) = n0. These cases shown are rather extreme,
and the true contribution from UHECR propagation is
likely to fall somewhere within this range.
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In Fig. 3, we show our estimate for the contribution of
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luminosity and redshift, without relying on correlations
with emission at other wavelengths. Our method to es-
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Compton scattering events, evolving rapidly downward
in energy. The resulting spectrum of di↵use gamma-rays
peaks at energies of ⇠10�100 GeV, representing the ap-
proximate energy below which the universe is transparent
to gamma-rays.

The spectrum of gamma-rays resulting from ultra-high
energy cosmic ray (UHECR) propagation depends on a
number of relatively unconstrained factors, including the
redshift distribution of sources, the chemical composition
of the UHECRs, the extragalactic magnetic field distri-
bution, and the energy density of the cosmic radio back-
ground. As a result, very large uncertainties are asso-
ciated with the overall flux of gamma-rays produced by
such particles. The spectral shape of this contribution,
in contrast, is less sensitive to these unknown factors. In
Fig. 5 we show the contribution from UHECR propaga-
tion to the EGB for a few representative cases, as origi-
nally presented in Ref. [35] (see also, Ref. [36]). For each
of the four curves shown, the injected cosmic ray spec-
trum is taken to consist purely of protons or iron nuclei,
with a spectral index of 2.3, and with an exponential cut-
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iron nuclei). The upper two curves assume a very strong
source evolution, n(z) = n0 (1 + z)5, while the lower two
curves adopt an unchanging source distribution with red-
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and the true contribution from UHECR propagation is
likely to fall somewhere within this range.
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FIG. 6. The estimated contribution to the high-latitude, dif-
fuse gamma-ray background from millisecond pulsars. See
text for details.

E. Millisecond Pulsars

Pulsars are rapidly spinning neutron stars which
steadily convert their rotational kinetic energy into ra-
diation, including potentially observable emission at ra-
dio and gamma-ray wavelengths. Due to their long life-
times and expected spatial distribution, unresolved mil-
lisecond pulsars (MSPs), also known as recycled pul-
sars, have been considered as potential contributors to
the high-latitude di↵use gamma-ray background [57] (see
also Ref. [58]).

The Fermi Collaboration has detected gamma-ray
emission from a total of 125 sources identified as pul-
sars, 47 of which have millisecond-scale periods [59]. Fol-
lowing Ref. [60], we build a spatial distribution and lu-
minosity function model for galactic millisecond pulsars,
constrained to account for the MSPs observed by Fermi
without exceeding the total number of observed MSPs
and currently unidentified gamma-ray sources. We also
further constrain the spatial distribution to accommo-
date the distribution of such sources observed at radio
frequencies [61]. Taken together, we find that MSPs
are expected to account for only approximately 0.1% to
0.3% of the di↵use gamma-ray background above 1 GeV.
This estimate is also compatible with constraints from
Fermi’s anisotropy measurement [62]. For details of the
model used and its fit the observed MSP distribution,
we direct the reader to Ref. [60]. For the spectral shape
of the gamma-ray emission from unresolved MSPs, we
adopt dN�/dE� / E�1.46

� exp(�E�/3.3GeV), which pro-
vides a good fit to the spectra observed from individual
MSPs [60].

In Fig. 6, we show our estimate for the contribution
from millisecond pulsars to the di↵use gamma-ray back-
ground (integrated above |b| > 30�). The contribution
has a negligible impact on our fits and limits, and thus
we do not consider it further in this study.

F. Other Contributions

There are several other contributions to the EGB
which we will not explicitly include in this study. For
the sake of completeness, we will briefly summarize some
of these possible contributions here.
The mergers of galaxy clusters and other large scale

structures can generate large-scale collisionless shocks ca-
pable of accelerating electrons to highly relativistic ener-
gies. Through inverse Compton scattering with the cos-
mic microwave background, such electrons could poten-
tially generate a non-negligible contribution to the di↵use
gamma-ray background [32, 33]. Assuming that ⇠5% of
the thermal energy in such shocks is transferred to the
acceleration of electrons, Ref. [32] finds that this mecha-
nism could account for up to tens of percents of the dif-
fuse gamma-ray background at energies above ⇠10 GeV.
In such a scenario, Fermi should be capable of detecting
several merging clusters as gamma-ray sources [32, 34].
Other estimates for this contribution are significantly
lower [33], however, and it is di�cult to bound the ex-
pected contribution from this mechanism. As gamma-
ray emission has not yet been detected from galaxy clus-
ters [63–67], we do not include this contribution in our
model at this time.
More local phenomena could also contribute to the dif-

fuse gamma-ray background. In particular, interactions
between cosmic rays and ionized hydrogen in the outer
halo of the Milky Way could produce a di↵use flux of
gamma-rays capable of accounting for ⇠1-10% of the ob-
served gamma-ray background [68]. Alternatively, inter-
actions of cosmic rays with debris in the Solar System’s
Oort Cloud could also contribute [69]. We do not include
such local contributions in our calculations.

G. The Combined Astrophysical Contribution to
the Extragalactic Gamma-Ray Background

In Fig. 7, we show the combined contributions to the
EGB from radio galaxies, star-forming galaxies, FSRQs,
and BL Lac objects. To evaluate a given model, we calcu-
late the total chi-square (�2) corresponding to all of the
parameter values, as described in Secs. II A, II B, and
IIC. The dashed curve in Fig. 7 represents the model
with central values for each parameter, whereas the solid
curves denote the range covered by all models which yield
a �2 that is within 1� of that found using the central
parameter values. The result shown in Fig. 7 does not
include in its fit the spectrum of the EGB as measured
by Fermi.
Remarkably, we find that the entirety of the observed

EGB can be accounted for by a combination of emission
from radio galaxies, star-forming galaxies, and blazars.
In Fig. 8 we show two specific examples of viable astro-
physical models which provide a good fit to the observed
EGB. In the left frame, we show a model with a neg-
ligible contribution from UHECR propagation, whereas
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FIG. 2. The estimated contribution to the EGB from star-
forming galaxies (including starburst galaxies). The dashed
curve represents the estimate derived using the central pa-
rameter values, while the solid lines are the 1� uncertainties
around that prediction. The error bars denote the spectrum of
the EGB as measured by Fermi [3], while the points without
error bars are the central values of the Fermi’s preliminary
EGB analysis, currently in preparation and shown only for
comparison [47]. See text for details.

case, we normalized the various components (relatively)
according to the model described in Ref. [46]. In calcu-
lating the contribution to the di↵use gamma-ray back-
ground, we describe the spectral shape from the com-
bination of all star-forming galaxies (including starburst
galaxies) as a weighted sum which is a function of a single
parameter, f :

dN�

dE�
= f

dN�
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star�forming
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����
starburst

. (2)

In Fig. 2, we show our estimate for the contribu-
tion to the EGB from star-forming galaxies. The cen-
tral (dashed) curve corresponds to the result found for
↵ = 1.17, � = 39.28, f = 0.5, and the central value of the
normalization of the infrared luminosity function [45]. To
calculate the uncertainty for this contribution (solid, rep-
resenting variations at the 1� level), we propagate the fol-
lowing uncertainties in these parameters: ↵ = 1.17±0.07,
� = 39.28 ± 0.08, f = 0.5 ⇥ 10±0.20 (constrained such
that 0 < f < 1), and an overall uncertainty of ±30%
in the normalization of the infrared luminosity function.
Taken together, we find that while star-forming galaxies
are likely to produce only ⇠10-15% of the extragalactic
di↵use gamma-ray background, the related uncertainties
are large, allowing for the possibility that their contribu-
tion could be more significant. Throughout this study, we
adopt standard cosmological parameters (⌦⇤ = 0.6817,
⌦M = 0.3183 [48]) and account for gamma-ray attenua-
tion via pair-production with the cosmic infrared back-
ground (� + �IR ! e+e�) using Ref. [49]’s “fiducial
model” for the optical depth, ⌧(E� , z).2

2
The “fiducial model” of Ref. [49] accounts for the evolution of

FIG. 3. The estimated contribution to the EGB from radio
galaxies (including both FRI and FRII galaxies). The dashed
curve represents the estimate derived using the central pa-
rameter values, while the solid lines are the 1� uncertainties
around that prediction. Error bars and points are as in Fig. 2.
See text for details.

B. Radio Galaxies

Radio galaxies are active galactic nuclei with relativis-
tic jets that are not aligned with our line-of-sight. Within
this context, Fanaro↵-Riley (FR) type I and II radio
galaxies are misaligned BL Lacs and FSRQs, respec-
tively [50]. Although radio galaxies are much fainter than
blazars, they are also much more numerous. As a result,
gamma-ray emission from unresolved radio galaxies is ex-
pected to contribute significantly to the EGB [28, 31, 51].
As with star-forming galaxies, only a small number

(eleven at present) of radio galaxies have been detected
at GeV energies [52]. But also like star-forming galaxies,
a strong correlation has been observed between the GeV
emission of radio galaxies and the emission produced at
other wavelengths. In particular, the gamma-ray (0.1-10
GeV) and radio (5 GHz) emission from both FRI and
FRII radio galaxies exhibit the following correlation [28]:
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where A = 1.16 ± 0.02 and B = �3.90 ± 0.61. We
combine this observed correlation with the luminosity
function and redshift distribution of radio galaxies as re-
ported by Willott et al. [53] (which includes both FRI
and FRII type galaxies) to generate a model for the re-
sulting gamma-ray emission.
For the spectral shape of the gamma-ray emission from

radio galaxies, we adopt a power-law with an index which

the absorption e�ciency of dust with redshift. If we had instead

adopted their “fixed model” for the optical depth, this would

have impact our limits by a factor of ⇠2 for dark matter masses

greater than a few TeV, and insignificantly for masses below
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curve represents the estimate derived using the central pa-
rameter values, while the solid lines are the 1� uncertainties
around that prediction. The error bars denote the spectrum of
the EGB as measured by Fermi [3], while the points without
error bars are the central values of the Fermi’s preliminary
EGB analysis, currently in preparation and shown only for
comparison [47]. See text for details.
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lating the contribution to the di↵use gamma-ray back-
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tion to the EGB from star-forming galaxies. The cen-
tral (dashed) curve corresponds to the result found for
↵ = 1.17, � = 39.28, f = 0.5, and the central value of the
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that 0 < f < 1), and an overall uncertainty of ±30%
in the normalization of the infrared luminosity function.
Taken together, we find that while star-forming galaxies
are likely to produce only ⇠10-15% of the extragalactic
di↵use gamma-ray background, the related uncertainties
are large, allowing for the possibility that their contribu-
tion could be more significant. Throughout this study, we
adopt standard cosmological parameters (⌦⇤ = 0.6817,
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B. Radio Galaxies

Radio galaxies are active galactic nuclei with relativis-
tic jets that are not aligned with our line-of-sight. Within
this context, Fanaro↵-Riley (FR) type I and II radio
galaxies are misaligned BL Lacs and FSRQs, respec-
tively [50]. Although radio galaxies are much fainter than
blazars, they are also much more numerous. As a result,
gamma-ray emission from unresolved radio galaxies is ex-
pected to contribute significantly to the EGB [28, 31, 51].
As with star-forming galaxies, only a small number

(eleven at present) of radio galaxies have been detected
at GeV energies [52]. But also like star-forming galaxies,
a strong correlation has been observed between the GeV
emission of radio galaxies and the emission produced at
other wavelengths. In particular, the gamma-ray (0.1-10
GeV) and radio (5 GHz) emission from both FRI and
FRII radio galaxies exhibit the following correlation [28]:

log

✓
L0.1�10GeV

erg/s

◆
= A log

✓
L5GHz

erg/s

◆
+B, (3)

where A = 1.16 ± 0.02 and B = �3.90 ± 0.61. We
combine this observed correlation with the luminosity
function and redshift distribution of radio galaxies as re-
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FIG. 4. The estimated contribution to the EGB from blazars
(BL Lacs and FSRQs). Once again, the dashed curve repre-
sents the estimate derived using the central parameter values,
while the solid lines are the 1� uncertainties around that pre-
diction. Error bars and points are as in Fig. 2. See text for
details.

we allow to vary from source-to-source around an average
value. Using the ten spectral indices reported in Ref. [28],
we find that a good fit is found for an average spectral
index of � = 2.39 ± 0.15, with a source-to-source varia-
tion of � ⇡ 0.2. In addition to the uncertainties on the
spectral index and the radio-GeV correlation parameters,
we include a 14% uncertainty in the overall normaliza-
tion (corresponding to  = 0.081 ± 0.011 in Ref. [28]).
In Fig. 3, we show our estimate for the contribution of
radio galaxies to the EGB, including the result derived
using our central parameter values and the surrounding
1� uncertainty band.

C. Blazars

Blazars are by far the most numerous class of resolved
extragalactic gamma-ray sources, and were long consid-
ered to be a leading candidate to generate the majority of
the EGB. As the number of detected sources increased,
however, it became apparent that unresolved blazars are
unlikely to dominate this background. Taken together
with the observed degree of anisotropy in the di↵use
gamma-ray background at high-latitudes [22], blazars ap-
pear likely to account for only approximately 20% of the
EGB [23–26].

To estimate the contribution from blazars to the EGB,
we consider BL Lac objects and FSRQs independently.
For each of these source classes, Fermi has resolved a
large number of individual objects, making it possible to
construct fairly reliable distributions of these sources in
luminosity and redshift, without relying on correlations
with emission at other wavelengths. Our method to es-
timate these contributions follows closely the works of
Refs. [25, 26, 54], and we do not repeat the details here.
In Fig. 4, we show the resulting contributions of BL Lacs
and FSRQs to the EGB.

FIG. 5. The estimated contribution to the EGB from the
propagation of ultra-high energy cosmic rays. The upper and
lower sets of curves correspond to models with very strong
source evolution and no source evolution, respectively [35].
Error bars and points are as in Fig. 2. See text for details.

D. Ultra-High Energy Cosmic Ray Propagation

Ultra-high energy protons and nuclei scatter with the
cosmic microwave and infrared backgrounds, leading to
their attenuation and to the corresponding spectral fea-
ture known as the GZK cuto↵ [55, 56]. Such interac-
tions also initiate electromagnetic cascades. The ener-
getic photons and electrons associated with such cascades
undergo a rapid sequence of pair production and inverse
Compton scattering events, evolving rapidly downward
in energy. The resulting spectrum of di↵use gamma-rays
peaks at energies of ⇠10�100 GeV, representing the ap-
proximate energy below which the universe is transparent
to gamma-rays.

The spectrum of gamma-rays resulting from ultra-high
energy cosmic ray (UHECR) propagation depends on a
number of relatively unconstrained factors, including the
redshift distribution of sources, the chemical composition
of the UHECRs, the extragalactic magnetic field distri-
bution, and the energy density of the cosmic radio back-
ground. As a result, very large uncertainties are asso-
ciated with the overall flux of gamma-rays produced by
such particles. The spectral shape of this contribution,
in contrast, is less sensitive to these unknown factors. In
Fig. 5 we show the contribution from UHECR propaga-
tion to the EGB for a few representative cases, as origi-
nally presented in Ref. [35] (see also, Ref. [36]). For each
of the four curves shown, the injected cosmic ray spec-
trum is taken to consist purely of protons or iron nuclei,
with a spectral index of 2.3, and with an exponential cut-
o↵ above Z ⇥ 1020.5 eV (where Z = 1 for protons and 26
iron nuclei). The upper two curves assume a very strong
source evolution, n(z) = n0 (1 + z)5, while the lower two
curves adopt an unchanging source distribution with red-
shift, n(z) = n0. These cases shown are rather extreme,
and the true contribution from UHECR propagation is
likely to fall somewhere within this range.
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radio galaxies to the EGB, including the result derived
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construct fairly reliable distributions of these sources in
luminosity and redshift, without relying on correlations
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of the UHECRs, the extragalactic magnetic field distri-
bution, and the energy density of the cosmic radio back-
ground. As a result, very large uncertainties are asso-
ciated with the overall flux of gamma-rays produced by
such particles. The spectral shape of this contribution,
in contrast, is less sensitive to these unknown factors. In
Fig. 5 we show the contribution from UHECR propaga-
tion to the EGB for a few representative cases, as origi-
nally presented in Ref. [35] (see also, Ref. [36]). For each
of the four curves shown, the injected cosmic ray spec-
trum is taken to consist purely of protons or iron nuclei,
with a spectral index of 2.3, and with an exponential cut-
o↵ above Z ⇥ 1020.5 eV (where Z = 1 for protons and 26
iron nuclei). The upper two curves assume a very strong
source evolution, n(z) = n0 (1 + z)5, while the lower two
curves adopt an unchanging source distribution with red-
shift, n(z) = n0. These cases shown are rather extreme,
and the true contribution from UHECR propagation is
likely to fall somewhere within this range.

MSPs (recycled pulsars):
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FIG. 8. Two examples of viable models which provide a good fit to the observed EGB. See text for details.

below the current resolution (the Aquarius simulation of
Milky Way-like halos, for example, resolves subhalos with
masses down to ⇠ 3 ⇥ 104 M� [79]). In particular, the
result of in Eq. 8 assumes that the subhalo mass function
extends down to a minimum mass of Mmin = 10�6 M�,
and that the mass-concentration relationship observed
among very massive simulated subhalos can be extrapo-
lated to much smaller subhalos. In regards to the min-
imum subhalo mass, the precise value of Mmin is de-
termined by the temperature at which the dark matter
particles decouple kinetically from the cosmic neutrino
background. And while the value of Mmin is model-
dependent, typical dark matter candidates with masses
and annihilation cross sections in the range of interest to
this study generically yield minimum masses in the range
of Mmin ⇠ 10�3 � 10�9 M� [80, 81]. If we had increased
the minimum subhalo mass assumed from 10�6 to 10�3

solar masses, the boost factors would be reduced by a fac-
tor of ⇠4 relative to those given by Eq. 8. Of potentially
greater importance, however, is the extrapolation of the
subhalo mass-concentration relationship. If the concen-
trations of low mass subhalos are not as large as sug-
gested by current extrapolations, the resulting boost fac-
tors could be very significantly reduced. As an example
of the variation found in the literature, we point out that
the boost factors presented in Ref. [83] for galaxy-sized
halos are a factor of ⇠30 smaller than those described in
Eq. 8. With this in mind, we plot in Fig. 9 the contribu-
tion to the EGB from extragalactic dark matter annihi-
lations, for a reference dark matter model (mDM = 100
GeV, annihilating to bb̄ with �v = 3⇥10�26 cm3/s), and
for three sets of assumptions regarding substructure. The
upper curve is our default case (Eq. 8), which the lower
dotted curve represents a more conservative case in which
the boost factor is reduced by a factor of 30. Also shown
as the lowest curve, which entirely neglects the contri-
bution from substructure. Notice that the conservative
case is almost indistinguishable from the case in which
we neglect substructures entirely.

We briefly mention that our results are slightly dif-
ferent from those of Ref. [68], due to di↵erences in our
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FIG. 9. The extragalactic dark matter annihilation con-
tribution to the EGB for a reference dark matter model
(mDM = 100 GeV, annihilating to bb̄ with �v = 3 ⇥ 10�26

cm3/s). The upper curve is the result using the substruc-
ture boost factor of Eq. 8, which is based on an extrapolation
of numerical simulations. The dotted curve assumes a boost
factor that is a factor of 30 lower than our default model.
The lowest curve neglects the contribution from substructure
entirely. See text for details.

underlying assumptions. Firstly, where as the authors of
Ref. [68] adopted a halo mass function based on an ellip-
soidal collapse model, we have instead adopted the model
of Ref. [71]. Secondly, we have updated our cosmologi-
cal parameters to include the recent results of the Planck
experiment [47]. In Fig. 10, we show that the combined
impact of these di↵erences reduces the overall normaliza-
tion of the extragalactic dark matter signal by a factor
of less than ⇠20% relative to the results of Ref. [68].

B. The Smooth Galactic Halo

The angle-averaged intensity from dark matter anni-
hilations in the halo of the Milky Way (neglecting sub-

I.C., S. McDermott, D. Hooper, JCAP 1402 (2014)
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FIG. 7. The estimated contribution to the EGB from the com-
bination of radio galaxies, star-forming galaxies, and blazars
(FSRQs and Bl Lacs). The dashed contour represents the
prediction using central values for all model parameters. The
solid contours are the 1� uncertainties around this prediction,
after propagating all parameter uncertainties. Error bars and
points are as in Fig. 2. See text for details.

the model in the right frame includes a significant contri-
bution from UHECRs (corresponding to iron nuclei pri-
maries, with strong source evolution). These models each
yield excellent fits to the model parameters, as well as to
Fermi’s measurement of the EGB spectrum.

Although the astrophysical contributions included in
our model are collectively able to account for the ob-
served EGB, the uncertainties in the model remain fairly
large and other contributions could also be significant. In
the following sections, we calculate the isotropic gamma-
ray spectrum from annihilating dark matter and include
this contribution in our model of the EGB in order to de-
rive upper limits on the corresponding annihilation cross
section.

III. GAMMA RAYS FROM ANNIHILATING
DARK MATTER

If the dark matter consists of particles with weak-scale
masses and cross sections, their annihilations could con-
tribute significantly to the EGB. In this section, we ex-
amine the gamma-ray spectrum produced through dark
matter particles annihilating in the halo of the MilkyWay
and throughout the universe. Throughout this section,
we follow closely the approach of Ref. [70].

A. The Extragalactic Contribution

The intensity of the extragalactic gamma-ray back-
ground from dark matter annihilations is given by [70]:

d2Ieg(E�)

dE�d⌦
=

Z
dz

H(z)

h�vi
8⇡m2

DM

(1+z)3
dN�

dE�
e�⌧ [E�(1+z),z]

⇥
Z

dM
dn(M, z)

dM
[1 + bsh(M, z)]

Z
dV ⇢2host(r,M, z),

(4)

where dN�/dE� is the gamma-ray spectrum per annihi-
lation (obtained from PPPC4DMID [71]), ⌧ is the optical
depth (again, using the model of Ref. [49]), dn/dM is
the halo mass function (which we tabulate with HMFcalc
[72] using the model of Ref. [73]), and ⇢host is the density
profile of a given halo. As our benchmark model, we con-
sider dark matter particles of mass mDM and that annihi-
late to bb̄. For this annihilation channel, the gamma-ray
emission is dominated by the prompt photons, in con-
trast to contributions from inverse Compton scattering
or bremsstrahlung emission, which we do not include in
our calculations. In this work, we will take all host ha-
los to have a density distribution defined by an NFW
profile [74, 75]:

⇢host =
⇢s

x(1 + x)2
, (5)

where ⇢s is the scale density and x = r/rs is the distance
from the center of the halo in units of the scale radius,
rs. We relate the scale and virial radii of a halo with
the concentration, c(M, z) ⌘ rvir/rs, as parameterized in
Ref. [76]. The mass of a halo is related to its virial radius
by:

M =
4⇡

3
r3vir�vir(z)⇢c(z), (6)

where ⇢c(z) is the cosmological dark matter density and
�vir(z) is the overdensity within the virial radius of a
halo. This can be parameterized as �vir(z) = 18⇡2 +
82d� 39d2, where d = ⌦M (1 + z)3/[⌦M (1 + z)3 +⌦⇤]�
1 [77]. In terms of these quantities, the scale density is
given by:

⇢s =
M

4⇡r3s


ln(1 + c)� c

1 + c

��1

. (7)

The density-squared integral in Eq. (4) can be written as
Z

dV ⇢2host(r,M, z) =
4⇡r3s⇢

2
s

3


1� 1

(1 + c)3

�
, (8)

assuming that ⇢host is described by an NFW profile.
The quantity bsh accounts for the enhancement of the

annihilation rate within a given halo as a result of sub-
structures. As our default model, we consider the follow-
ing parameterization for the boost factor:

bsh(M, z) = 110
�
M200(M, z)/1012M�

�0.39
, (9)

We can even see that it could be very 

likely the case that the known source 

of gamma-rays can explain just fine 

the current data:
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FIG. 8. Two examples of viable models which provide a good fit to the observed EGB. See text for details.
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FIG. 9. The extragalactic dark matter annihilation con-
tribution to the EGB for a reference dark matter model
(mDM = 100 GeV, annihilating to bb̄ with �v = 3 ⇥ 10�26

cm3/s). The upper curve is the result using the substruc-
ture boost factor of Eq. 9, which is based on an extrapolation
of numerical simulations. The dotted curve assumes a boost
factor that is a factor of 30 lower than our default model.
The lowest curve neglects the contribution from substructure
entirely. See text for details.

where M200 is the mass of a halo contained within a re-
gion with an average density equal to 200 times the crit-
ical density (for a relationship between M200 and Mvir,
see Appendix C of Ref. [78]).

The boost factor given in Eq. 9 was obtained from
Ref. [79] (modified to account for all subhalos, including
those outside of the volume containing mass M200 [80]),
and is based on the results of numerical simulations. To
estimate the boost factor from such simulations, how-
ever, one must extrapolate to subhalos with masses well
below the current resolution (the Aquarius simulation of
Milky Way-like halos, for example, resolves subhalos with
masses down to ⇠ 3 ⇥ 104 M� [81]). In particular, the
result of Eq. 9 assumes that the subhalo mass function
extends down to a minimum mass of Mmin = 10�6 M�,
and that the mass-concentration relationship observed

among very massive simulated subhalos can be extrapo-
lated to much smaller subhalos. In regards to the min-
imum subhalo mass, the precise value of Mmin is de-
termined by the temperature at which the dark matter
particles decouple kinetically from the cosmic neutrino
background. And while the value of Mmin is model-
dependent, typical dark matter candidates with masses
and annihilation cross sections in the range of interest to
this study generically yield minimum masses in the range
of Mmin ⇠ 10�9 � 10�3 M� [82, 83]. If we had increased
the minimum subhalo mass assumed from 10�6 to 10�3

solar masses, for example, the boost factors would be re-
duced by a factor of ⇠4 relative to those given by Eq. 9.
Of potentially greater importance, however, is the ex-
trapolation of the subhalo mass-concentration relation-
ship. If the concentrations of low mass subhalos are not
as large as suggested by current extrapolations, the re-
sulting boost factors could be very significantly reduced.
As an example of the variation found in the literature,
we note that the boost factors presented in Ref. [84] for
galaxy-sized halos are a factor of ⇠30 smaller than those
described in Eq. 9. With this in mind, we plot in Fig. 9
the contribution to the EGB from extragalactic dark
matter annihilations, for a reference dark matter model
(mDM = 100 GeV, annihilating to bb̄ with �v = 3⇥10�26

cm3/s), and for three sets of assumptions regarding sub-
structure. The upper curve is our default case (Eq. 9),
while the lower dotted curve represents a more conserva-
tive case in which the boost factor is reduced by a factor
of 30. We also show a calculation which entirely neglects
the contribution from substructure; this is shown as the
lower solid line in Fig. 9. We note that the conservative
case is almost indistinguishable from the case in which
we neglect substructures entirely.

We briefly mention that our results are slightly dif-
ferent from those of Ref. [70], due to di↵erences in our
underlying assumptions. Firstly, the authors of Ref. [70]
adopted a halo mass function based on an ellipsoidal col-
lapse model, whereas we have instead adopted the model
of Ref. [73]. Secondly, we have updated our cosmologi-
cal parameters to include the recent results of the Planck
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FIG. 12. The contribution to the EGB from subhalos of the
Milky Way, for a reference dark matter model (mDM = 100
GeV, annihilating to bb̄ with �v = 3 ⇥ 10�26 cm3/s). The
upper curve is the result using our default model, while the
lower dotted curve is reduced by a factor of 30 relative to our
default model. See text for details.

set the subhalo concentrations following the approach of
Ref. [91], where the subhalo is assumed to be initially de-
scribed by an NFW profile which is then tidally stripped,
leaving only a very compact and dark matter-dominated
object. In this case,

g[c(M)] =
1

12⇡

"
1� 1

(1 + c)3

# 
ln(1 + c)� c

1 + c

��2

,

(14)
where c is the concentration of the subhalo. In addition
to our default assumptions, we also consider a more con-
servative scenario in which the contribution from galactic
subhalos is suppressed by a factor of 30 relative to our
default case, motivated by analogy to the extragalactic
calculation.

The total intensity of gamma rays at Earth from dark
matter particles annihilating in galactic subhalos is then
given by integrating Eq. 13 over the distribution of Milky
Way subhalos. Thus we have

dIsub(E�)

dE�
=

Z
dV dM

dnsub(M, s, `, b)

dM

di(E� , s,M)

dE�
,

(15)
where

R
dMdV (dnsub/dM) is the total number of subha-

los in the Milky Way. We assume that the subhalo mass
function, dnsub/dM , is given by the anti-biased case of
Ref. [91], which is proportional to an Einasto profile with
↵E = 0.68.

To compare to observations, we are interested in the
angle-averaged intensity of gamma rays per unit energy
over the entire galaxy. This is given by:

⌧
dIsub(E�)

dE�

�
=

1

⌦e

Z

M⇤

Z

V⇤(M)

dV dM ⇥ (16)

⇥dnsub(M, s, `, b)

dM

di(E� , s,M)

dE�
,
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FIG. 13. The total contribution from dark matter anni-
hilations to the EGB, for a reference dark matter model
(mDM = 100 GeV, annihilating to bb̄ with �v = 3 ⇥ 10�26

cm3/s). The upper curve is the result using our default sub-
structure model, while the lower dotted curve is reduces the
contribution from substructure by a factor of 30 relative to
our default model. See text for details.

where V⇤ is the volume beyond which satellites are not
resolved. We consider subhalos with masses in the
range of 10�6M�  M⇤  1010M�, and assume that
they are not resolvable beyond a distance of s⇤(M) =p
L(M)/4⇡Fsens, where Fsens = 2 ⇥ 10�10 cm�2 sec�1

[91] and L(M) is the integral of Eq. (12) over all energy.

In Fig. 12, we show the contribution to the EGB from
galactic subhalos. For our default substructure model,
this contribution is comparable to that from extragalactic
dark matter annihilations. In our conservative substruc-
ture model, galactic subhalos are negligible compared to
the EGB.

A summary of this section’s results is given in Fig. 13.
Here, we have plotted the combination of extragalactic,
smooth galactic, and galactic subhalo contributions to
the EGB. The upper solid curve adopts our default sub-
structure model. The lower dotted and solid curves use
our conservative substructure model or neglect substruc-
ture entirely, respectively. We note that contributions to
the EGB from subhalos in the Milky Way and from extra-
galactic structure can be reduced significantly if low-mass
halos and subhalos are not as highly concentrated as is
suggested by extrapolations of simulations. The contri-
bution from the smooth halo of the Milky Way, however,
is significantly more robust. We also remind the reader
that we have conservatively adopted a relatively low value
of density of dark matter in the Milky Way (correspond-
ing to a local density of 0.24 GeV cm�3). The more
conservative models reduce the overall gamma ray flux
from dark matter annihilations by only a factor of ⇠4
relative to our default model.
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FIG. 10. The halo mass function, dn/dM , and the integral of
the (1+ z)�1 weighted halo mass function using the model of
Tinker et al. [73] (adopted in our calculations) and the ellip-
soidal collapse model adopted in Ref. [70]. We also show re-
sults using pre-Planck (dashed) and post-Planck (solid) values
for the relevant cosmological parameters. These di↵erences
have only a modest impact on the contribution of dark mat-
ter annihilations to the extragalactic gamma-ray background.

experiment [48]. In Fig. 10, we show that the combined
impact of these di↵erences changes the overall normaliza-
tion of the extragalactic dark matter signal by a factor
of less than ⇠20% relative to the results of Ref. [70].

B. The Smooth Galactic Halo

The angle-averaged intensity from dark matter anni-
hilations in the halo of the Milky Way (neglecting sub-
structures) is given by:
⌧
dIsm(E�)

dE�

�
=

h�vi
2m2

DM

dN�

dE�

1

⌦e

Z

V⇤

dV
⇢2(s, b, `)

4⇡s2
, (10)

where s is the distance from the center of the halo, b
and ` are the direction in galactic coordinates, and ⌦e

is the solid angle observed. We take the dark matter
to be distributed according to an NFW profile, and we
adopt parameters consistent with measurements: rs =
21.5 kpc, rvir = 258 kpc, and Mvir = 1.0⇥ 1012 M� [85].
These parameters imply a local dark matter density of
⇢� ⇡ 0.24 GeV cm�3, which is somewhat low compared
to the more canonical estimates of 0.3-0.4 GeV/cm3 [86–
89]. If we had scaled up the dark matter density to a
value in this range, the local annihilation rate would be
further enhanced by a factor of ⇠1.6-2.8.

The galactocentric radius is related to the distance
along the line-of-sight by

r2 = s2 + r2� � 2sr� cos b cos `. (11)

The solid angle of interest is described by 0  ` < 2⇡
and 30�  |b|  90�.
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FIG. 11. The contribution to the extragalactic gamma-ray
background from dark matter annihilations in the smooth
halo of the Milky Way, for a reference dark matter model
(mDM = 100 GeV, annihilating to bb̄ with �v = 3 ⇥ 10�26

cm3/s). The result has been averaged over the following re-
gion of the sky: 0 < ` < 2⇡ and |b| > 30�. See text for
details.

In Fig. 11, we plot the contribution to the EGB from
dark matter annihilations in the smooth component of
the Milky Way’s halo. Comparing this to the extragalac-
tic contribution, we find that this component is likely to
be subdominant, even for conservative assumptions per-
taining to extragalactic substructure.

C. Subhalos of the Milky Way

Although the smooth halo of the Milky Way is pre-
dicted to provide no more than a subdominant contribu-
tion to the EGB, the intensity of gamma rays from dark
matter annihilations in the subhalos of the Milky Way
are expected to be comparable to the intensity of gamma
rays from extragalactic structures. Each subhalo has a
di↵erential luminosity which is totally determined by its
density profile:

dL�

dE�
=

h�vi
2m2

DM

dN�

dE�

Z
dV ⇢2sub. (12)

For a subhalo of mass, M , at a distance, s, along the
line-of-sight, the photon intensity at earth is given by:

di(E� , s,M)

dE�
=

1

4⇡s2
dL(E� , h�vi,mDM,M)

dE�
(13)

=
1

4⇡s2
bgsh�vi
2m2

DM

dN�

dE�

M2

rs(M)3
g[c(M)],

where rs is the scale radius of the subhalo and bgs de-
scribes the contribution from substructure within each
subhalo, which we set equal to 2, irrespective of mass [90].
The function g[c(M)] arises from the integral over the
volume of each satellite. For our default calculation, we

9

Conservative
Substructure Model

Default
Substructure Model

0.01 0.1 1 10 102

10-10

10-9

10-8

E @GeVD

E2
dN
êdE
HGe

V
cm
-
2 s
-
1 s
r-
1 L

Galactic Subhalo Contribution

FIG. 12. The contribution to the EGB from subhalos of the
Milky Way, for a reference dark matter model (mDM = 100
GeV, annihilating to bb̄ with �v = 3 ⇥ 10�26 cm3/s). The
upper curve is the result using our default model, while the
lower dotted curve is reduced by a factor of 30 relative to our
default model. See text for details.

set the subhalo concentrations following the approach of
Ref. [91], where the subhalo is assumed to be initially de-
scribed by an NFW profile which is then tidally stripped,
leaving only a very compact and dark matter-dominated
object. In this case,

g[c(M)] =
1

12⇡

"
1� 1

(1 + c)3

# 
ln(1 + c)� c

1 + c

��2

,

(14)
where c is the concentration of the subhalo. In addition
to our default assumptions, we also consider a more con-
servative scenario in which the contribution from galactic
subhalos is suppressed by a factor of 30 relative to our
default case, motivated by analogy to the extragalactic
calculation.

The total intensity of gamma rays at Earth from dark
matter particles annihilating in galactic subhalos is then
given by integrating Eq. 13 over the distribution of Milky
Way subhalos. Thus we have

dIsub(E�)

dE�
=

Z
dV dM

dnsub(M, s, `, b)

dM

di(E� , s,M)

dE�
,

(15)
where

R
dMdV (dnsub/dM) is the total number of subha-

los in the Milky Way. We assume that the subhalo mass
function, dnsub/dM , is given by the anti-biased case of
Ref. [91], which is proportional to an Einasto profile with
↵E = 0.68.

To compare to observations, we are interested in the
angle-averaged intensity of gamma rays per unit energy
over the entire galaxy. This is given by:

⌧
dIsub(E�)

dE�

�
=

1

⌦e

Z

M⇤

Z

V⇤(M)

dV dM ⇥ (16)
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dM
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,
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FIG. 13. The total contribution from dark matter anni-
hilations to the EGB, for a reference dark matter model
(mDM = 100 GeV, annihilating to bb̄ with �v = 3 ⇥ 10�26

cm3/s). The upper curve is the result using our default sub-
structure model, while the lower dotted curve is reduces the
contribution from substructure by a factor of 30 relative to
our default model. See text for details.

where V⇤ is the volume beyond which satellites are not
resolved. We consider subhalos with masses in the
range of 10�6M�  M⇤  1010M�, and assume that
they are not resolvable beyond a distance of s⇤(M) =p
L(M)/4⇡Fsens, where Fsens = 2 ⇥ 10�10 cm�2 sec�1

[91] and L(M) is the integral of Eq. (12) over all energy.

In Fig. 12, we show the contribution to the EGB from
galactic subhalos. For our default substructure model,
this contribution is comparable to that from extragalactic
dark matter annihilations. In our conservative substruc-
ture model, galactic subhalos are negligible compared to
the EGB.

A summary of this section’s results is given in Fig. 13.
Here, we have plotted the combination of extragalactic,
smooth galactic, and galactic subhalo contributions to
the EGB. The upper solid curve adopts our default sub-
structure model. The lower dotted and solid curves use
our conservative substructure model or neglect substruc-
ture entirely, respectively. We note that contributions to
the EGB from subhalos in the Milky Way and from extra-
galactic structure can be reduced significantly if low-mass
halos and subhalos are not as highly concentrated as is
suggested by extrapolations of simulations. The contri-
bution from the smooth halo of the Milky Way, however,
is significantly more robust. We also remind the reader
that we have conservatively adopted a relatively low value
of density of dark matter in the Milky Way (correspond-
ing to a local density of 0.24 GeV cm�3). The more
conservative models reduce the overall gamma ray flux
from dark matter annihilations by only a factor of ⇠4
relative to our default model.
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FIG. 7. The estimated contribution to the EGB from the com-
bination of radio galaxies, star-forming galaxies, and blazars
(FSRQs and Bl Lacs). The dashed contour represents the
prediction using central values for all model parameters. The
solid contours are the 1� uncertainties around this prediction,
after propagating all parameter uncertainties. Error bars and
points are as in Fig. 2. See text for details.

the model in the right frame includes a significant contri-
bution from UHECRs (corresponding to iron nuclei pri-
maries, with strong source evolution). These models each
yield excellent fits to the model parameters, as well as to
Fermi’s measurement of the EGB spectrum.

Although the astrophysical contributions included in
our model are collectively able to account for the ob-
served EGB, the uncertainties in the model remain fairly
large and other contributions could also be significant. In
the following sections, we calculate the isotropic gamma-
ray spectrum from annihilating dark matter and include
this contribution in our model of the EGB in order to de-
rive upper limits on the corresponding annihilation cross
section.

III. GAMMA RAYS FROM ANNIHILATING
DARK MATTER

If the dark matter consists of particles with weak-scale
masses and cross sections, their annihilations could con-
tribute significantly to the EGB. In this section, we ex-
amine the gamma-ray spectrum produced through dark
matter particles annihilating in the halo of the MilkyWay
and throughout the universe. Throughout this section,
we follow closely the approach of Ref. [70].

A. The Extragalactic Contribution

The intensity of the extragalactic gamma-ray back-
ground from dark matter annihilations is given by [70]:
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where dN�/dE� is the gamma-ray spectrum per annihi-
lation (obtained from PPPC4DMID [71]), ⌧ is the optical
depth (again, using the model of Ref. [49]), dn/dM is
the halo mass function (which we tabulate with HMFcalc
[72] using the model of Ref. [73]), and ⇢host is the density
profile of a given halo. As our benchmark model, we con-
sider dark matter particles of mass mDM and that annihi-
late to bb̄. For this annihilation channel, the gamma-ray
emission is dominated by the prompt photons, in con-
trast to contributions from inverse Compton scattering
or bremsstrahlung emission, which we do not include in
our calculations. In this work, we will take all host ha-
los to have a density distribution defined by an NFW
profile [74, 75]:
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where ⇢s is the scale density and x = r/rs is the distance
from the center of the halo in units of the scale radius,
rs. We relate the scale and virial radii of a halo with
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Ref. [76]. The mass of a halo is related to its virial radius
by:
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assuming that ⇢host is described by an NFW profile.
The quantity bsh accounts for the enhancement of the

annihilation rate within a given halo as a result of sub-
structures. As our default model, we consider the follow-
ing parameterization for the boost factor:

bsh(M, z) = 110
�
M200(M, z)/1012M�

�0.39
, (9)
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prediction using central values for all model parameters. The
solid contours are the 1� uncertainties around this prediction,
after propagating all parameter uncertainties. Error bars and
points are as in Fig. 2. See text for details.
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bution from UHECRs (corresponding to iron nuclei pri-
maries, with strong source evolution). These models each
yield excellent fits to the model parameters, as well as to
Fermi’s measurement of the EGB spectrum.
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FIG. 14. Our model of the EGB, including the largest allowed contribution from annihilating dark matter (at the 95% CL). Here,
we have adopted our default substructure model. In each case, we have marginalized over the parameters of our astrophysical
model. See text for details.

IV. CONSTRAINTS ON THE DARK MATTER
ANNIHILATION CROSS SECTION

In this section, we combine the results of Secs. II
and III in order to place constraints on the contribution
from annihilating dark matter to the EGB (for previ-
ous dark matter constraints derived from the EGB, see
Refs. [70, 92, 93]).

We begin by assessing the ability of a given model to fit
the observed data. To do this, we construct a �2 statistic:

�2 =
X

i

(pi � pi,0)2

�2
p,i

+
X

j

(dj � dj,0)2

�2
d,j

, (17)

where the first sum is performed over the astrophysical
parameters of the model (pi), as described in Sec. II, and
the second sum is performed over the the error bars of
the EGB spectrum as reported by the Fermi collabora-
tion [3]. The quantities �p,i and �d,j represent the un-
certainties in the astrophysical parameters and the errors
in the measured spectrum, respectively. With no contri-
bution from dark matter, our best model parameter set
yields an overall value of �2 = 8.54. This model includes
contributions from radio galaxies, star-forming galaxies,
FSRQs, and BL Lac objects, with uncertainties in the
model parameters as described in Sec. II.

To place limits on the dark matter annihilation cross

We marginalize of the uncertainties in the non-DM contribution. 2 examples:
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FIG. 14. Our model of the EGB, including the largest allowed contribution from annihilating dark matter (at the 95% CL). Here,
we have adopted our default substructure model. In each case, we have marginalized over the parameters of our astrophysical
model. See text for details.
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the second sum is performed over the the error bars of
the EGB spectrum as reported by the Fermi collabora-
tion [3]. The quantities �p,i and �d,j represent the un-
certainties in the astrophysical parameters and the errors
in the measured spectrum, respectively. With no contri-
bution from dark matter, our best model parameter set
yields an overall value of �2 = 8.54. This model includes
contributions from radio galaxies, star-forming galaxies,
FSRQs, and BL Lac objects, with uncertainties in the
model parameters as described in Sec. II.

To place limits on the dark matter annihilation cross
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FIG. 15. In the left frame, we show the limits (95% CL) on the dark matter annihilation cross section derived in this study,
using our default substructure model (solid), and neglecting substructure (dashes). In the right frame, we compare this result
to the strongest existing constraints on the dark matter annihilation cross section from observations of the Galactic Center [37]
and of dwarf spheroidal galaxies [38]. See text for details.

section, we add a contribution from annihilations of dark
matter (with a given mass and annihilation channel) to
our model. We increase the value of the cross section un-
til the best possible �2 (marginalizing over all the param-
eters of the astrophysics model) increases by 2.71 over the
best-fit with no dark matter component (corresponding
to the 95% confidence level upper limits). In Fig. 14, we
show the contributions to the EGB in models with the
maximum allowed contribution from annihilating dark
matter (assuming annihilations to exclusively to bb̄ for
five choices of the dark matter mass).

In the left frame of Fig. 15, we plot the upper lim-
its on the dark matter annihilation cross section derived
in this study. In the right frame, this result is com-
pared to the limits obtained from observations of the
Galactic Center [37] and of dwarf spheroidal galaxies [38].
For our default substructure model, the limits presented
here are approximately as stringent as those derived from
the Galactic Center (assuming an NFW profile). Our
limits obtained neglecting contributions from substruc-
ture are comparably stringent to those derived from the
Galactic Center assuming a profile with a kiloparsec-scale
core [37]. And although the constraint from dwarf galax-
ies is somewhat less susceptible to astrophysical uncer-
tainties than those derived from the EGB or Galactic
Center, even for very conservative assumptions (i.e.. neg-
ligible contributions from substructure) the constraints
derived here are as or more sensitive to dark matter par-
ticles with masses on the order of 100 GeV or greater.

V. PROJECTIONS AND FUTURE
SENSITIVITY

As Fermi continues to collect data, its sensitivity to
dark matter annihilation products in the EGB will in-
crease due to two di↵erent sets of factors. Firstly, Fermi’s
measurement of the EGB itself will improve, reducing

the errors on the corresponding spectrum and extend-
ing the measurement to higher energies. Secondly, with
a larger data set, Fermi will detect GeV emission from
a greater number of radio galaxies, star-forming galax-
ies, and blazars, and will characterize the emission from
those sources already detected with greater precision. As
it does so, the uncertainties in the contributions to the
EGB from these sources classes will be reduced consid-
erably.

To project the error bars on Fermi’s future (after 10 to-
tal years of operation) measurement of the EGB, we take
the preliminary spectrum (which is based on 44 months
of data, and is shown in the left frame of Fig. 16 [47])
and further reduce the size of the error bars by a factor ofp
120/44 ⇡ 1.65. Note that in this projection, we have

not removed contributions from to-be-resolved blazars, in
order to better facilitate comparisons between projected
and current models and measurements. To project the
improvement in the uncertainties of our astrophysical pa-
rameters (IR/radio correlation parameters, spectral in-
dices, etc.), we reduce each error bar by the square root
of time (relative to the amount of data that was used
in the analysis of each source population). We conserva-
tively do not account for any possible improvements in
the uncertainties of the radio or IR luminosity functions
when making our projections.

In each frame of Fig. 16, we show the projected uncer-
tainties for an astrophysical model of the EGB after 10
years of Fermi data. In the left frame, we compare this
to the preliminary Fermi (44 month) measurement of the
EGB [47]. In the right frame, we compare this model to
our projection for Fermi’s measurement of the EGB with
10 years of data. Using this projection for the model
parameters and EGB measurements, we repeat the pro-
cedure used in Sec. IV to predict the constraints that
Fermi should be able to place on the dark matter annihi-
lation cross section after 10 years of observation. These
projected constraints are shown in Fig. 17.

CURRENT SIMILAR TO OTHER FERMI

LIMITS
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FIG. 16. Projected uncertainties for an astrophysical model of the extragalactic gamma-ray background, after ten years of data
from Fermi. In the left frame, we compare this model to the preliminary Fermi measurement [47], whereas in the right frame
we compare it to the measurement projected with ten years of data. See text for details.

FIG. 17. Our projected sensitivity to dark matter annihila-
tion from Fermi measurements of the EGB after 10 years of
operation, using the astrophysical model and projected error
bars as shown in the right frame of Fig. 16. See text for
details.

VI. SUMMARY AND CONCLUSIONS

The extragalactic gamma-ray background (EGB) as
measured by the Fermi Gamma-Ray Space Telescope
contains contributions from a variety of astrophysical
sources, including radio galaxies, star-forming galaxies,
and blazars. Fermi observations of individual members
of these source classes have been used to construct distri-
bution functions for these populations in both luminosity
and redshift. As Fermi collects more data, these distri-
butions will become more tightly constrained, making
it possible to determine their contributions to the EGB
with increasing precision.

In this paper, we have constructed a model for the
astrophysical contributions to the EGB, and used this
model along with Fermi’s measurement of the EGB to
constrain the contribution from annihilating dark mat-
ter. Included in this calculation are contributions from
dark matter annihilating in the halos and subhalos dis-

tributed throughout the universe, as well as that of the
Milky Way’s halo and subhalos. The limits on the dark
matter’s annihilation cross section that we derive in this
study are competitive with those based on observations
of the Galactic Center and dwarf spheroidal galaxies.
In particular, adopting a substructure model based on
the extrapolation of numerical simulations (our “default”
model), the limits presented here are, for all masses, more
stringent than those from dwarf galaxies, as recently pub-
lished by the Fermi collaboration. If we conservatively
neglect the contributions from subhalos, our limits be-
come somewhat less stringent (by a factor of ⇠4-5) but
are still competitive with those derived from dwarfs.

As Fermi collects more data, it will not only be capa-
ble of measuring the spectrum of the EGB with greater
precision, but will also more stringently constrain the
characteristics of the various astrophysical source popula-
tions that contribute to the EGB. As a result, we project
that Fermi will ultimately be able to achieve a sensi-
tivity to dark matter annihilation products in the EGB
that exceeds current constraints by a factor of ⇠5-10.
For our default substructure model, we project that the
Fermi measurement of the EGB will ultimately be sensi-
tive to dark matter with the canonical thermal annihila-
tion cross section (�v = 3⇥ 10�26 cm3/s) for masses up
to ⇠400 GeV. At the end of Fermi’s mission, such limits
will likely be the strongest constraints on the dark mat-
ter annihilation cross section, although constraints from
cosmic-ray observations could in some cases be competi-
tive and complementary [94–100].

Finally, we stress that dark matter searches making
use of the EGB are complementary to those based on
observations of the Galactic Center and dwarf galaxies.
The main systematic error in searches involving the re-
gion of the Galactic Center arises from uncertainties in
the distribution of dark matter in the Milky Way’s inner
halo. While the uncertainties faced here regarding dark
matter substructure are of a comparable magnitude, they
are independent of those issues pertaining to the Inner

Projections for future:
More data, not just in gamma-rays but also in other wavelengths will let us 
constrain the backgrounds:
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FIG. 16. Projected uncertainties for an astrophysical model of the extragalactic gamma-ray background, after ten years of data
from Fermi. In the left frame, we compare this model to the preliminary Fermi measurement [47], whereas in the right frame
we compare it to the measurement projected with ten years of data. See text for details.

FIG. 17. Our projected sensitivity to dark matter annihila-
tion from Fermi measurements of the EGB after 10 years of
operation, using the astrophysical model and projected error
bars as shown in the right frame of Fig. 16. See text for
details.
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and blazars. Fermi observations of individual members
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and redshift. As Fermi collects more data, these distri-
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it possible to determine their contributions to the EGB
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In particular, adopting a substructure model based on
the extrapolation of numerical simulations (our “default”
model), the limits presented here are, for all masses, more
stringent than those from dwarf galaxies, as recently pub-
lished by the Fermi collaboration. If we conservatively
neglect the contributions from subhalos, our limits be-
come somewhat less stringent (by a factor of ⇠4-5) but
are still competitive with those derived from dwarfs.

As Fermi collects more data, it will not only be capa-
ble of measuring the spectrum of the EGB with greater
precision, but will also more stringently constrain the
characteristics of the various astrophysical source popula-
tions that contribute to the EGB. As a result, we project
that Fermi will ultimately be able to achieve a sensi-
tivity to dark matter annihilation products in the EGB
that exceeds current constraints by a factor of ⇠5-10.
For our default substructure model, we project that the
Fermi measurement of the EGB will ultimately be sensi-
tive to dark matter with the canonical thermal annihila-
tion cross section (�v = 3⇥ 10�26 cm3/s) for masses up
to ⇠400 GeV. At the end of Fermi’s mission, such limits
will likely be the strongest constraints on the dark mat-
ter annihilation cross section, although constraints from
cosmic-ray observations could in some cases be competi-
tive and complementary [94–100].

Finally, we stress that dark matter searches making
use of the EGB are complementary to those based on
observations of the Galactic Center and dwarf galaxies.
The main systematic error in searches involving the re-
gion of the Galactic Center arises from uncertainties in
the distribution of dark matter in the Milky Way’s inner
halo. While the uncertainties faced here regarding dark
matter substructure are of a comparable magnitude, they
are independent of those issues pertaining to the Inner
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An example of indirect detection limits: Wino DM

95% CL upper limits:
Upper limits on the Wino model, if it accounts for the whole DM
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A look into the future

Cross-correlating the gamma-ray map with known galaxies.

Motivations:

New field of DM search

The main contribution in the DM induced anisotropy on the gamma-ray map

is expected to come from low redshifts (z~0.1), where the contribution from

other sources is actually low, nicely shown in: 3

FIG. 2. Predicted angular cross-power spectra of gamma-
ray emission in 5–10 GeV and the distribution of galaxies
measured by the 2MASS Redshift Survey. The dashed, dot-
dashed, and dotted lines show the contributions from dark
matter annihilation, blazars, and star-forming galaxies, re-
spectively. The solid line shows the sum, while the points
with the boxes show the errors expected after five-year obser-
vations of Fermi-LAT. The particle physics model is the same
as in Fig. 1.
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where W
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is the galaxy window function, normalized to
unity after integration over �. The angular cross-power
spectrum is determined by the three-dimensional cross-
power spectrum of �2 and galaxies, P�2,g(k). We model
this power spectrum as P�2,g(k) = b
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is the so-called galaxy bias factor. We use b
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= 1.4 for
galaxies in the 2MASS catalog [36].
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FIG. 3. Predicted cross-correlation coe�cients,
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` , between gamma rays from dark matter

(solid), blazars (dashed), or star-forming galaxies (dotted),
and the 2MASS Redshift Survey galaxies.

where P
lin

(k, z) is the linear matter power spectrum,
b
1

(M, z) is the linear halo bias, and ũ(k|M) and ṽ(k|M)
are the Fourier transform of gamma-ray emissivity and
density profiles, respectively, which are both normalized
to unity after integration over volume.
For the cross correlation of the astrophysical sources

with 2MASS galaxies, we use Eq. (6) with a proper re-
placement of W

dm

with the astrophysical window func-
tion [Eq. (4)]. We also replace the power spectrum P�2,g

with PX,g, and we approximate it as PX,g ⇡ bXb
g

P�,
where P� is the matter power spectrum. For both blazars
and star-forming galaxies, we assume bX = 1.4 for their
bias parameters.
The angular power spectrum defined by Eq. (6) has

units of intensity times solid angle, and it is propor-
tional to h�vi. In Fig. 2, we show the predicted Cdm,g

`
with the 2MASS Redshift Survey [22], assuming h�vi =
3 ⇥ 10�26 cm3 s�1 in the energy range of 5–10 GeV,
for 100-GeV dark matter annihilating into bb̄. We also
show the predicted cross spectra with the 2MASS Red-
shift Survey for blazars and star-forming galaxies, respec-
tively. Remarkably, we find that the dark matter-galaxy
correlation dominates over the other astrophysical con-
tributions. This is because the low-redshift (z . 0.1)
2MASS galaxies are less correlated with the astrophysical
gamma-ray sources than with dark matter annihilation.
The galactic emission due to cosmic ray interactions is
much more concentrated at the halo center than dark
matter annihilation; thus, while the former is easier to
be identified with nearby individual sources, the latter
yields the larger luminosity density in a local volume.1

It is therefore important to use a local galaxy catalog

1
For example, several star-forming galaxies in the local volume

S. Ando, A. Benoit-Levy, E. Komatsu, arXiv:1312.4403

Cross-correlating with 2MASS:
3

FIG. 2. Predicted angular cross-power spectra of gamma-
ray emission in 5–10 GeV and the distribution of galaxies
measured by the 2MASS Redshift Survey. The dashed, dot-
dashed, and dotted lines show the contributions from dark
matter annihilation, blazars, and star-forming galaxies, re-
spectively. The solid line shows the sum, while the points
with the boxes show the errors expected after five-year obser-
vations of Fermi-LAT. The particle physics model is the same
as in Fig. 1.
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spectrum is determined by the three-dimensional cross-
power spectrum of �2 and galaxies, P�2,g(k). We model
this power spectrum as P�2,g(k) = b

g

P�2,�(k), where b
g

is the so-called galaxy bias factor. We use b
g

= 1.4 for
galaxies in the 2MASS catalog [36].

To compute P�2,�(k), we extend the formalism given
in Ref. [17] to the cross correlation and obtain P�2,� =
P 1h
�2,� + P 2h

�2,�, where

P 1h
�2,� =
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FIG. 3. Predicted cross-correlation coe�cients,
C�,g

` /
p

C�
` C

g
` , between gamma rays from dark matter

(solid), blazars (dashed), or star-forming galaxies (dotted),
and the 2MASS Redshift Survey galaxies.

where P
lin

(k, z) is the linear matter power spectrum,
b
1

(M, z) is the linear halo bias, and ũ(k|M) and ṽ(k|M)
are the Fourier transform of gamma-ray emissivity and
density profiles, respectively, which are both normalized
to unity after integration over volume.
For the cross correlation of the astrophysical sources

with 2MASS galaxies, we use Eq. (6) with a proper re-
placement of W

dm

with the astrophysical window func-
tion [Eq. (4)]. We also replace the power spectrum P�2,g

with PX,g, and we approximate it as PX,g ⇡ bXb
g

P�,
where P� is the matter power spectrum. For both blazars
and star-forming galaxies, we assume bX = 1.4 for their
bias parameters.
The angular power spectrum defined by Eq. (6) has

units of intensity times solid angle, and it is propor-
tional to h�vi. In Fig. 2, we show the predicted Cdm,g

`
with the 2MASS Redshift Survey [22], assuming h�vi =
3 ⇥ 10�26 cm3 s�1 in the energy range of 5–10 GeV,
for 100-GeV dark matter annihilating into bb̄. We also
show the predicted cross spectra with the 2MASS Red-
shift Survey for blazars and star-forming galaxies, respec-
tively. Remarkably, we find that the dark matter-galaxy
correlation dominates over the other astrophysical con-
tributions. This is because the low-redshift (z . 0.1)
2MASS galaxies are less correlated with the astrophysical
gamma-ray sources than with dark matter annihilation.
The galactic emission due to cosmic ray interactions is
much more concentrated at the halo center than dark
matter annihilation; thus, while the former is easier to
be identified with nearby individual sources, the latter
yields the larger luminosity density in a local volume.1

It is therefore important to use a local galaxy catalog

1
For example, several star-forming galaxies in the local volume
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5.1 Auto-correlation analysis

In Fig.11 we show the ACF of the residual maps obtained using the
V2 Galactic model with ℓ10 cleaning, Bubbles/Loop-I masking and
a Galactic cut |b|= 20◦. Different symbols indicate different energy
cuts: black square is for E > 1 GeV, red dot is for E > 3 GeV and
magenta triangle is for E > 30 GeV. Results for the E > 30 GeV
case are shown in separate panel since the error bars are signifi-
cantly larger. 1σ error bars were computed using the jackknife pro-
cedure. The three continuous curves in this plot and in all plots of
the cross-correlation functions discussed in the following sections
represent the theoretical predictions from Section 2.3 obtained as-
suming that each source class (BLLacs, FSRQs or Star Forming
galaxies), specified by their luminosity density distribution ργ(z),
contribute to a fraction of the EGB, f j, listed in Table 1.

At small angular separations (θ< 2◦) the auto-correlation sig-
nal is consistent with zero with all energy cuts but E > 1 GeV.
Theoretical models do predict a weak auto-correlation signal at
these angular separations that can be regarded as the typical an-
gular size of the γ-ray emitting element. However, the predicted
auto-correlation is much weaker than the measured one, at a level
that would be indistinguishable from zero with the current uncer-
tainties. Although a correlation signal at this level would still be
possible from a contribution of unresolved point sources, we find
that the signal is not very robust to the different cleaning methods
and progressively disappears when we apply larger |b| cuts. We
therefore regard this as a spurious feature of the ACF at low ener-
gies where the Galactic contribution is stronger and its subtraction
more prone to systematic errors. At larger separations (θ> 4◦) the
ACF is slightly negative. This is a spurious features induced by the
l10 cleaning procedure as we have shown the Monte Carlo analysis
presented in Section 3.2.1. The corrected signal would be consis-
tent with zero. From the Montecarlo we estimate that this system-
atic offset is at the level of the 1σ statistical error. We thus show in
the plot also a systematic uncertainty band obtained doubling the
1σ statistical uncertainties.

To highlight the differences among the different source classes
we plot the angular auto-power spectra in Fig. 12. BLLacs and star-
forming galaxies have similar spectra, with more power on large
scales than the FSRQ model. The situation is reversed at small
scales. This difference simply reflects the fact that in the first two
cases the γ-ray emission peaks at moderate redshifts z = [0.5,1]
while for FSRQs the bulk of the γ-ray signal is produced at z> 2, as
shown in Fig. 1. Since all models trace the same mass density field,
i.e. assume the same P(k), the power shift in Fig. 11 reflects the fact
that the same physical scale is preferentially seen at different an-
gles in the different models: large angles (small ℓ) for BLLacs and
star-forming galaxies that typically sample the universe at low red-
shifts; small angles (large ℓ) for FSRQs that preferentially samples
the universe at high redshifts. The larger amplitude of the spectrum
for BLLacs to the spectrum of star-forming galaxies simply reflects
the different bias factors of the two classes of objects.

5.2 ISW

In Fig. 13 we show the CCF of the EGBwith the CMB, i.e. the ISW
signal. The symbols refer to the CCF estimated from the 21-month
Fermi-LATmaps and the WMP7 ILC map and the continuous lines
represent model predictions. Different symbols indicate different
energy cuts.

We note that the expected CCF signal is positive out to large
angular separations and is only a factor 3-4 smaller than the width

Figure 11. ACFs estimated from the 21-month Fermi-LAT EGB map for
|b| > 20◦ in three energy bands: E > 1 GeV, E > 3 GeV (upper panel) and
E > 30 GeV (below panel). Model predictions for different types of sources
are represented by continuous curves: FSRQs (black, continuous), BLLacs
(red, dashed) star-forming galaxies (blue, dot-dashed). The gray band indi-
cates the systematic uncertainty coming from the foreground cleaning pro-
cedure estimated to be approximately equal to the 1σ statistical errors (see
text). In the top panel only the band for the 1 GeV case is shown.

Figure 12. Angular auto-power spectra for different EGB source models.
Different line-styles characterize different models. Black, continuous curve:
FSRQs; red, dashed: BLLacs; blue, dot-dashed: star-forming galaxies.

of the error bars. This has to be compared with the ACF case where
the expected signal is, instead, more than a factor of 10 smaller
than the the experimental error bars. This result, which reflects the
better statistics of the CMB maps, indicates that the goal of detect-
ing the ISW signature in the EGB is not unrealistic. However, with
the limited statistics of the 21-month data the ISW signal is con-
sistent with zero with all energy cuts. This (null) result is robust to
different cleaning methods and latitude cuts.

From a theoretical point of view we notice that the ISW sig-
nal is expected to be larger in the BLLacs case than in the FSRQs
one. This is because the former sample is rather local z ! 1 and
probes an epoch in which the cosmological constant drives the ac-

two point ACF:

4

and FSRQs have the same bias factor b(z). In this case the luminos-
ity function is compatible with no-evolution in the different redshift
bins and the corresponding redshift distribution in Fig. 1 has no
piecewise behavior.
(iii) Star-forming galaxies are fainter and much more common

than blazars. In fact, it has been proposed that they alone could ac-
count for the EGB fraction which is not contributed by unresolved
blazars. Fields et al. (2010) have shown that under the assumption
of an Euclidean faint-end slope for the source counts, their con-
tribution to the EGB can be as large as fj = 70 %, an assump-
tion that we will also adopt in our analysis. Since they are very
faint and difficult to resolve, their luminosity function cannot be
determined experimentally but needs to be modeled theoretically.
Ando & Pavlidou (2009) have proposed a model in which the lu-
minosity of each single source scales with the star-formation rate
and the gas mass fraction. Since in this model the γ-ray emissivity is
rescaled from that of the Milky Way, the underlying assumption is
that most of the γ-ray photons are emitted from de-evolved versions
of our own Galaxy. Current theoretical uncertainties and weak ob-
servational constraints do not allow to discriminate among the sim-
ple model proposed by Ando & Pavlidou (2009) and the more re-
cent (and more sophisticated) one presented by Fields et al. (2010).
For this reason in this paper we have decided to adopt the first one.
The energy spectrum of star-forming galaxies is characterized by a
strong pionic peak at E ∼ 0.2 GeV, a feature that also determines
the energy dependence of their contribution to the EGB. In the en-
ergy range we are interested in (E > 1 GeV), their energy spectrum
is fairly well approximated by a power law behavior with Γ∼ 2.475
(Fields et al. 2010) that allows us to use Eq. 3. Finally, we assume
that star-forming galaxies are unbiased, i.e. bS = 1, as suggested
by observations (Afshordi et al. 2004). The results of the auto- and
cross-correlation studies do not change significantly as long as the
bias of these galaxies is close to unity (Ando & Pavlidou 2009).

In Fig. 1 we show the redshift dependence of the normalized
energy flux per unit redshift d ln I(> E)/dz for the three proposed
EGB sources: FSRQs (red, dashed), BLLacs (black, continuous)
and star-forming galaxies (blue, dot-dashed). This function, pro-
portional to the integrand in Eq. 3, represents the contribution to the
EGB from the sources in a specific redshift range. In the BLLacs
scenario, the contribution to the EGB signal is relatively local, i.e.
produced by a population of faint, nearby sources. In the FSRQs
case the signal mostly comes from z ! 2 and drops to zero at
z < 0.9. This reflects the fact that FSRQs are rare bright objects
which, for z< 0.9, would have Lmax < LMIN in Eq.1, i.e. would be
above detection threshold and removed from the map. As a con-
sequence, the cross correlation of the FSRQs signal with catalogs
of objects whose number density peaks at low redhifts is expected
to be zero, as we shall se in Section 5. Star-forming galaxies rep-
resent an intermediate case in which the signal is produced over a
relatively broad redshift range around z∼ 1.

2.2 Fluctuations in the γ-ray flux

To compute the predicted auto- and cross-correlation signals we
need to model the fluctuations of the γ-ray flux. These fluctuations
arise from local deviations from the γ-ray luminosity density ργ(z)
that we assume to be proportional to the deviations from the mean
number density of sources nγ(z)≡

!
Φ(L)dL:

δγ(z,x)≡
ργ(z,x)−ργ(z)

ργ(z)
=
nγ(z,x)−nγ(z)

nγ(z)
≡ δnγ (z,x) . (4)

Figure 1. Normalized γ-ray flux per unit redshift d ln I(> E)/dz as a func-
tion of z for three different source classes: FSRQs (red, dashed), BLLacs
(black, continuous) and star-forming galaxies (blue, dot-dashed).

Table 1. Investigated EGB contributors. All values refer to E > 3 GeV and
S < Slim. The luminosity function, dNdS and spectral parameters for FSRQs
and BLLacs are taken from Abdo et al. (2009) and Abdo et al. (2010d) .

Source Type fj Φ(Lγ,z) ∝ L−α dN
dS ∝ S−β I(E) ∝ E−Γ

α= 1.57 z< 0.9
FSRQs 25 % α= 2.45 z= [0.9,1.4] β= 1.72 Γ= 2.47

α= 2.58 z> 1.4
BLLacs 12 % α= 2.23 z! 0 β= 0.70 Γ= 2.20
Star-form. 70 % See Text β = 2.5 Γ= 2.45

We also assume that the γ-ray sources trace the underlying fluctua-
tions in the mass density according to some linear biasing prescrip-
tion that may depend on the redshift:

δnγ (z,x)≡ bγ(z)δm(z,x) = bγ(z)
ρm(z,x)−ρm(z)

ρm(z)
, (5)

where ρm indicates the mass density and bγ(z) is called the biasing
function.

Putting all together, the expected fluctuation in γ-ray energy
flux is:

δI(n)≡
I(n)− I

I
=

!
(1+ z)−ΓH(z)−1ργ(z)bγ(z)δm(z,x)dz!

(1+ z)−ΓH(z)−1ργ(z)dz
, (6)

where I ≡ I(> E) indicates the γ-ray mean flux and I(n) ≡ I(>
E,n) is the energy flux along the generic direction n.

2.3 Two-point Angular Correlation Function and Spectrum

We can now compute the expressions for the two-point ACF of
the EGB fluctuation field E and the two-point CCF between E and
another fluctuation field obtained from a source catalog, S.

The general expression for the two-point angular correlation
is

⟨δI(n1)δJ(n2)⟩=∑
l

2l+1
4π

CI,Jl Pl[cos(θ)] , (7)
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Conclusions

• There is a garden variety of possible indirect signals from DM 
annihilation or decay even just in the gamma-rays(not including other 
indirect detection probes or direct or collider)


• Including possible hints of DM-like excesses (see discussion on 
Thursday on the GC)


• At high latitudes we need to model the extragalactic background. 
Make connections with other wavelengths (radio, IR)


• Our understanding of the extragalactic background contributions is 
going to get much better as we continue getting data from both 
gamma-rays and other wavelengths


• Just from the intensity by the end of the Fermi-LAT mission we can 
have some of the tightest indirect gamma limits. Already as 
competitive as the other gamma limits from dwarf spheroidals and 
towards the GC. 


• Also including the gamma-ray power spectrum and cross-correlating 
with galaxy catalogues can result in future tight limits.   



Thank you


