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Dark matter candidate: WIMP
• Weakly Interacting Massive 

Particle (WIMP) 

• Current dark matter density: 
determined by competition 
between Hubble expansion and 
annihilation (e.g., Steigman et al. 
2012) 

• Later, expansion becomes too 
fast for WIMPs to annihilate 
(thermal freeze-out) 

• WIMP models can naturally 
explain the relic abundance 

• E.g., neutralino predicted by 
supersymmetry



Three routes to DM

DM

DM SM

SM

Collider 
production of 
dark matter; e.g., 
LHC

Direct detection; 
e.g., XENON, LUX

Indirect detection; 
e.g., Fermi, CTA, 
IceCube



Dark matter annihilation

• WIMPs annihilate into 
standard model particles 
(photons, positrons, 
neutrinos, etc.) 

• Each of these particles 
carry a fraction of WIMP 
mass energy (E ~ GeV–
TeV) 

• Annihilation rate is 
proportional to density 
squared 

• And to annihilation cross 
section and relative 
velocity: σannv
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Probe of mass and annihilation cross 
section (interaction with SM particles)



Figure 1: Projected dark matter density-square map of “Via Lactea II”. An 800 kpc
cube is shown. The insets focus on an inner 40 kpc cube, in local density (bottom), and in local phase
space density calculated with EnBiD[27] (top). The Via Lactea II simulation has a mass resolution
of 4,100 M⊙ and a force resolution of 40 pc. It used over a million processor hours on the “Jaguar”
Cray XT3 supercomputer at the Oak Ridge National Laboratory. A new method was employed
to assign physical, adaptive time-steps19 equal to 1/16 of the local dynamical timescale (but not
shorter than 268,000 yr), which allows to resolve very high density regions. Initial conditions were
generated with a modified, parallel version of GRAFIC2[28]. The high resolution region is embedded
within a large periodic box (40 comoving Mpc) to account for the large scale tidal forces. The mass
within 402 kpc (the radius enclosing 200 times the mean matter density) is 1.9 × 1012 M⊙.

The Galaxy

Galactic substructure 
from Via Lactea II
Diemand et al.,  
Nature 454, 735 (2008)

The Universe



Constraints from dwarf spheroidal galaxies

• Highly DM dominated system → suitable 
environment to test DM annihilation 

• Most robust constraints 

• The latest results with PASS 8 data are 
pretty stringent 

• They exclude the canonical cross 
section for WIMPs lighter than several 
tens of GeV 

• Nominal sample: 41 dwarfs 
• Ackermann et al. (2015): 15 dwarfs

Fermi-LAT, arXiv:1611.03184 [astro-ph.HE]
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Figure 9. Upper limits (95% confidence level) on the DM annihilation cross section derived from a combined analysis of the nominal
target sample for the bb̄ (left) and ⌧+⌧� (right) channels. Bands for the expected sensitivity are calculated by repeating the same analysis
on 300 randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected sensitivity
while the bands represent the 68% and 95% quantiles. Spectroscopically measured J-factors are used when available; otherwise, J-factors
are predicted photometrically with an uncertainty of 0.6 dex (solid red line). The solid black line shows the observed limit from the
combined analysis of 15 dSphs from Ackermann et al. (2015b). The closed contours and marker show the best-fit regions (at 2� confidence)
in cross-section and mass from several DM interpretations of the GCE: green contour (Gordon & Macias 2013), red contour (Daylan et al.
2016), orange data point (Abazajian et al. 2014), purple contour (Calore et al. 2015). The dashed gray curve corresponds to the thermal
relic cross section from Steigman et al. (2012).

sensitivity is a factor of ⇠ 1.5 for hard annihilation spec-
tra (e.g., the ⌧+⌧� channel) compared to the median
expected limits in Ackermann et al. (2015b). More pre-
cisely determined J-factors are expected to improve the
sensitivity by up to a factor of 2, motivating deeper spec-
troscopic observations both with current facilities and fu-
ture thirty-meter class telescopes (Bernstein et al. 2014;
Skidmore et al. 2015).

The limits derived from LAT data coincident with con-
firmed and candidate dSphs do not yet conclusively con-
firm or refute a DM interpretation of the GCE (Gor-
don & Macias 2013; Daylan et al. 2016; Abazajian et al.
2014; Calore et al. 2015). Relative to the combined anal-
ysis of Ackermann et al. (2015b), the limits derived here
are up to a factor of 2 more constraining at large DM
masses (mDM,bb̄ & 1 TeV and mDM,⌧+⌧� & 70 GeV)
and a factor of ⇠ 1.5 less constraining for lower DM
masses. The weaker limits obtained at low DM mass
can be attributed to low-significance excesses coincident
with some of the nearby and recently discovered stellar
systems, i.e., Reticulum II and Tucana III. While the
excesses associated with these targets are broadly con-
sistent with the DM spectrum and cross section fit to
the GCE, we refrain from a more extensive DM interpre-
tation due to the low significance of these excesses, the
uncertainties in the J-factors of these targets, and the
lack of any significant signal in the combined analysis.

Ongoing Fermi -LAT observations, more precise
J-factor determinations with deeper spectroscopy, and
searches for new dSphs in large optical surveys will each
contribute to the future sensitivity of DM searches using
Milky Way satellites (Charles et al. 2016). In particular,
the Large Synoptic Survey Telescope (Ivezic et al. 2008)
is expected to find hundreds of new Milky Way satellite
galaxies (Tollerud et al. 2008; Hargis et al. 2014). Due to
the di�culty in acquiring spectroscopic observations and
the relative accessibility of �-ray observations, it seems
likely that �-ray analysis will precede J-factor determi-
nations in many cases. To facilitate updates to the DM

search as spectroscopic J-factors become available, the
likelihood profiles for each energy bin used to derive our
�-ray flux upper limits will be made publicly available.
We plan to augment this resource as more new systems
are discovered.

After the completion of this analysis, we became aware
of an independent study of LAT Pass 8 data coincident
with DES Y2 dSph candidates (Li et al. 2016). The �-ray
results associated with individual targets are consistent
between the two works; however, the samples selected for
combined analysis are di↵erent.
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2. TARGETS

In 2015, wide-field optical imaging surveys enabled the
discovery of more than 20 new Milky Way satellites hav-
ing morphological characteristics similar to the known
DM-dominated dSphs. Each of these satellites was iden-
tified as a statistically significant arcminute-scale over-
density of resolved stars consistent with an old (>10 Gyr)
and metal-poor (Z ⇠ 0.0002) simple stellar population.
The basic structural characteristics of each stellar sys-
tem (e.g., center position, heliocentric distance, and spa-
tial extension) were inferred by fitting the spatial and
color-magnitude distributions of probable member stars.

The majority of the recently announced Milky Way
satellites were discovered in DES data collected with the
Dark Energy Camera (DECam; Flaugher et al. 2015).
Searches of the DES Y1 data by both the DES Collabo-
ration and other groups led to the discovery of nine dSph
candidates (Bechtol et al. 2015; Koposov et al. 2015a;
Kim & Jerjen 2015). Drlica-Wagner et al. (2015b) subse-
quently reported eight additional dSph candidates found
in DES Y2 data. The compact stellar systems Kim 2
(Kim et al. 2015b)1 and DES 1 (Luque et al. 2016) are
also present in the DES data; however, they have photo-
metric properties that are more similar to low-luminosity
outer-halo star clusters than to dSphs.

In addition to the objects found in DES data, several
systems have recently been discovered in other surveys.
Pegasus III was detected in archival SDSS data (Kim
et al. 2015a) and later confirmed as a stellar overdensity
with DECam. Hydra II was found serendipitously in
DECam data taken for the Survey of the MAgellanic
Stellar History (Martin et al. 2015a). Three additional
dSph candidates were discovered in the Pan-STARRS 1
3⇡ Survey: Triangulum II, Draco II, and Sagittarius II
(Laevens et al. 2015b,a). We note that several other
systems have been discovered using Pan-STARRS 1, but
due to their small sizes and/or measured kinematics, they
are classified as globular clusters and are not considered
in this work (Laevens et al. 2014, 2015a; Kirby et al.
2015b).

Thus far, six recently discovered systems have mea-
sured kinematics consistent with being DM-dominated
dSphs: Reticulum II (Simon et al. 2015; Walker et al.
2015a; Koposov et al. 2015b), Horologium I (Koposov
et al. 2015b), Hydra II (Kirby et al. 2015b), Draco II
(Martin et al. 2015b), Triangulum II (Kirby et al. 2015a;
Martin et al. 2016), and Tucana II (Walker et al. 2015b).
J-factors have been derived for Reticulum II (Simon et al.
2015; Bonnivard et al. 2015b) and Tucana II (Walker
et al. 2015b) from these kinematic data.

The dSphs are good targets for DM searches because
their dynamical and chemical properties suggest the pres-
ence of large quantities of DM. In contrast, globular
clusters have mass-to-light ratios of order unity. Low-
luminosity stellar systems cannot be conclusively classi-
fied as dSphs or globular clusters without radial velocity
measurements. However, dSphs are generally found to
have larger physical half-light radii (r1/2) and lower sur-
face brightnesses (µ) than globular clusters (Figure 1).
Therefore, we used the photometric characteristics of the

1 Kim 2 was also identified as DES J2038�4610/Indus I by Bech-
tol et al. (2015) and Koposov et al. (2015a) slightly after its original
discovery by Kim et al. (2015b).
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Figure 1. Absolute visual magnitude (MV ) versus physical
half-light radius (r

1/2) for dSphs and globular clusters. Globu-
lar clusters, which do not contain measurable DM within their
visible stellar distribution, are marked with red crosses (Fadely
et al. 2011; Harris 1996, 2010 edition). Spectroscopically con-
firmed DM-dominated dSphs are labeled with filled green squares.
Segue 2 (open green square) has the chemical signatures of a dSph,
but exhibits a low velocity dispersion (Kirby et al. 2013), and is
therefore excluded from our target list. Milky Way satellites lack-
ing spectroscopic observations are labeled with black filled circles.
Thick orange lines indicate our target sample selection cuts on ob-
jects lacking spectroscopic data (see Section 5): nominal (solid;
r
1/2 > 20 pc) and inclusive (dashed; r

1/2 > 10 pc). Black dashed
lines indicate contours of constant surface brightness (µ).

newly discovered systems to select those that are likely
to be DM-dominated dSphs when spectroscopic measure-
ments were unavailable.

For stellar systems with MV . �5, DM-dominated
dSphs have r1/2 & 100 pc, while globular clusters have
r1/2 . 20 pc. For fainter systems, the size distinction be-
comes less clear. The most compact kinematically clas-
sified dSph is Segue 1 (Geha et al. 2009; Simon et al.
2011), which has an azimuthally averaged half-light ra-
dius of 21 pc. On the other hand, the Palomar 13 globu-
lar cluster has a half-light radius of approximately 10 pc,
and does not require DM to explain its measured veloc-
ity dispersion (Bradford et al. 2011). We note that re-
cent spectroscopy of Draco II, which has an azimuthally
averaged half-light radius of 16 pc, indicates a velocity
dispersion 2.9 ± 2.1 km s�1 and therefore is moderately
likely to be DM dominated. (Martin et al. 2015b). We
inclusively selected new objects with r1/2 > 10 pc and
surface brightnesses µ > 25 mag arcsec�2.

Two confirmed globular clusters (Palomar 14 and
Laevens 1) would pass our nominal selection criteria
based on their physical size and luminosity (r1/2 ⇠ 20 pc,
MV ⇠ �4.5 mag). However, Palomar 14 is kinemati-
cally determined to have a mass-to-light ratio near unity
(Jordi et al. 2009), and the relatively large metallicity
and low metallicity dispersion of Laevens 1 is more sim-
ilar to globular clusters (Kirby et al. 2013). Therefore,
we do not include these two systems in our analysis.

In Table 1 we summarize the characteristics of con-
firmed and candidate dSphs considered in this work.
This table is divided into three sections: (1) systems
that are kinematically determined to be DM-dominated
dSphs, (2) systems with photometric characteristics con-



GeV excess: Signals of dark matter annihilation?

• Gamma-ray excess in GeV regime 
from the Galactic center (many 
sigma) of unknown origin 

• Brightness profile is consistent with 
NFW2 (with inner slope of 1.26) 

• Spectral shape is also consistent with 
expectation from annihilation 

• mass: ~50 GeV 
• cross section: ~2×10−26 cm3 s−1  

• But more recent analyses (Bartels et 
al. 2015; Lee et al. 2015) suggest 
astrophysical source origin (e.g., 
millisecond pulsars)
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FIG. 1. Intensity of the Fermi GeV excess at 2 GeV as function of Galactic latitude (see text for details), compared with the
expectations for a contracted NFW profile (dotted line). Error bars refer to statistical ±1� uncertainties, except for Refs. [12, 13]
for which we take into account the quoted systematics coming from di↵erent astrophysical models. The result from Ref. [25] for
the higher-latitude tail and the preliminary results by the Fermi-LAT team [16] on the Galactic center include an estimate of
the impact of foreground systematics. In these cases, the adopted ROIs are shown as bands (for Ref. [25], overlapping regions
correspond to the north and south parts of the sky). Gray areas indicate the intensity level of the Fermi bubbles, extrapolated
from |b| > 10�, and the region where HI and H2 gas emission from the inner Galaxy becomes important.

in the inner few degrees, as well as the higher-latitude

tail up to  ⇠ 20�. We show the di↵erential inten-
sity at a reference energy of 2 GeV. At this energy the
putative excess emission is – compared to other fore-
grounds/backgrounds – strongest, so the uncertainties
due to foreground/background subtraction systematics
are expected to be the smallest.

The intensities were derived by a careful rescaling of
results in the literature that fully takes into account
the assumed excess profiles. In most works, intensities
are quoted as averaged over a given Region Of Interest
(ROI). Instead of showing these averaged values, which
depend on the details of the adopted ROI, we use the
excess profiles to calculate the di↵erential intensity at a
fixed angular distance from the GC. These excess pro-
files usually follow the predictions similar to those of
a DM annihilation profile from a generalized Navarro-
Frenk-White (NFW) density distribution, which is given
by

⇢(r) = ⇢s
r3

s

r�(r + rs)3��
. (1)

Here, rs denotes the scale radius, � the slope of the in-
ner part of the profile, and ⇢s the scale density. As ref-
erence values we will – if not stated otherwise – adopt
rs = 20 kpc and � = 1.26, and ⇢s is fixed by the re-
quirement that the local DM density at r

�

= 8.5 kpc is
⇢

�

= 0.4 GeV cm�3.

We note that the intensities that we quote from
Ref. [25] refer already to a b̄b spectrum and take into
account correlated foreground systematics as discussed
below. In the case of a broken power-law, the intensities
would be in fact somewhat larger.

We find that all previous and current results (with the
exception of Ref. [7], which we do not show in Fig. 1)
agree within a factor of about two with a signal morphol-
ogy that is compatible with a contracted NFW profile
with slope � = 1.26, as it was noted previously [14, 25].
As mentioned in our Introduction, the indications for a
higher-latitude tail of the GeV excess profile is a rather
non-trivial test for the DM interpretation and provides
a serious benchmark for any astrophysical explanation
of the excess emission. However, we have to caution
that most of the previous analyses make use of the
same model for Galactic di↵use emission (P6V11). An
agreement between the various results is hence not too
surprising. Instead in the work of Ref. [25], the ⇡0,
bremsstrahlung and ICS emission maps, where calcu-
lated as independent components, with their exact mor-
phologies and spectra as predicted from a wide variety
of foreground/background models. As it was shown in
Ref. [25], the exact assumptions on the CR propagation
and the Galactic properties along the line-of-sight can im-
pact both the spectrum and the morphology (which also
vary with energy) of the individual gamma-ray emission
maps. To probe the associated uncertainties on those

4

di↵use emissions, the authors of Ref. [25] built di↵er-
ent models allowing for extreme assumptions on the CR
sources distribution and injection spectra, on the Galac-
tic gasses distributions, on the interstellar radiation field
properties, on the Galactic magnetic field magnitude and
profile and on the Galactic di↵usion, convection and re-
acceleration.

Having performed these tests, it is reassuring that
Ref. [25] and later on Ref. [16], which employs an inde-
pendently derived array of foreground/background mod-
els, find – in their respective ROIs and around 2 GeV –
results that agree both in morphology and intensity of
the Fermi GeV excess emission, between themselves and
with previous works.2

In Fig. 1, we also indicate the latitude regions where
the flux from the Fermi bubbles becomes important (at
|b| & 6�, assuming a uniform intensity extrapolated from
higher latitudes) and where strong emission from HI+H2
gas in the inner Galaxy might significantly a↵ect the re-
sults (the inner 0.2 kpc). It appears that the latitude
range 2�  |b|  5� is best suited to extract spectral
information about the GeV excess.

Despite the agreement, from Fig. 1 it is also evident
that the exact values of the intensities disagree with each
other at the > 3� level. Since most of the error bars are
statistical only, this confirms that systematic uncertain-
ties in the subtraction of di↵use and point source emis-
sion play a crucial role for the excess intensity. These

e↵ects will be even more important for the spectral shape

of the excess. We will concentrate on the implication of
Galactic di↵use model systematics for DM models in the
next two sections III and IV.

III. THE TAILS IN THE FERMI GEV EXCESS
SPECTRUM

As already mentioned, the spectrum of the Fermi GeV
excess can be significantly a↵ected by the uncertainties
in the modeling of the Galactic di↵use emission (which,
along the line-of-sight, is typically a factor of a few
larger than the excess intensity). In general, the rele-
vant di↵use foregrounds/backgrounds result from three
processes: (1) the “⇡0 emission”, consisting of gamma
rays from boosted neutral mesons (mainly ⇡0s) that are
produced when CR nucleons have inelastic collisions with
the interstellar gas, (2) the bremsstrahlung radiation of
CR electrons when they scatter o↵ those same interstellar
gasses, and (3) the ICS, in which CR electrons up-scatter

2
Although the intensity of the Fermi GeV excess that was found

in Ref. [16] agrees at 2 GeV with previous findings, one has to

be careful with using the preliminary energy spectra presented

in that work for spectral studies. In particular for two of the pre-

sented background models, the spectral slopes of the background

components were explicitly not tuned to match the observations.

This biases residual like the GeV excess towards higher energies,

and can lead to biased results when fitting the excess spectrum.
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FIG. 2. The foreground/background systematics as derived in
Ref. [25] allow a large number of DM annihilation channels to
fit the data. This is here illustrated for three best-fit channels
from Tabs. I and II (taking model F). Correlated systematics
are shown by the gray bands, uncorrelated statistical errors by
the error bars (including also remaining method uncertain-
ties [25]), and we show the estimated ICS and ⇡0+Bremss
foreground/background fluxes for comparison. As illustrated
by the black dots, a small increase of these estimated Galactic
di↵use emissions within their systematic uncertainties (barely
visible on the log-scale) leads to a decrease of the inferred
Fermi GeV excess flux and vice-versa. The magnitude of this
e↵ect is dependent on the fitted spectrum (and hence di↵er-
ent in the three panels), but automatically taken into account
when the full covariance matrix is used.

Calore et al., Phys. Rev. D 91, 063003 (2015)



“Isotropic” gamma-ray background (IGRB)
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Fig. 9.— Comparison of the measured IGRB and total EGB intensities (foreground model A) to the

first measurement of the IGRB in Abdo et al. (2010b) based on 10 months of LAT data. The error

bars on the LAT measurements include the statistical uncertainty and systematic uncertainties

from the e↵ective area parametrization, as well as the CR background subtraction. Statistical and

systematic uncertainties have been added in quadrature. The shaded bands indicate the systematic

uncertainty arising from uncertainties in the Galactic foreground. The total EGB intensity is the

sum of the IGRB and the intensity of the resolved LAT sources at high Galactic latitudes, |b| > 20�.

Fermi-LAT, Astrophys. J. 799, 86 (2015)



Constraints from the gamma-ray background spectrum

• Annihilation 

• Stringent constraints although with 
relatively large uncertainty 
(subhalos, discussed later) 

• Decay 

• Stringent constraints (better than 
dwarf galaxies and galaxy clusters)

– 16 –

Fig. 4.— Upper limits on the self-annihilation cross section for the bb̄ (top) and τ+τ−

(bottom) channels as derived in this work (see § 3) compared to the conservative and

sensitivity-reach limits reported in Ackermann et al. (2014c). The blue band reflects the
range of the theoretical predicted DM signal intensities, due to the uncertainties in the

description of DM subhalos in our Galaxy as well as other extragalactic halos, adopting a
cut-off minimal halo mass of 10−6M⊙. For comparison, limits reported in the literature are
also shown (Abramowski et al. 2011; Ackermann et al. 2014a; Aleksić et al. 2014).

Ajello et al., Astrophys. J. 800, L27 (2015)

Di Mauro, Donato, Phys.Rev. D 91, 123001 (2015)
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FIG. 8: The left (right) panel: di↵erential �-ray flux for the unresolved (unresolved and resolved) BL Lac, FSRQ, MAGN, SF
galaxy populations and the DM contribution as fixed by the best fit to the IGRB (EGB) data, Model A (see Tab. IV). The
DM annihilates through bb̄ channel. Its flux is also splited into the prompt and the ICS emission. The red solid line displays
the sum of all the contributions.
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FIG. 9: Upper limits (at 2-� C.L.) on the DM annihilation cross section obtained from extragalactic DM (left and right panels
are for bb̄ and ⌧+⌧� annihilation channels, respectively). The uncertainties on the predicted flux translate into the cyan band
on h�vi. For reference, we also draw the upper bound found from the Galactic DM halo (same as in Fig. 4).

over two typical values for the minimum halo mass can
be taken into account: 10�6 or 10�9

M� (see [88, 89])
. The combination of these assumptions gives un un-
certainty of about a factor of about 60 in the final (at
redshift zero) �-ray flux from extragalactic DM. This un-
certainty is definitely overwhelming with respect to the
other possible variable ingredients, including the extra-
galactic background light absorption modeling (see [72]
for further details). We have computed the flux includ-
ing both prompt and ICS photons, choosing the ‘minimal
UV’ model for the intergalactic stellar light [72] (we have
verified that the ‘maximal UV’ option has negligible ef-
fects on our results). The upper bounds on h�vi derived
from extragalactic DM are shown in Fig. 9. The uncer-
tainties on the predicted flux translate into the cyan band
on the annihilation cross section, which spans almost two
order of magnitude (as noticed in [72], the computation
is performed within a NFW halo profile, and the analy-

sis of di↵erent halo density shapes would add a further
uncertainty of roughly an order of magnitude). From
Fig. 9, we can notice that the bounds set from the extra-
galactic DM encompass the ones derived from the mere
Galactic DM component. Given the huge uncertainty of
the extragalactic halo modeling, it is not possible to set
stronger bounds with respect to the ones obtained from
the smooth Galactic halo. Additional uncertainties on
the extragalactic DM component are due to the DM dis-
tribution at small scales and to the e↵ect of baryons in
DM simulations (see e.g. [90, 91]).

The results shown in Fig. 5 improve the upper bounds
on the h�vi by a factor of ⇠3 at m

�

⇠ 10 GeV and a
factor of at least 30 at m

�

⇠ 10 TeV in the so-called
’best-fit’ scenario, while being comparable with the ’op-
timist 3s’ model. Our limits also improve significantly
the Fermi analysis for a Galactic halo of DM [39] both in
the absence or presence of background modeling. At low

Figure 3. 95% credible lower limits on dark matter lifetime ⌧dm as function of dark matter mass mdm,
for decay channels: (a) ⌫eµ�µ+ (⌫̄eµ+µ�) and ⌫µe

�µ+ (⌫̄µe+µ�), (b) µ+µ�, (c) ⌧+⌧�, (d)W±µ⌥, (e)
uds (ūd̄s̄), (f) bb̄. Astrophysical background models with Normal priors are adopted (Table 1). Thick
solid, dashed, and dotted curves correspond to the EGRB data with di↵erent foreground modeling
discussed in Ref. [24] (their models A, B, and C, respectively). Thin solid curve shows the lower limits
obtained with the 10-month Fermi-LAT data [34] and the phenomenological power-law background
modeling.

for (c)–(f), where they give stronger constraints; this is likely caused by interplay between
di↵erent choices of priors and the data (the total EGRB data for the Normal priors, while
the unresolved EGRB data for the Flat priors).

In order to compare our results with the previous ones in the literature (e.g., Ref. [32]),
we also computed the lifetime constraints by using the 10-month Fermi-LAT data [34]. Here
we modeled the other background component as a single power law (Table 2), and the re-
sults are shown as a thin curve in each panel of Figs. 3,4 and 5 for reference. Although the
statistics adopted here is di↵erent than that in Ref. [32] (Beyesian versus frequentist), our
results are in good agreement with theirs, proving the consistency of both the approaches.8

In Fig. 5, we show results by using the phenomenological cuto↵ power-law model as the astro-
physical component. Again, this is just for reference purpose, since such a single-component
astrophysical modeling is no longer valid.

8The result for ⌧+⌧� in high mass region is di↵erent from Ref. [32]. This is because they used both
published and preliminary data for E� > 100 GeV (at that time) while we use the published 10-month data
only. In ⌧+⌧� case, gamma-ray spectrum from cascade decay is hard and the peak of the intensity is out of
data region when mdm & TeV. Then the constraint becomes weaker.

– 12 –

Ando, Ishiwata, JCAP 05, 024 (2015)



Anisotropy of the gamma-ray background

• Number of gamma-ray 
photons (> 1 GeV) that Fermi 
collected: > 5,000,000 

• Number of data of the 
gamma-ray background 
spectrum: 26

• Loss of a lot of information → 
What else can one do? 

• Anisotropy!

– 19 –

Fig. 3.— Map of counts observed by the Fermi LAT above 100 MeV using a Mollweide projection

in Galactic coordinates with a pixel scale of ⇡ 0.9�. The color scale is logarithmic. Overlaid is the

mask used in this analysis to exclude regions from the template fitting procedure (see Appendix C

for details).
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Fig. 9.— Comparison of the measured IGRB and total EGB intensities (foreground model A) to the

first measurement of the IGRB in Abdo et al. (2010b) based on 10 months of LAT data. The error

bars on the LAT measurements include the statistical uncertainty and systematic uncertainties

from the e↵ective area parametrization, as well as the CR background subtraction. Statistical and

systematic uncertainties have been added in quadrature. The shaded bands indicate the systematic

uncertainty arising from uncertainties in the Galactic foreground. The total EGB intensity is the

sum of the IGRB and the intensity of the resolved LAT sources at high Galactic latitudes, |b| > 20�.

Fermi-LAT, Astrophys. J. 799, 86 (2015)



What can we learn from the gamma-ray background?

✓Energy 

• Intensity spectrum (Bergstrom et al. 1998) 

• Spatial clustering of sources 

• Angular power spectrum (Ando & Komatsu 2006) 

• Redshift distribution of sources → tomography 

• Cross correlation with dark matter tracers (Cosmic shear: Camera et 
al. 2013; Galaxy catalogs: Ando, Benoit-Lévy & Komatsu 2014) 

• Luminosity distribution of sources 

• 1-point PDF of the gamma-ray flux (Lee, Ando & Kamionkowski 2009)



Angular power spectrum: Observations with Fermi

• Analysis of Fermi data for the angular 
power spectrum of the diffuse 
gamma-ray background in 2012 → 
Discovery of anisotropies 

• Almost constant excess compared 
with shot noise of the photons at 100 
< l < 500 

• Data are well consistent with 
astrophysical expectations (blazars; 
Ando et al. 2007) 

• Upper limits on any other components 
(astrophysics or dark matter)
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FIG. 3: Comparison of intensity angular power spectra of the data and Galactic-foreground–cleaned data. For ℓ ≥ 155 the
measured power at all energies is approximately constant in multipole, suggesting that it originates from one or more unclustered
source populations. The large increase in angular power in the default data at ℓ < 155 in the 1–2 and 2–5 GeV bins is likely
attributable largely to contamination from Galactic diffuse emission. In these two energy bins, foreground cleaning primarily
reduces angular power at ℓ < 155, with the most significant reductions at ℓ < 105. At energies greater than 5 GeV the effect
of foreground cleaning is small for ℓ ≥ 55. Expanded versions of the top panels are shown in Fig. 4.

consistent with a Poisson spectrum (constant in multi-
pole, i.e., n = 0 falls within the 95% CL range of the
best-fit power-law index), as expected for the angular
power spectrum of one or more unclustered source pop-
ulations. However, we emphasize that the uncertainty in
the scale dependence is appreciable, particularly for the
10–50 GeV bin.

TABLE I: Multipole dependence of intensity angular power in
the data (default analysis) for 155 ≤ ℓ ≤ 504 in each energy
bin. The best-fit power-law index n in each energy bin is
given with the associated χ2 per degree of freedom (d.o.f.) of
the fit.

Emin Emax n χ2/d.o.f.

1.04 1.99 −1.33 ± 0.78 0.38

1.99 5.00 −0.07 ± 0.45 0.43

5.00 10.4 −0.79 ± 0.76 0.37

10.4 50.0 −1.54 ± 1.15 0.39

In light of the scale independence of the angular power

at ℓ ≥ 155, we associate the signal in this multipole range
with a Poisson angular power spectrum and determine
the best-fit constant value of the angular power CP and
the fluctuation angular power CP/⟨I⟩2 over 155 ≤ ℓ ≤
504 in each energy bin, by weighted averaging of the un-
binned measurements. These results for the default and
cleaned data are summarized in Table II, along with the
results obtained for the data using an updated source cat-
alog to define the source mask and for a simulated model,
which will be discussed in §VIG and §VIH, respectively.

We note that the associated measurement uncertain-
ties can be taken to be Gaussian, in which case the re-
ported significance quantifies the probability of the mea-
sured angular power to have resulted by chance from a
truly uniform background. We consider a 3σ or greater
detection of angular power (CP) in a single energy bin
to be statistically significant. For the default data, the
best-fit values of CP indicate significant detections of an-
gular power in the 1–2, 2–5, and 5–10 GeV bins (6.5σ,
7.2σ, and 4.1σ, respectively), while in the 10–50 GeV bin
the best-fit CP represents a 2.7σ measurement of angu-

Fermi-LAT, Phys. Rev. D 85, 083007 (2012) 
Cuoco et al., Phys. Rev. D 86, 063004 (2012)
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flux of S = 4.0× 10−10 cm−2 s−1 are detected, while the
number of detected sources decreases abruptly below ap-
proximately S = 6.0× 10−10 cm−2 s−1. In the following
we thus adopt the threshold St = 5.0× 10−10 cm−2 s−1.
For comparison, we also perform an analytic calcu-

lation of the flux threshold as a function of the spec-
tral index following the prescription given in Appendix
A of [11]. For this calculation we assume a spatially
uniform background given by the average of the official
Fermi background model for |b| > 10◦. We assume an
observation time of 11 months and a detection threshold
test statistic TS=25, appropriate for the 1FGL catalog
described in [11]. Overall, the analytic calculation, shown
as bold lines in Fig. 1, matches well the behavior of the
observed source fluxes as a function of the spectral index.
Note that we do not implement the correction described
in [11] to account for source confusion, so the analytic
calculation slightly underestimates the detection thresh-
old at high spectral indices (very soft sources) where this
effect is more important, and indeed this is evident in
Fig. 1.
Note that in the following we will compare theoretical

predictions of IGRB intensities integrated in the range
1-10 GeV with the experimental measurement given in
[3] for which sources from a preliminary version of the
1FGL catalog based on 9 months of data were consid-
ered, instead of the final 1FGL source list. However, the
differences between the two source lists is very small [12],
thus we expect that the threshold we adopted is appro-
priate. Furthermore, any small differences between the
IGRB intensities derived using the two catalogs are likely
smaller than the IGRB measurement error itself, which
is dominated by systematic uncertainties in the effective
area and the level of residual cosmic-ray contamination.

IV. THE ANGULAR POWER SPECTRUM

The Poisson term of the angular power spectrum of
the sources, CP, can be calculated from the logN -logS.
It takes the same value at all multipoles and is given by

CP =

∫ St

0

dN

dS
S2 dS. (3)

This formula gives CP in the units appropriate for the an-
gular power calculated from an intensity map, i.e., units
of intensity2 × solid angle, where intensity is in units of
the number of photons per area per time per solid angle.
Evaluating Eq. 3 using the best-fit logN -logS parame-
ters and our adopted St yields CP,pred = 1.12 × 10−17

(cm−2 s−1 sr−1)2 sr. Under the assumption that the
sources are point-like and unclustered on the angular
scales of interest, the Poisson term is the only contri-
bution to the angular power.
The predicted power, CP,pred, has an uncertainty due

to the propagation of the uncertainties in the parame-
ters of the logN -logS function. We estimate this uncer-
tainty from the logN -logS in the range 0.1–100 GeV,
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FIG. 2. Anisotropy measurements with 1σ uncertainties (light
gray crosses) from Ref. [5] and 2σ upper limits (black bars)
from this work on the anisotropy from non-blazar components
in different energy bands. The points have been divided by
the square of the energy bin width (∆E)2i and multiplied by
E

4
i , with Ei the logarithmic center of the energy bin. The

upper limits are slightly displaced in energy for clarity.

where the parameters have smaller statistical uncertain-
ties, and then rescale it to the 1–10 GeV range. The
rescaling was done by computing the flux conversion fac-
tor between the two different bands: κ = Sx−y/Su−v =
(

y−γ+1 − x−γ+1
)

/
(

v−γ+1 − u−γ+1
)

, where γ is the av-
erage photon index of the sources, and x−y and u−v
are the edges of the two energy bands. Then the Pois-
son anisotropies in the two bands are simply related by
Cuv

P = κ2Cxy
P . From the full covariance matrix [10] of

logN -logS parameters in the 0.1–100 GeV range, we
obtain δC0.1−100

P = 0.65 × 10−15 (cm−2 s−1 sr−1)2 sr,
which, assuming γ = 2.4, can be rescaled to δC1−10

P ≡
δCP,pred = 0.95 × 10−18 (cm−2 s−1 sr−1)2 sr, so that
CP,pred = (11.2± 1.0)× 10−18 (cm−2 s−1 sr−1)2 sr.
Ref. [5] reports measurements of CP, obtained by av-

eraging the angular power spectrum coefficients Cℓ over
the multipole range 155 ≤ ℓ ≤ 504, in the energy ranges
1–2 GeV, 2–5 GeV, 5–10 GeV, and 10–50 GeV. Using
the same analysis pipeline as Ref. [5], we have also calcu-
lated the anisotropy for the 1–10 GeV energy band for the

TABLE I. Measured angular power from the foreground-
cleaned data in different energy bands, CP,data [5]; predicted
power from unresolved blazars, CP,pred (this work); and 2σ
upper limits on the residual anisotropy, C2σ

P,U (this work).

Emin Emax CP,data CP,pred C
2σ
P,U

[GeV] [GeV] [10−19 (cm−2 s−1 sr−1)2 sr]

1.0 10.0 110 ± 12 112± 10 < 33

1.04 1.99 46.2± 11.1 38.0± 3.9 < 32

1.99 5.00 11.30 ± 2.20 9.3± 0.9 < 6.7

5.00 10.4 0.845 ± 0.246 0.55 ± 0.05 < 0.80

10.4 50.0 0.211 ± 0.086 0.13 ± 0.01 < 0.254



Updated measurement on angular power

• 81 months of data, PASS 7 reprocessed, 13 energy bins between 500 
MeV and 500 GeV, multipoles between 50 and 700 

• Still consistent with “shot-noise” like spectrum

Fornasa et al. Phys. Rev. D 94, 123005 (2016)
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FIG. 6. Auto-APS of the IGRB for 2 representative energy bins (between 1.38 and 1.99 GeV in the left panel and between 50.0
and 95.27 GeV in the right panel) and for the reference data set (P7REP ULTRACLEAN V15 front events) using the reference
mask which excludes |b| < 30◦ and 3FGL sources (red circles). The blue triangles show the same but masking the sources in
2FGL. Data have been binned as described in Sec. IVA. The solid red line shows the best-fit CP for the red data points, with
the pink band indicating its 68% CL error. The dashed blue line corresponds to the best-fit CP for the blue data points. Note
that only the results in our signal region (i.e. between ℓ = 49 and 706) are plotted and that the scale of the y-axis varies in
the two panels. Also, the blue triangles have been slightly shifted horizontally with respect to the red circles to increase the
readibility of the plots. This will happen also in many of the following plots.
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FIG. 7. Same as Fig. 6, but showing a wider range in multipole, going from ℓ = 10 to 2000. The two dashed grey vertical lines
indicate the lower and upper bounds of the multipole range used for the present analysis. Note the different scale of the y-axis
in each panel.

χ2 distribution with 1 degree of freedom and, thus, it
can be used to estimate the significance associated to
CP. For the default data set masking 3FGL sources, the
significance of the measured auto-APS CP is larger than
3σ for all energy bins up to 21.8 GeV, except between
5.00 and 10.45 GeV. The significance of the detection
is reported in italics in Tabs. I and II. In the case of
the mask around 3FGL sources, the highest significance
in the auto-APS is 6.3σ and it is reached in the second
energy bin, i.e. between 0.72 and 1.04 GeV.

The way the auto- and cross-APS depend on the energy
(i.e. the so-called “anisotropy energy spectrum”) is
an informative observable that can provide insight into
the emission causing the anisotropic signal. In fact,
in the case that the auto-APS is produced by a single
population of sources, the anisotropy energy spectrum
allows their energy spectrum to be reconstructed [28, 43,
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FIG. 8. Anisotropy energy spectra for the auto-APS using the
reference data set with the default 3FGL mask (red circles)
in comparison with the case in which we use the default mask
around 2FGL sources (blue triangles).

44]8. If more than one class of objects are responsible for
the signal, then, by detecting features in the anisotropy
energy spectrum, it may be possible to identify energy
regimes where the different classes dominate the signal.
The measured anisotropy energy spectrum for the

auto-APS is shown in Fig. 8. In the figure, the data
points are weighted by E4/∆E2 where E is the log-
center of the energy bin and ∆E is the width of the
bin. This weighting is introduced in order to compare
the anisotropy energy spectrum directly with the squared
intensity energy spectrum of the sources responsible for
the anisotropy signal. Fig. 8 compares the auto-APS
CP for the case of the mask excluding 3FGL sources (red
circles) to that of the mask excluding 2FGL sources (blue
triangles). As already mentioned, the amplitude of the
auto-APS is lower when we exclude the sources in 3FGL.
In both data sets, the low-energy part of the spectrum
appears generally consistent with a power law, while a
feature is apparent around 7 GeV. We comment further
on the structure of the anisotropy energy spectrum in
Sec. VI.

B. Cross-correlation angular power spectra

Two examples of the cross-APS between energy bins
are shown in Fig. 9. The left panel is for the cross-
APS between bins at low energies. A clear correlation
is detected in the multipole range of interest (bounded
by the vertical grey lines in the figure). Note the effect

8 The anisotropy energy spectrum traces the intensity energy
spectrum of the sources responsible for the anisotropy signal only
if the clustering of the source population is independent of energy.

of the beam window function on the error bars at high
multipoles, as in Fig. 7. The right panel shows the cross-
APS between two high-energy bins. This combination
does not correspond to a significant detection, as the
best-fit CP is compatible with zero at a 2σ level.
The best-fit CP for the cross-APS between the i-th

and the j-th energy bins are shown in Appendix C,
multiplied by E2

i E
2
j /∆Ei∆Ej and for all the possible

combinations of energy bins. Cross-APS CP is detected
in most combinations of energy bins, with the ones failing
to yield a detection mainly involving the two highest
energy bins. Tabs. I and II report the detected cross-APS
with their significance9 The largest detection significance
is 7.8σ for the case of the cross-APS between the energy
bin from 1.99 and 3.15 GeV and the energy bin between
3.15 and 5.0 GeV.
The tables also report in bold the χ2 associated with

the best-fit CP according to the definition in Eq. 9.
Fig. 10 shows the distribution of the 91 χ2 of best-fit CP

in the 91 independent combinations of the 13 energy bins.
The solid black line refers to the case when all sources
in the 3FGL are masked and the dashed blue line when
only sources in the 2FGL are masked. Both distributions
are compatible with that of a χ2 distribution with 9
degrees of freedom (i.e. the 10 data points inside the
signal region in multipole minus 1 fitted parameter). The
latter is represented by a solid red line in Fig. 10. Only
3 (4) combinations of energy bins have a χ2 larger than
16.9 (that would correspond to a p-value of 0.05) when
masking 3FGL (2FGL) sources.
Together with the auto-APS in Fig. 8, the cross-

APS provides an important handle to characterize the
emission responsible for the anisotropy signal. In
particular, if the latter is due to only one class of
unresolved sources, the auto-APS Ci,i

P allows us to
reconstruct their energy spectrum and the cross-APS can

be predicted as Ci,j
P =

√

Ci,i
P Cj,j

P . Alternatively, if we
define the so-called cross-correlation coefficients ri,j as

Ci,j
P /
√

Ci,i
P Cj,j

P , any deviation from 1 when i ̸= j can
be interpreted as an indication of multiple source classes
contributing to the signal. In Fig. 11, we show the
cross-correlation coefficients corresponding to the best-
fit Ci,j

P for the data set obtained masking 2FGL sources
(left panel) and masking 3FGL sources (right panel).
In the former case, it is clear that the cross-correlation
coefficients of low-energy bins are systematically smaller
than 1, when correlated with high-energy bins. This is
in qualitative agreement with the findings of Ref. [16], in
which the auto-APS measured in Ref. [1] was explained
by the sum of two different populations of unresolved
blazars at low energies, while, above ∼10 GeV, the signal
was compatible with only one source class. Figs. 33 and

9 Note that in some cases the best-fit CP is negative. However,
whenever that happens the estimated error is large and the
measurement is compatible with zero.



Phenomenological interpretation

• One population (one single 
power-law) model does not fit 
the data well 

• Data prefer two population 
models (two power laws, with 
at least one of them broken) 

• Transition of power-law slope 
from 2.7 to 2.1 is seen 

• What are they? Can the data 
be entirely explained with 
the sources that we already 
know?
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FIG. 19. Anisotropy energy spectrum for the default data set masking the sources in 3FGL (red circles). The different lines
correspond to the best-fit models to the measured auto- and cross-APS with one or two populations of unresolved sources. The
solid magenta line and the solid blue one (left panel) are for one population emitting as a power law or as a broken power law,
respectively. The solid yellow line (right panel) is for two populations with power-law energy spectra. The solid green line (right
panel) shows the best-fit in the case of one population emitting as a power law and another as a broken power law. Finally,
the thicker solid black line (present in both panels) represents the case of two populations emitting as broken power laws. This
is the scenario that best fits the data. In this case, the contribution of the two components are shown as short-dashed and
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TABLE III. Best-fit values for the parameters defining the populations assumed to describe the measured auto- and cross-APS.
See the text for the definition of the parameters. The normalizations (A, A1 and A2) are measured in cm−2s−1sr−1 and the
energy breaks (Eb, Eb,1 and Eb,2) are measured in GeV. Errors are given at 68% CL. The table also indicates the number of
degrees of freedom Ndof (i.e., the number of fitted data points minus the number of free parameters), the χ2 of the best-fit
solution, the χ2 of the best-fit point per degree of freedom and the corresponding p-value.

Ndof χ2 χ2/Ndof p-value
One power law

log10(A) α
−8.48+0.01

−0.01 2.29+0.02
−0.01 89 135.31 1.52 0.001

One broken power law
log10(A) α β Eb

−8.49+0.01
−0.01 2.26+0.02

−0.02 > 3.74 92.20+16.02
−16.66 87 118.57 1.36 0.010

at 68% CL
Two power laws

log10(A1) α1 log10(A2) α2

−8.52+0.03
−0.04 2.24+0.03

−0.05 −8.81+0.14
−0.22 3.27+0.78

−0.45 87 127.60 1.47 0.003
Two broken power laws

log10(A1) α1 β1 Eb,1 log10(A2) α2 β2 Eb,2

−8.58+0.04
−0.05 2.58+0.18

−0.12 > 3.49 3.26+1.05
−0.64 −8.64+0.04

−0.05 2.10+0.05
−0.05 > 3.86 84.65+10.28

−15.71 83 91.58 1.10 0.240
at 68% CL at 68% CL
One power law and one broken power law

log10(A1) α1 log10(A2) α2 β2 Eb,2

−8.56+0.06
−0.09 2.710.260.18 −8.68+0.10

−0.13 2.08+0.88
−0.45 >3.89 84.7910.6016.13 85 98.86 1.16 0.140

at 68% CL

VII. SIMULATING THE GAMMA-RAY
EMISSION INDUCED BY DARK MATTER

From this section onwards we focus our attention
on the DM-induced gamma-ray emission: we first
summarize how we simulate this component, and then

we analyze our mock gamma-ray sky maps by computing
their auto- and cross-APS. This will constitute our
prediction for the APS associated with DM that will
be compared to the measured auto- and cross-APS
presented in the previous sections.

The simulated DM signal needs to account for all DM

Fornasa et al. Phys. Rev. D 94, 123005 (2016)



Blazars as a dominant source of APS

• Rule of thumb: Poisson APS is 
dominated by brighter, less 
abundant sources

• Blazars are a very bright, low-
density gamma-ray source class, 
which are best studied with Fermi-
LAT 

• APS measurement in 2012 was 
well in consistent with blazar 
model alone (Ando et al. 2007) 

• Is this still the same for the new 
data? Can we learn blazar 
parameters?

Fermi-LAT, Astrophys. J. Suppl. Ser. 218, 23 (2015)
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Fig. 15.— Full sky map (top) and blow-up of the inner Galactic region (bottom) showing
sources by source class (see Table 6). All AGN classes are plotted with the same symbol for

simplicity.
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FIG. 3: Angular power spectrum of the CGB from unresolved
blazars expected from the EGRET data. Contributions from
Poisson term, CP

l , and the correlation term, CC
l with bB = 1

(bB = bQ(z)), are shown by the dotted and dashed (dot-
dashed) curves, respectively. The total contribution is shown
as the solid curve for bB = 1

FIG. 4: The same as Fig. 3 but for the CGB anisotropy ex-
pected from GLAST data.

Figs. 3 and 4. We find that these results are quite sim-
ilar to the case of bB = 1. This is because at low red-
shift, z ! 0.5, the quasar bias is close to 1, and the main
contribution to the CGB from blazars comes also from
relatively low-redshift range. Once again, we note that
the quasar bias [Eq. (21)] is significantly different from
the bias inferred from the X-ray AGN observation, which
indicated stronger clustering [53, 54, 55]. Therefore, one
should keep in mind that a wide range of the blazar bias,
possibly up to ∼ 5, is still allowed. Hereafter, we adopt
bB = 1 as our canonical model, and note that CC

l simply
scales as b2

B.

V. DISTINGUISHING DARK MATTER
ANNIHILATION AND BLAZARS

The main goal in this paper is to study how to dis-
tinguish CGB anisotropies from dark matter annihila-
tion and from blazars. The current uncertainty in the
blazar bias would be the source of systematic errors, but
this can be reduced significantly by several approaches,
such as the upgraded and converged bias estimations of
AGNs from the other wavebands, direct measurement
of the blazar bias from the detected point sources by
GLAST [46], and the CGB anisotropy at different ener-
gies where the contribution from dark matter annihila-
tion is likely to be small.

A. Formulation for the two-component case

The total CGB intensity is the sum of dark matter
annihilation and blazars:

ICGB(E, n̂) = IB(E, n̂) + ID(E, n̂), (22)

⟨ICGB(E)⟩ = ⟨IB(E)⟩ + ⟨ID(E)⟩, (23)

where the subscripts B and D denote blazar and dark
matter components, respectively. The expansion coeffi-
cients of the spherical harmonics are given by

aCGB
lm =

∫

dΩn̂

ICGB(E, n̂) − ⟨ICGB(E)⟩

⟨ICGB(E)⟩
Y ∗

lm(n̂)

=

∫

dΩn̂

δIB(E, n̂) + δID(E, n̂)

⟨ICGB(E)⟩
Y ∗

lm(n̂)

≡ fBaB
lm + fDaD

lm, (24)

where δIB,D ≡ IB,D − ⟨IB,D⟩, fB,D ≡ ⟨IB,D⟩/⟨ICGB⟩.
These fB and fD are the fraction of contribution from the
blazars and dark matter annihilation to the total CGB
flux, and we have the relation fB + fD = 1. There-
fore, aB,D

lm is defined as the coefficient of the spherical
harmonic expansion if each component is the only con-
stituent of the CGB flux, the same definition as in the
previous sections or of AK06. The total angular power
spectrum, CCGB

l = ⟨|aCGB
lm |2⟩, is therefore written as

CCGB
l = f2

BCl,B + f2
DCl,D + 2fBfDCl,BD, (25)

Ando et al., Phys. Rev. D 75, 063519 (2007)



Gamma-ray luminosity function
• Gamma-ray luminosity function: 

number density of a source (i.e., 
blazar) per unit luminosity range 
Φ = dn/dL 

• It is typically modelled as a 
broken power law 

• Pure luminosity evolution (PLE): 
Only L0 evolves with redshift z 

• Pure density evolution (PDE): 
Only Φ0 evolves with z 

• Luminosity-dependent 
density evolution (LDDE): 
both L0 and Φ0 evolve with z

L0

Φ0



Procedure: Parameters to constrain
• Four free parameters (as from Ajello 

et al. 2015): 

• Overall normalization A 

• Low-luminosity power-law slope γ1 

• Break luminosity L0 at z = 0 

• High-redshift power-law slope p20 

• Everything else is fixed to median of 
Ajello et al. (2015) 

• Energy spectrum depends on 
luminosity (the less luminous, the 
harder); taking into account both 
FSRQs and BL Lacs

L0

Φ0
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Test run: Fitting the flux distribution dN/dF

• Fitting 24 data points on 
dN/dF of all detected 
blazars in 1FGL 

• Consistent with results by 
Ajello et al. (2015) 

• But they are weaker, as 
Ajello et al. (2015) fit both 
luminosity and redshift 
distributions 

• Weak constraint on p20 

• Cannot exclude positive 
evolution at high-z (z > 1)
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Fitting both dN/dF and CP 

• Fitting flux distributions 
of resolved blazars dN/
dF, and angular power 
CP of unresolved 
background 

• p2* is clearly preferred 
to be positive!! (in 
tension with redshift 
distribution of blazars)

Ando, Fornasa, Fornengo, Regis, Zechlin, arXiv:1701.06988 [astro-ph.HE]
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Resulting CP and EGRB spectrum

• Even the best-fit model of 
both dN/dF and CP data 
does not provide good fit 
to CP spectrum 

• χ2/dof = 112.41/66 = 1.7 

• It clearly under-predicts 
data below 1 GeV 

• This suggests a missing 
component at low-energy 
region (NEW!!)

Ando, Fornasa, Fornengo, Regis, Zechlin, arXiv:1701.06988 [astro-ph.HE]
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• Assume a single-power law 
energy spectrum 

• Two additional free 
parameters: 

• Normalisation of CP at the 
lowest energy bin 

• Spectral index Γnew 

• The new source has to be 
soft: Γnew ~ 2.6−3.2 

• Fits improve to χ2/dof = 
70.19/64 = 1.1 (p-value: 
0.28)

Adding a new 
source population

Ando, Fornasa, Fornengo, Regis, Zechlin, arXiv:1701.06988 [astro-ph.HE]
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What are the sources? Star-forming galaxies?
• There are other known populations 

that contribute to EGRB 

• Star-forming galaxies 

• Radio galaxies (misaligned 
AGNs) 

• Soft spectrum (E−2.8) suggests 
towards the former 

• But CP must be significantly smaller 
(by about 3 orders of magnitude; 
e.g., Ando & Pavlidou 2009, 
Tamborra et al. 2014) 

• The population might be related to 
Fermi unassociated sources
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FIG. 3. The gray boxes indicate the data points used in the scans, for the auto-correlation APS with the 3FGL mask (left
panel) and for the 3FGL dN/dF (right panel). The solid red lines and red circles indicate the best-fit solution for the scan
performed by fitting only the auto- and cross-correlation APS from Ref. [34] (3FGL mask) with a model including only blazars.
The thicker dashed red lines and the red triangles denote the best-fit solution for a scan performed fitting the same APS
data but including a new source class (see text for details). The thinner red dashed line in the left panel shows the best-fit
auto-correlation APS for the new class source, separately. Around each red circle/triangle, the red (pink) vertical line shows
the 68% (95%) CL uncertainty. Circles and triangles are slightly shifted with respect to each other to increase readibility.
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FIG. 4. The gray boxes indicate the data points used in the scans, for the auto-correlation APS with the 3FGL mask (left
panel) and the 3FGL dN/dF (right panel). The solid blue lines and blue squares indicate the best-fit solution for the scan
performed by fitting the auto- and cross-correlation APS from Ref. [34] (3FGL mask) and the 3FGL dN/dF , with a model
including only blazars. The thicker dashed blue lines and the blue triangles denote the best-fit solution for a scan performed
fitting the same APS and dN/dF data but including a new source class (see text for details). The thinner dashed blue line in
the left panel shows the auto-correlation APS of the new source class, separately. Around each blue square/triangle, the dark
blue (light blue) vertical line shows the 68% (95%) CL uncertainty. Squares and triangles are slightly shifted with respect to
each other to increase readibility.

in agreement (at the 95% CL) with the results of Ref. [4].
In that paper, the authors employ the same LDDE
scheme used here to describe 403 blazars observed by
Fermi LAT, but they used a larger parameter space and
they constrained their model by fitting the blazars’ flux
and spectral index distributions, taking also advantage

of some redshift estimates.
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FIG. 13. The gray boxes indicate the EGB intensity energy spectrum measured in Ref. [3] (model A). (Top-left panel): The
solid red line and red circles indicate the energy spectrum of the emission of all blazars (resolved and unresolved) for the best-fit
solutions for the scan performed by fitting the auto- and cross-correlation APS from Ref. [34] (3FGL mask). The dashed red
line and the red triangles denote the best-fit solutions for a scan performed fitting the same data but including a new source
class (see text for details). (Top-right panel): The same quantities are plotted, as in the top-left panel, but for scans fitting the
APS data (3FGL mask) and the 3FGL dN/dF . (Bottom panels): the same information as in the in the top panels is plotted,
but for the case of the APS obtained with the 2FGL mask. In all panels, the red/blue bars around the markers indicate the
68% CL uncertainty, while the pink/light blue ones the 95% CL one. The two sets of data in each panel are slightly shifted
with respect to each other to increase readibility.

include the 3FGL dN/dF . Each panel contains two data
sets, one for the case in which only blazars are considered
in the model predictions (solid lines) and one for the fit
including the new source class (dashed lines). Each data
point is surrounded by its 68% CL (red or blue) and 95%
CL (pink or light blue) estimated error. Note that, even
when the new source class is included in the fit, Fig. 13
only shows the emission of blazars.

As pointed out in the previous sections, all the scans
performed in terms of blazars only (no new sources) are
in qualitative agreement (independent of which APS data
are used or if the dN/dF data are included). Indeed, the
four solid lines in Fig. 13 are very similar. Blazars are
responsible for a fraction of the EGB above 800 MeV

that goes from 45% to 49%.
When we include the new source class (dashed lines),

the emission is harder and dashed lines deviate from the
solid ones around 80-100 GeV. This is probably because,
since the new class account for the low-energy regime,
blazars are more tuned to reproduce the behaviour at
high energies. In the best-fit scenarios, blazars account
for between 43% and 57% of the EGB above 800 MeV.

B. Characterization of the new source class

We start by noting that a slope Γnew between
approximately 2.5 and 3.2 (depending on the scan

Ando, Fornasa, Fornengo, Regis, Zechlin, arXiv:1701.06988 [astro-ph.HE]



Upper limits on the annihilation cross section

• Analysis including shot-noise components and dark matter 
• Limits on annihilation cross section are comparable to 

spectral analysis at small masses

Ando, Komatsu, Phys. Rev. D 87, 123539 (2013)
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FIG. 28. Exclusion limits on annihilating and decaying DM from the fit to the binned Cℓ in terms of the 2-component model.
Left: The solid lines show the upper limits that can be derived on ⟨σannv⟩ as a function of mχ (for annihilations into bb̄ quarks
and Mmin = 10−6M⊙) by fitting the Fermi LAT data with a 2-component model that includes astrophysical sources and DM
(see text for details). The black, blue and red lines correspond to the REF, MIN and MAX scenario. The blue and red shaded
areas indicate how the MIN and MAX upper limits change when leaving Mmin free to vary between 10−12M⊙ and 1 M⊙. The
black dashed line is the REF upper limit in the conservative case, from Fig. 25, while the long-dashed grey line is the thermal
annihilation cross section from Ref. [94]. The dot-dashed grey line is the upper limits derived in Ref. [95] from the combined
analysis of 15 dwarf spheroidals, while the short-dashed grey line comes from the analysis of the IGRB intensity performed in
Ref. [98]. Right: The same as in the left panel but for the lower limits on τ , in the case of decaying DM. The short-dashed
grey line represents the lower limit obtained in Ref. [96] from the IGRB intensity. The line is taken from Fig. 5 of Ref. [96],
where the IGRB is interpreted in terms of a component with a power-law emission spectrum and a DM contribution. Finally,
the dot-dashed grey line is the upper limit from the analysis of 15 dwarf spheroidal galaxies performed in Ref. [97].

the ones showed in Fig. 28 and, therefore, we decided not
to show them.

IX. DISCUSSION AND CONCLUSION

In this paper we measure the auto-correlation and
cross-correlation angular power spectrum (APS) of the
diffuse gamma-ray emission detected by Fermi LAT at
high Galactic latitudes in 81 months of observation. The
measurement builds on a similar analysis based on 22
months of data and published in Ref. [1]. With respect
to the latter, this work takes advantage of the larger
statistics, as well as of the improved event reconstruction
achieved for Pass 7 Reprocessed events and instrument
response functions. Other improvements, with respect to
Ref. [1], consist of a revised method for binning the data
in multipole and to compute the Poissonian auto- and
cross-APS. We also correct the estimate of the photon
noise and we employ a different method to account for
the effect of the mask. Finally, we consider a more recent
model of the diffuse Galactic foreground associated with
the Milky Way (MW) disk.
The second part of the paper focuses on the auto-

and cross-APS expected from annihilation or decay
of DM. We employ a hybrid approach to model the
distribution of DM, making use of catalogs of DM halos

and subhalos from state-of-the-art N -body simulations
and combining them with analytical recipes to account
for DM structures below the mass resolution of the
simulations. The methodology follows what was done in
Ref. [34]. Compared to the latter, this work discards the
possibility of very large subhalo boost factors induced
by näıve power-law extrapolations of the concentration
parameter to low halo masses. We also account for the
uncertainty associated with the mass of the MW, and we
correct for the possibility of having very bright Galactic
DM subhalos that would be individually resolved as
gamma-ray sources.

The main results of this papers are summarized in the
following list.

• Detection of auto- and cross-APS: because of the
instrumental improvements and of the refinements
in the analysis mentioned before, the measurement
presented here probes a larger energy range
(compared to the original analysis in Ref. [1]),
between 0.5 and 500 GeV, divided in 13 energy
bins. We also compute, for the first time, the
cross-APS between different energy bins. We detect
significant auto-APS in almost all the energy bins
below 21.83 GeV. Significant cross-APS is also
measured in most combinations of energy bins (see
Tabs. I and II).

Fornasa et al. Phys. Rev. D 94, 123005 (2016)



What can we learn from the gamma-ray background?

✓Energy 

• Intensity spectrum (Bergstrom et al. 1998) 

✓Spatial clustering of sources 

• Angular power spectrum (Ando & Komatsu 2006) 

• Redshift distribution of sources → tomography 

• Cross correlation with dark matter tracers (Cosmic shear: Camera et 
al. 2013; Galaxy catalogs: Ando, Benoit-Lévy & Komatsu 2014) 

• Luminosity distribution of sources 

• 1-point PDF of the gamma-ray flux (Lee, Ando & Kamionkowski 2009)



Cross correlation with galaxy catalogs
12

H
u
ch
ra

et
a
l.

F
ig
.
1
2
.—

S
am

e
as

F
ig.

9
b
u
t
for

all
2M

R
S
galax

ies,
sp

an
n
in
g
th
e
en

tire
red

sh
ift

ran
ge

covered
b
y
th
e
su

rvey
(from

z
=

0
in

p
u
rp

le
to

z
=

0.08
in

red
).

Huchra et al., Astrophys. J. Suppl. Ser. 199, 26 (2011)

2MASS Redshift Survey; 43000 galaxies up to z ~ 0.1



Gamma-ray background tomography

• DM contribution is relatively more 
important at z < 0.1 

• Cross-correlating with 2MRS galaxies 
will single out this redshift region!

• Both γ and galaxies trace large-scale structure 
• Two maps should resemble each other 
• They don’t, at least by eye.

2MRS galaxies

Fermi γ 2MRS



Cross correlation with galaxy catalogs
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2MRS-gamma correlation

• DM annihilation shows the 
largest correlation with 2MRS 
galaxies 

• Sensitivity is very good in 
order to exclude canonical 
cross section for thermal 
freeze-out mechanism

Ando, Benoit-Lévy, Komatsu, Phys. Rev. D 90, 023514 (2014)
Fornengo, Regis, Front. Phys. 2, 6 (2014)



Cross correlation: 5-year sensitivity

• Very powerful probe of DM 

• Uncertainty regarding 
substructure boost is 
about one order of 
magnitude (Sanchez-
Conde & Prada 2014 vs 
Gao et al. 2012)

Ando, JCAP 1410, 061 (2014)Figure 12. The 68% and 95% containment intervals of the 95% credible sensitivity to the annihilation
cross section, from cross correlation with 2MRS and for both the boost models [24, 26]. The dashed
curves are the median of the distribution, while the solid curves are the same as shown in Fig. 10.

one could further use this information to disentangle dark matter from other astrophysical
sources. Taking such a tomographic approach, we divided the 2MASS catalogs into more
than one (up to ten) redshift bins. We found that we could already improve the sensitivities
to the annihilation cross section by a factor of a few to several, if we divided the catalogs
into two or three redshift slices. Beyond four slices, the improvement is possible but modest.
If the dark matter halos contain a large number of substructure yielding a large boost of
the annihilation signals (e.g., [24]), then the canonical annihilation cross section would be
probed for the dark matter less massive than ⇠700 GeV. For a more modest scenario with
less substructure boost (e.g., [26]), the sensitivity reaches around ⇠10�25 cm3 s�1 for dark
matter with masses of tens to a few hundreds of GeV.

For these estimates, we developed theory and included the shot-noise term in the cross-
correlation power spectrum, which comes from the fact that descrete point sources in the
galaxy catalogs contribute partly to the gamma-ray background. The cross-power spectrum
between density squared and galaxy distribution as well as the galaxy power spectrum were
computed with the updated halo model adopting the halo occupation distribution (see also
Ref. [22]), and we found considerable di↵erences in relevant angular scales.

We based our sensitivity estimate on the Bayesian statistics and Markov-Chain Monte
Carlo simulations. This enables us to adopt priors of theoretical parameters, excluding
unphysical values (such as negative annihilation cross section) from the beginning. This
turned out to be a major improvement compared with the simplistic estimates based on the
Fisher matrix adopted in Ref. [21] as shown in Fig. 10. We also found that the statistical
fluctuation of data would yield uncertainty band of one order of magnitude for the sensitivity
estimates (Fig. 12).

– 19 –



Observations: Cross correlation with 2MASS galaxies

• Positive correlations with several catalogs (>3.5σ for 2MASS, NVSS, SDSS-
QSO; >3σ for SDSS galaxies) 

• Constraints on astrophysical components to the diffuse background (70% 
star-forming galaxies; blazars are subdominant)

16 Xia et al.

FIG. 14.— CAPS (upper panels) and CCF (lower panels) estimated from the SDSS DR6 QSOs map and the Fermi-LAT IGRB maps in three energy bands. The
three panels refer to three energy cuts E > 0.5 GeV (left panels), E > 1 GeV (middle panels) and E > 10 GeV (right panels). Error bars on the data points (orange
dots) represent the diagonal elements of the PolSpice covariance matrix. Model predictions for different types of sources are represented by continuous curves:
FSRQs (red, dashed), BL Lacs (black, solid) star-forming galaxies (blue and green, dot-dashed) All the models are a priori models (i.e., not fitted) normalized
assuming that the given source class contributes 100% of the IGRB.

FIG. 15.— Analogous to Fig. 14 using 2MASS galaxies

22 Xia et al.

FIG. 19.— Plot matrix showing the 1-dimensional profile likelihoods for each component and contours of the 2-dimensional profile likelihoods for the three-
component fit (BL Lacs, FSRQs and SFGs) to all the experimental CCFs (i.e., all catalogs and all energy ranges). The plots refer to the model BLLacs1 and
SFGs1. The plot in the upper-right corner shows the profile likelihood for the total IGRB fraction.

TABLE 5
CONTRIBUTION TO THE BEST FIT χ2 FROM THE SINGLE CATALOG CCFS WITH THE E >500 MEV γ-RAY MAP, FOR THE TWO MODELS FSRQS +

BLLACS1 + SFGS1 AND FSRQS + BLLACS1 + SFGS2 . THE NUMBERS IN PARENTHESIS ARE THE NUMBER OF θ BINS USED TO CALCULATE THE χ2.

2MASS (10) NVSS (6 ) SDSS-MG (10) SDSS-LRG (10) SDSS-QSO (10)
FSRQs + BLLacs1 + SFGs1 6.4 1.5 3.6 7.7 16.1
FSRQs + BLLacs1 + SFGs2 6.2 1.5 3.1 6.6 24.3

the data equally well, although with different overall
normalizations of the SFG signal.

• In all models explored the IGRB contribution from
AGN is subdominant. When SFGs are included among
the IGRB sources, the AGN contribution is consistent
with zero. The consistency with zero simply reflects
the limited accuracy of our analysis which does not ac-
count for the fact that, based on the observed number
count distribution of the resolved γ-ray sources, some
contribution from AGN is to be expected (Ajello et al.
2012, 2014).

• BLLacs1 and BLLacs2 models have similar χ2 values
although the normalization of the BLLacs2 component
is approximately a factor of 2 higher than the BLLacs1
model.

The uncertainties in the estimates of the parameters can be
appreciated from the sets of panels shown in Figs. 19 (SFGs1
model) and 20 (SFGs2 model). We do not show results for
the BLLacs2 case, since they are very similar to those of the
BLLacs1 case, when one rescales the BL Lac component by a
factor of ∼2. Among the plots, those with the 1-dimensional
χ2 represent the contribution to the IGRB from a specific type
of source that we obtain profiling (Rolke et al. 2005) over the
other contributors. For example in the case of SFGs, this is
the function obtained after minimizing the χ2( fsfg, fbllac, ffsrq)
with respect to fbllac and ffsrq. The plots show the χ2 together
with the 2 σ significance level. The plot in the upper-right
corner also shows the derived quantity ftot, i.e., the total IGRB
fraction, ftot = fsfg + fbllac + ffsrq. The 2D contours refer to the
function obtained by profiling over only one parameter. In
this case the contours are drawn in correspondence to the 1,

Xia et al., Astrophys. J. Suppl. Ser. 217, 15 (2015)



Cross correlation with 2MASS: DM constraints
Regis et al., Phys. Rev. Lett. 113, 241301 (2015)

2

distribution of 2MASS galaxies can be written as [3]:

C
(�g)
` =

Z
d�

�2
W�(�)Wg(�)P�g (k = `/�,�) , (1)

where �(z) denotes the radial comoving distance,
Wi(�) represent the window functions described below,
P�g(k, z) is the three-dimensional cross power spectrum
(PS), k is the modulus of the wavenumber, and ` is the
multipole. Indices � and g refer to �-ray emitters and
extragalactic sources in 2MASS, respectively. In Eq. (1)
we used the Limber approximation [11], since P�g varies
(relatively) slowly with k.

The (di↵erential in energy) window function for �-ray
emission from DM annihilation W�(z) is [3]:

W a
� (z) =

(⌦DM⇢c)2 h�avi
8⇡mDM

2
(1 + z)3 �2(z)

dNa

dE�
e�⌧ [z,E�(z)],

(2)
where ⌦DM is the DM1 mean density in units of the
critical density ⇢c, �2(z) is the clumping factor, mDM

is the mass of the DM particles, and h�avi denotes the
velocity-averaged annihilation rate. dNa/dE� indicates
the number of photons produced per annihilation and
determines the �-ray energy spectrum. The exponential
damping quantifies the absorption due to extra-galactic
background light [13].

The window function for DM decay is [3]:

W d
� (z) =

⌦DM⇢c �d

4⇡mDM

dNd

dE�
e�⌧ [z,E�(z)] , (3)

where �d = 1/⌧d is the DM decay rate.
The window function of 2MASS galaxies is Wg(z) ⌘

H(z)/c dNg/dz and their redshift distribution dNg/dz is
[14]:

dNg

dz
(z) =

�

�(m+1
� )

zm

zm+1
0

exp

"
�
✓

z

z0

◆�
#
, (4)

with m = 1.90, � = 1.75 and z0 = 0.07.
The PS P�g in Eq. (1) is computed within the halo-

model framework, as the sum of a one-halo plus a two-
halo terms. For more details, see [3, 7]. Both the PS
and the clumping factor �2(z) in Eq. (2) depend on a
number of DM properties: the halo mass function, that
we take from Ref. [15], the halo density profile, for which
we assume a Navarro-Frenk-White model [16], the mini-
mum halo mass, that we set equal to 10�6M�, and the
halo mass-concentration relation c(M, z), that we adopt
from Ref. [17]. The theoretical uncertainty of these quan-
tities is rather small for halos larger than 1010 M�, be-
cause they can be constrained by observations and simu-
lations. Since the DM decay signal is mainly contributed

1
A 6-parameter flat ⇤CDM cosmological model is assumed with

the value of the parameters taken from Ref. [12].
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FIG. 1. Cross-correlation above 500 MeV for the best fit-
ting annihilating and decaying DM scenarios, compared to
the measured CCF. The curves are for DM particles of 100
GeV (200 GeV) annihilating (decaying) into bb̄. We show
the two annihilation models high and low with annihi-
lation rates h�avi = 2 ⇥ 10�26 cm3s�1 (blue-dashed) and
2.4 ⇥ 10�25 cm3s�1 (blue-solid), respectively, and a decay
model with lifetime ⌧ = 1.6⇥ 1027 s (red-dotted). The green
curve shows the CCF of the 1-halo correction term C1h. We
show the sum of this component and the DM CCF (in the
low scenario) with the black curve. The inset shows that
these DM models provide a subdominant contribution to the
observed IGRB spectrum [20].

by large structures, the theoretical predictions are rel-
atively robust. This is not the case for the annihilation
signal which is preferentially produced in small halos and
in substructures within large halos. Consequently, theo-
retical uncertainties on the annihilation signal are larger.
For the subhalo contribution we consider two scenarios
(low and high) to bracket theoretical uncertainty. The
low case follows the model of Ref. [18] (see their Eq. (2),
with a subhalo mass function dn/dMsub / M�2

sub). The
high scenario is taken from Ref. [19], with the halo mass-
concentration relation extrapolated down to low masses
as a power law.

In our CAPS model (Eq. 1), we add a constant term
C1h (one-halo correction term) to correct for possible un-
accounted correlations at very small-scales, within the
Fermi-LAT Point Spread Function (PSF). The value of
C1h will be determined by fitting the data, and we an-
ticipate that we find a C1h value compatible with zero.
Thus, the inclusion of this term does not change signif-
icantly the results. For an extensive discussion on this
term, see Refs. [5, 7].

• Very competitive bounds 
even in the DM only case

12 Cuoco et al.
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straints. The black curve is taken from Regis et al. (2015) and
refers to the case in which we assumed that all the 2MASS �-
ray correlation is produced by DM, with no astrophysical con-
tribution. As expected, including the astrophysical sources
makes the constraints stronger, of about a factor of 4. The gain
is significant and will further improve once the DM-mAGN-
SFG degeneracies discussed above will be removed.

As expected, uncertainties on the bounds driven by the
substructure model are significant. The left panel of Fig. 9
shows that assuming the HIGH model would strengthen the
constraints on the cross section by about one order of magni-
tude, whereas in the NS scenario, the bounds would weaken
by about a factor of 5. This implies that the thermal annihila-

tion rate h�avi = 3 ·10-26cm3s-1 is excluded at the 95 % C.L.
up to masses of 6, 25, 250 GeV in the NS, LOW and HIGH
scenarios, respectively.

In Fig. 10 we instead show the 95% C.L. lower bounds on
the lifetime of a decaying DM particle, for various decay final
states. Bounds on DM decay, being proportional to the DM
density (and not DM density squared, as instead the annihila-
tion signal) depend on the total DM mass in structures and are
not affected by the different substructure modeling. As for
the annihilation case, including the astrophysical sources in
the analysis improves the constraints, again by about a factor
of 4, with respect to those obtained by ignoring the astrophys-
ical components (Regis et al. 2015).

Finally, to test the robustness of our DM constraints we
have repeated the analysis using the same astrophysical mod-
els used in Xia et al. (2015) and we found that they are very
similar to the ones obtained in the present analysis.

4.1. Self consistency tests: mean intensity and
auto-correlation of the IGRB

As anticipated in Section 3 instead of including the mean
IRGB intensity and its auto-correlation in the fit, we use
these additional observational inputs a posteriori as a self-
consistent test for our best fitting model.

We define, An
IGRB, the fractional mean IGRB intensity pre-

dicted by the cross-correlation fit, as follows

In
TOT An

IGRB = AFSRQIn
FSRQ + ABLLacIn

BLLac +
AmAGNIn

mAGN + ASFGIn
SFG + ADMIn

DM , (8)

where In
↵ are the integrated �-ray intensities of our refer-

ence models for the five �-ray emitters considered here and
shown in Fig. 1 and n = 1,2,3 identifies the energy band The
total intensity is defined as In

TOT ⌘
P

↵ In
↵, where the sum

runs over the five types of emitters. In our model In
TOT =

10-6
, 4⇥ 10-7

, 1.5⇥ 10-8 cm-2 s-1 sr-1 for the energy ranges
E > 0.5, 1, 10 GeV, respectively, which are consistent with
the measured IGRB (Ackermann et al. 2015a). We thus ex-

Cuoco et al., Astrophys. J. Suppl. Ser. 221, 29 (2015)

Ando, Ishiwata, JCAP 1606, 045 (2016)

Figure 9. The same as Fig. 7 but for the hadronic channels.

final states, l+i l
�
i , ⌫l

±
j l

⌥
k , W

±l⌥i , bb̄, W
+W� for dark matter contribution. On the leptonic

channels of decaying scenarios, lifetime of dark matter is constrained as ⌧dm & 1027 s and
⌧dm & 1028 s in analysis i) and ii), respectively, for mdm & 1 TeV. Thus, the decaying
scenarios which are suggested to explain the positron or anti-proton excesses are excluded.
This conclusion is robust since there is no uncertainty in the calculation of gamma rays
from dark matter once decay channel is specified and that the we have based our discussion
on the data of the observed astrophysical sources. We have checked consistency with the
previous papers [15, 16], i.e., the similar results are obtained for hadronic channels (bb̄,
W+W�, ⌧+⌧�) and on leptonic channels (µ+µ�) in mdm . 1 TeV region. For annihilating
scenarios, similarly, the constraints get one to two orders of magnitude more stringent than
the previous ones [15, 16] in TeV mass region. Besides, we have found that mdm . 100 GeV
is excluded for a WIMP dark matter which mainly annihilates into bb̄ or ⌧+⌧�, which is
comparable constraint to that obtained by using dwarf spheroidal galaxies [17]. Those results
are obtained by adopting the latest updates in the subhalo model [26] where the uncertainties
are well understood compared to the past studies. There is also a huge uncertainty in the
computation of (anti-)proton flux in the galaxy. Thus, the constraint obtained here cannot
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Cross correlation with weak lensing data

• CFHTLenS/RCSLenS/KiDS 

• No excess found

12 T. Tröster et al.
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Figure 8. Measurement of the cross-spectrum Ĉg

`

between Fermi-LAT gamma rays and weak lensing data from KiDS for five energy
bins for gamma-ray photons and five redshift bins for KiDS galaxies (black points). The cross-spectrum of the gamma rays and KiDS
B-modes are depicted as red data points.

The improvement due to tomographic binning is only
marginal. Two factors contribute to this lack of improve-
ment: Firstly, in the case of no observed correlation signal
– as is the case here – the di↵erences in the redshift de-
pendence of the astrophysical and dark matter sources do
not come to bear because there is no signal to disentangle.
Secondly, the lensing window functions are quite broad and
thus insensitive to the featureless window function of the
dark matter gamma-ray emissions, as depicted in Figure 1.
This is due to the cumulative nature of lensing on the one
hand and the fact that photo-z’s cause the true n(z) to be
broader than the redshift cuts we impose on the other hand.
This is in contrast with spectral binning, which allows us
to sharply probe the characteristic gamma-ray spectrum in-
duced by dark matter. As shown on Figure 3, annihilating
dark matter shows a pronounced pion bump when annihi-
lating into bb̄ and a cuto↵ corresponding to the dark matter
mass m

DM

, while for decaying dark matter the cuto↵ ap-
pears at half the dark matter mass. For this reason we refrain
from a tomographic analysis for CFHTLenS and RCSLenS
as we expect little to no improvements of the limits.

The limits can be further tightened by taking into ac-

count known astrophysical sources of gamma rays. This
comes however at the expense of introducing new uncertain-
ties in the modelling of said astrophysical sources. Going
forward, we include the astrophysical sources to show the
sensitivity reach of such analyses but also show the conser-
vative limits derived under the assumption that all gamma
rays are sourced by dark matter.

To account for the astrophysical sources, we subtract
the combination of the three populations (blazars, mAGN,
and SFG) described in Section 2 from the observed cross-
correlation signal. The dark matter limits are then obtained
by proceeding as before but using the residuals between the
cross-correlation measurement and the astrophysical con-
tribution. Since we assume no error on the astrophysical
models, the limits obtained by including blazars, mAGN,
and SFG contributions should be considered as a sensitivity
reach for a future situation where gamma-ray emission from
these astrophysical sources will be perfectly understood.

The resulting 2� exclusion limits on the dark matter
annihilation cross-section h�

ann

vi for the bb̄, µ�µ+, and
⌧�⌧+ channels are shown in Figure 12. Finally, the com-
bined exclusion limits for CFHTLenS, RCSLenS, and KiDS

MNRAS 000, 1–18 (2016)
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Figure 9. Measurement of the cross-spectrum Ĉg

`

between
Fermi-LAT gamma rays in the energy range 0.5–500 GeV and
KiDS weak lensing data in the redshift range 0.1 – 0.9 (black data
points), compared to the expected signal from the sum of astro-
physical sources (solid green) and annihilating dark matter (solid
blue). The astrophysical sources considered are blazars, mAGN,
and SFG. The annihilating dark matter model assumes the high

scenario, m
DM

= 100 GeV, and h�
ann

vi = 3 ⇥ 10�26 cm3s�1.
The dashed lines show the same models but without correcting
for the Fermi-LAT PSF.
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Figure 10. Exclusion limits on the annihilation cross-section
h�

ann

vi and WIMP mass m
DM

for the clustering scenarios high
(blue), mid (purple), and low (red) and for di↵erent binning
strategies for the KiDS data. The lines correspond to 2� upper
limits on h�

ann

vi and m
DM

, assuming a 100% branching ratio
into bb̄. No binning in redshift or energy (1z x 1E) is denoted by
dash-dotted lines. The case of binning in redshift but not energy
(4z x 1E) is plotted as dotted lines, while binning in energy but
not redshift (1z x 4E) is plotted as dashed lines. Finally, binning
in both redshift and energy (4z x 4E) is shown as solid lines. The
thermal relic cross-section, from Steigman et al. (2012), is shown
in grey.

are shown in Figure 13 and Figure 14 for annihilating and
decaying WIMP dark matter, respectively. The exclusion
limits for annihilating dark matter should be compared to
the thermal relic cross-section (Steigman et al. 2012), shown
in grey. Under optimistic assumptions about the the cluster-
ing of dark matter, i.e., the high model, and accounting for
contributions from astrophysical sources (dashed blue line),
we can exclude the thermal relic cross-section for masses

Figure 11. Exclusion limits on the decay rate �
dec

and WIMP
mass m

DM

for the bb̄ channel for di↵erent binning strategies for
the KiDS data. The style of the lines is analogous to Figure 10.

m
DM

<⇠ 20 GeV for the bb̄ channel. In the case of annihi-
lations or decays into muons or tau leptons, the exclusion
limits change shape and become stronger for large dark mat-
ter masses, compared to the b channel. This is due to the
fact that, for heavy dark matter candidates, inverse Comp-
ton scattering produces a significant amount of gamma-ray
emission in the upper energy range probed by our measure-
ment. If we make the conservative assumption that only dark
matter contributes to the UGRB, i.e., we do not account for
the astrophysical sources of gamma rays, the exclusion limits
weaken slightly, as seen in the di↵erence between the dashed
and solid blue lines in Figure 13. In this case the thermal
relic cross-section can be excluded for m

DM

<⇠ 10 GeV for the

bb̄ channel. These limits are consistent with those forecasted
in Camera et al. (2015).

The exclusion limits when dark matter is assumed to
be the only contributor to the UGRB are comparable to
those derived from the energy spectrum of the UGRB in
Ackermann et al. (2015a). However, when the contribution
from astrophysical sources is accounted for, the limits in
Ackermann et al. (2015a) improve by approximately one
order of magnitude, while our limits see only modest im-
provements. This is due to the fact that we do not observe
a cross-correlation signal. The constraining power therefore
largely depends on the size of the error bars. The contri-
bution from astrophysical sources is small compared to the
size of our error bars, as shown in Figure 9, explaining the
modest gain in constraining power when including the as-
trophysical sources compared to probes that observe a sig-
nal. The exclusion limits obtained in Fornasa et al. (2016)
from the measurement of the UGRB angular auto-power
spectrum are stronger than the ones presented here. Those
limits are dominated by the emission from dark matter sub-
haloes in the Milky Way, a component that is not considered
in our analysis since it does not correlate with weak lens-
ing. When restricting the analysis of the auto-spectrum in
Fornasa et al. (2016) to only the extragalactic components,
our cross-correlation analysis yields more stringent limits.
The limits presented here are comparable to those of similar
analyses of the cross-correlation between gamma rays and
weak lensing (Shirasaki et al. 2014, 2016) but weaker than
those derived from cross-correlations between gamma rays

MNRAS 000, 1–18 (2016)
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What can we learn from the gamma-ray background?

✓Energy 

• Intensity spectrum (Bergstrom et al. 1998) 

✓Spatial clustering of sources 

• Angular power spectrum (Ando & Komatsu 2006) 

✓Redshift distribution of sources → tomography 

• Cross correlation with dark matter tracers (Cosmic shear: Camera et 
al. 2013; Galaxy catalogs: Ando, Benoit-Lévy & Komatsu 2014) 

• Luminosity distribution of sources 

• 1-point PDF of the gamma-ray flux (Lee, Ando & Kamionkowski 2009)



Flux PDF: Probe of luminosity distribution

• Probability distribution 
function (PDF) of gamma-
ray flux is a probe of 
luminosity function 

• If the source is truly diffuse, 
then it is a delta function 

• PDF for most astrophysical 
sources is power-law like 

• Dark matter PDF is a 
Gaussian plus power-law tail 

• Another diagnosis for dark 
matter

Intensity F/⌦
pix

[cm�2 s�1sr�1MeV�1]

F
P
(F

)

10�12 10�11 10�10

10�2

10�1

100

101

102

Figure 5: One-point function P (F ) for the three dark matter models (with boosts color-
coded as previously), alongside the P (F ) of the di↵use contribution of blazars (green). The
dashed red band represents the measurement of the unresolved EGB from the Fermi data at
1 GeV [65], while the dashed green line is the mean of the blazar PDF.

S
min

N
blz/pix

hF i/⌦
pix

(% EGB)

0.72 1.25 0.89 (14.8%)

0.36 1.97 0.921 (15.3%)

0.18 3.08 0.946 (15.8%)

Table 3: Sensitivity summary of our unresolved blazar model (with fiducial values in the
central row). The first two columns pertain to Eqn. (5.3): S

min

(in units of 10�10 cm�2 s�1)
is the lowest flux to which we extrapolate the source count distribution, from which a number
of (faint, unresolved) blazars per pixel may be derived. The next two columns summarise
the corresponding mean intensity of the blazar P (F ), both as an absolute value in units of
10�10 cm�2 s�1 sr�1 MeV�1, and as a proportion of the unresolved EGB [65].

per pixel (treated analytically) and the contribution of more than zero sources per pixel
(Monte Carlo):

P
Blazar

(F ) =
1X

k=0

P (k|2.0)P
k

(F ) = e�2.0�(F ) +
1X

k=1

P (k|2.0)P
k

(F ) . (5.5)

The (nonzero) blazar flux distribution is plotted in Fig. 5. Like the flux distribution for the
dark matter, it has a non-negligible skew and approximates the single-source distribution at
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Analysis work of 1pPDF
5

ments available in the near future (Fornasa et al. 2016).

3.3. Composition of the Gamma-ray Sky

The contribution of point sources to the total flux
F
tot

of the region of interest (ROI) in the energy band
[E

min

, E
max

] is given by

F
ps

=

Z Scut

0

S
dN

dS
dS, (3)

which again is e↵ectively limited to a lower bound of S
nd

in our case. The full posterior was employed to derive the
profile likelihood of F

ps

. The GF contribution F
gal

was
obtained from the integral template flux and the normal-
ization parameter A

gal

. The di↵use isotropic background
component F

iso

was already one of the fit parameters.
The sum of the three components can be compared to
F
tot

, which was independently derived from integrating
the events map divided by the energy-averaged exposure
map over the ROI.
Table 2 lists the composition of the high-latitude

gamma-ray sky for each energy band. The contribu-
tion of point sources F

ps

can be compared to the extra-
galactic gamma-ray background (EGB), F

EGB

, as mea-
sured in Ackermann et al. (2015b). The resulting frac-
tional contributions F

ps

/F
EGB

in each energy band are
0.83+0.07

�0.13, 0.79
+0.04
�0.16, 0.66

+0.20
�0.07, 0.66

+0.28
�0.05, and 0.81+0.52

�0.19,
respectively.9

3.4. Comparison with Models

In order to assess the power of this method, we com-
pare our dN/dS measurement as a function of energy
with state-of-the-art models. We consider all source
classes known to provide major contributions to the
EGB. The blazar gamma-ray luminosity function (GLF)
and spectrum are modeled following Ajello et al. (2012)
for FSRQs, Ajello et al. (2014) and Di Mauro et al. (2014)
for BL Lacs, and Ajello et al. (2015) when considering
a single description for all blazars. Misaligned AGN are
taken from Di Mauro et al. (2014), while for SFGs we
followed Ackermann et al. (2012) with an infrared lumi-
nosity function from Gruppioni et al. (2013). The ab-
sorption due to extragalactic background light is mod-
eled according to Finke et al. (2010), a↵ecting the two
highest-energy bands.
The inset of Figure 2 shows that all the di↵erent de-

scriptions adopted for blazars are compatible with the
cataloged integral source-count distribution. However,
they can have significantly di↵erent behaviors for unre-
solved sources.
The sum of the model predictions for FSRQs and

BL Lacs (model LDDE
1

in Ajello et al. 2014) can re-
produce the 1pPDF measurement fairly well in all five
energy bands, as demonstrated in Figure 1. Misaligned
AGN enter the overall dN/dS distribution below the
threshold of the current analysis and therefore cannot be
constrained (see Figure 1). Due to their intrinsic faint-
ness, SFGs start to contribute only at very low, uncon-
strained fluxes.
However, Figure 2 shows that deviations in the faint

end predicted by the other blazar models may be in ten-

9 The values assume reference model A of Ackermann et al.
(2015b).

Figure 2. Di↵erential source-count distribution dN/dS in the
1.04�1.99 GeV band, compared to blazar models. The three mod-
els F+BL1 (solid red line), F+BL3 (solid cyan line), and F+HIL
(solid green line) include the sum of FSRQs (Ajello et al. 2012) and
BL Lacs, which have been modeled assuming the luminosity func-
tions LDDE1, LDDE3, and LDDEHSP + LDDEISP+LSP of Ajello
et al. (2014), respectively. The solid orange line shows the sum
of the FSRQ component from Ajello et al. (2012) and the BL Lac
model from Di Mauro et al. (2014). The model depicted by the
solid dark blue line refers to a single description of all blazars by
Ajello et al. (2015). A contribution from mAGN (Di Mauro et al.
2014) has been added to each model. The vertical red line indicates
the upper limit (95% CL) on a second intrinsic break. The inset
compares the integral source-count distribution N(> S) between
0.1GeV and 100GeV (see Ajello et al. 2015) to the models (not
including mAGN).

sion with the allowed region derived from the 1pPDF
analysis. A comprehensive study of the implications for
blazar models is beyond the scope of this Letter, but we
can conclude that the methodology of using the 1pPDF
for measuring the gamma-ray source-count distribution
has excellent sensitivity for probing unresolved blazars
and the faint part of the blazar GLF.
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Figure 5. The best-fit source-count distribution, as a function of energy, for the isotropic-PS population obtained by the NPTF
analysis of Pass 8 ultracleanveto PSF3 data with the p8r2 foreground model. The median (red line) and 68 and 95% credible
intervals (shaded red bands) are shown. The vertical dot-dashed black line denotes the ⇠1 photon boundary, below which the
NPTF begins to lose sensitivity. The vertical dotted red lines indicate the fluxes at which 90%, 50%, and 10% of the flux is
accounted for, on average, by sources of larger flux (from left to right, respectively). The black points correspond to the Fermi

3FGL sources, with 68% statistical error bars (vertical). The NPTF is expected to be sensitive down to the ⇠1 photon limit,
extending the reach to sources below the 3FGL detection threshold. This is most apparent in the lowest energy bin, where the
apparent 3FGL flux threshold is ⇠10 times higher than that for the NPTF. We caution the reader that, at higher energies,
the 3FGL spectra are driven by extrapolations from low energies where the statistics are better. The systematic uncertainties
associated with this extrapolation are di�cult to quantify and are not included in the source counts shown here.

Lisanti et al., Astrophys. J. 832, 117 (2016)Zechlin et al., Astrophys. J. 826, L31 (2016)



Take-Home Message 1
• Plenty of data of high-energy gamma rays enable 

analyses beyond energy spectrum of IGRB: 
Anisotropies 

• IGRB Anisotropy has started to be probed extensively 
and already shown some promise for the future 

• Angular power spectrum 
• PDF of gamma-ray flux 
• Cross correlation with nearby galaxy distribution 

• Current constraints on dark matter from cross 
correlations with galaxy catalogs are already very strong



Uncertainty on subhalo boost
– 16 –

Fig. 4.— Upper limits on the self-annihilation cross section for the bb̄ (top) and τ+τ−

(bottom) channels as derived in this work (see § 3) compared to the conservative and

sensitivity-reach limits reported in Ackermann et al. (2014c). The blue band reflects the
range of the theoretical predicted DM signal intensities, due to the uncertainties in the

description of DM subhalos in our Galaxy as well as other extragalactic halos, adopting a
cut-off minimal halo mass of 10−6M⊙. For comparison, limits reported in the literature are
also shown (Abramowski et al. 2011; Ackermann et al. 2014a; Aleksić et al. 2014).

Ajello et al., Astrophys. J. 800, L27 (2015)

Measurement of EGRB spectrum
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FIG. 9.— Left: 95% C.L. upper bounds on the DM annihilation rate h�avi as a function of the DM mass, for the LOW substructures model and the reference
NVSS-10 Ak

1h 6=0 fit. Solid lines refer to the bb̄ annihilation channel: the red line refers to the analysis that combines information from all the three energy bins
under consideration (E > 0.5,1,10 GeV), while the other three lines refer to the analysis performed on a single energy bin (as stated in the figure label). The
upper dot-dashed blue line refers to the NS substructure model, while the lower dot-dashed black line to the HIGH substructure model. Right: in addition to the bb̄
case (red line) reported in the left panel, the different lines show the upper bounds for the µ+µ- (blue), ⌧+⌧- (green) and W +W - (magenta) annihilation channels,
for the LOW sub-structures model. The black line instead shows the upper bound for the bb̄ case and LOW substructure scheme, obtained under the assumption
that the DM contribution to the 2MASS cross-correlation is the dominant one (taken from Regis et al. (2015)).
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⌧+⌧- (green) and W +W - (magenta). The black line instead shows the lower
bound for the bb̄ case obtained under the assumption that the DM contribution
to the 2MASS cross-correlation is the dominant one (taken from Regis et al.
(2015))

straints. The black curve is taken from Regis et al. (2015) and
refers to the case in which we assumed that all the 2MASS �-
ray correlation is produced by DM, with no astrophysical con-
tribution. As expected, including the astrophysical sources
makes the constraints stronger, of about a factor of 4. The gain
is significant and will further improve once the DM-mAGN-
SFG degeneracies discussed above will be removed.

As expected, uncertainties on the bounds driven by the
substructure model are significant. The left panel of Fig. 9
shows that assuming the HIGH model would strengthen the
constraints on the cross section by about one order of magni-
tude, whereas in the NS scenario, the bounds would weaken
by about a factor of 5. This implies that the thermal annihila-

tion rate h�avi = 3 ·10-26cm3s-1 is excluded at the 95 % C.L.
up to masses of 6, 25, 250 GeV in the NS, LOW and HIGH
scenarios, respectively.

In Fig. 10 we instead show the 95% C.L. lower bounds on
the lifetime of a decaying DM particle, for various decay final
states. Bounds on DM decay, being proportional to the DM
density (and not DM density squared, as instead the annihila-
tion signal) depend on the total DM mass in structures and are
not affected by the different substructure modeling. As for
the annihilation case, including the astrophysical sources in
the analysis improves the constraints, again by about a factor
of 4, with respect to those obtained by ignoring the astrophys-
ical components (Regis et al. 2015).

Finally, to test the robustness of our DM constraints we
have repeated the analysis using the same astrophysical mod-
els used in Xia et al. (2015) and we found that they are very
similar to the ones obtained in the present analysis.

4.1. Self consistency tests: mean intensity and
auto-correlation of the IGRB

As anticipated in Section 3 instead of including the mean
IRGB intensity and its auto-correlation in the fit, we use
these additional observational inputs a posteriori as a self-
consistent test for our best fitting model.

We define, An
IGRB, the fractional mean IGRB intensity pre-

dicted by the cross-correlation fit, as follows

In
TOT An

IGRB = AFSRQIn
FSRQ + ABLLacIn

BLLac +
AmAGNIn

mAGN + ASFGIn
SFG + ADMIn

DM , (8)

where In
↵ are the integrated �-ray intensities of our refer-

ence models for the five �-ray emitters considered here and
shown in Fig. 1 and n = 1,2,3 identifies the energy band The
total intensity is defined as In

TOT ⌘
P

↵ In
↵, where the sum

runs over the five types of emitters. In our model In
TOT =

10-6
, 4⇥ 10-7

, 1.5⇥ 10-8 cm-2 s-1 sr-1 for the energy ranges
E > 0.5, 1, 10 GeV, respectively, which are consistent with
the measured IGRB (Ackermann et al. 2015a). We thus ex-

Measurement of EGRB-galaxy correlation

Cuoco et al., Astrophys. J. Suppl. 221, 29 (2015)

• 1 order magnitude uncertainty related to how little we know about subhalos 
• This is the main bottleneck that prevents EGRB measurement from being reliably 

trusted yet (compared with, e.g., dwarf galaxies)
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a b s t r a c t

We present a review of the current state of the art of cosmological
dark matter simulations, with particular emphasis on the implica-
tions for dark matter detection efforts and studies of dark energy.
This review is intended both for particle physicists, who may find
the cosmological simulation literature opaque or confusing, and
for astro-physicists, who may not be familiar with the role of sim-
ulations for observational and experimental probes of dark matter
and dark energy. Our work is complementary to the contribution
by Baldi in this issue, which focuses on the treatment of dark
energy and cosmic acceleration in dedicated N-body simulations.

Truly massive dark matter-only simulations are being conducted
on national supercomputing centers, employing from several bil-
lion to over half a trillion particles to simulate the formation and
evolution of cosmologically representative volumes (cosmic scale)
or to zoom in on individual halos (cluster and galactic scale). These
simulations cost millions of core-hours, require tens to hundreds of
terabytes of memory, and use up to petabytes of disk storage. Pre-
dictions from such simulations touch on almost every aspect of
dark matter and dark energy studies, and we give a comprehensive
overview of this connection. We also discuss the limitations of the
cold and collisionless DM-only approach, and describe in some
detail efforts to include different particle physics as well as bary-
onic physics in cosmological galaxy formation simulations, includ-
ing a discussion of recent results highlighting how the distribution
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annihilation rate. Halo annihilation rates calculated from average density profiles (like NFW or
Einasto), or even directly from the simulated particle distribution, could well underestimate the
true luminosity by several orders of magnitude. This so-called substructure boost factor has
been invoked to motivate effective annihilation cross sections orders of magnitude larger than
the thermal relic value (e.g. [94,131–134]).

In the following we discuss two important facts about substructure boost factors that are per-
haps not as widely appreciated as they should be:
(a) There is no one single boost factor.

The expected substructure boost depends on the distance from the halo center, with
results from state of the art simulations implying very little (or no) boost at the Galactic
Center, possibly Oð1Þ in the local neighborhood, and perhaps as large as 100–1000 for the
total luminosity of a halo [44,60,91,114,135]. As a result a different boost factor applies
to spatially extended sources (Galactic DGRB, MW satellite galaxies, dark subhalos) than
for unresolved sources (distant halos, extra-galactic DGRB), and similarly a gamma-ray
boost factor may not be the same as those for positron or anti-proton production [136]. Fur-
thermore, if a significant fraction of the mean density at a given radius is locked up in sub-
structure, then properly accounting for the substructure boost will actually lower the
smooth density contribution to the luminosity [114], further reducing the contrast between
the outer regions of a halo and its center. The total halo luminosity boost likely depends on
the mass of the halo, since numerical simulations indicate a roughly equal contribution from
every decade of substructure mass, and larger mass host halos contain more decades of sub-
structure mass [94].

(b) Substructure boosts depend sensitively on subhalo properties many orders of magnitude
below the resolution limit of state of the art simulations.

One approach to estimating the full substructure boost is to stay as close as possible to the
results from ultra-high-resolution numerical simulations like Via Lactea II and Aquarius, by
fitting the luminosity boost from all subhalos with mass greater than Mmin, B(Mmin) =
L(>Mmin)/Lsmooth, to a power law of Mmin over the 4–5 decades of substructure mass that
are currently resolved in the simulations, and then extrapolating this power law down to
the free-streaming cutoff scale. This approach was taken, for example, by Springel et al.
[135], who found BðMminÞ # M$0:226

min , and inferred a total boost factor for a Milky-Way-like
halo of 230 for Mmin = 10$6 M%.

Another approach is to use the numerical simulation results only to constrain the mass
function of subhalos, which is measured to be a power law, dn=dMsub # Ma

sub with logarith-
mic slope a ’ $1.9 [44,45], and to use an analytical approach to determine the subhalo
luminosity–mass relation down to the smallest mass halos [90,91,137]. The luminosity of
a subhalo of mass M is completely determined by its concentration c, L/M # c3/f(c), where
f(c) depends on the shape of the density profile: for an NFW profile, L/M scales approxi-
mately as c2.24; for an Einasto profile, as c2.46 [138]. The subhalo annihilation luminosity–
mass relation is then completely determined by the concentration–mass relation. Again,
one may choose to use a simple power law relation, for example c(M) # M$0.11, which well
describes the concentration–mass relation of galactic scale halos [33]. Alternatively one may
choose a model in which the concentration of a halo reflects the mean density of the uni-
verse at its typical collapse time, as in the analytical model of Bullock et al. [33]. In this case,
the concentration–mass relation is not a simple power law, but instead rolls over at low
masses, and concentrations asymptotically become independent of mass. A comparison of
the three approaches discussed so far is shown in Fig. 2, which demonstrates how sensi-
tively the total halo boost factor depends on assumptions about the small scale behavior
of subhalo luminosities. Depending on what one assumes for the concentration–mass rela-
tion, the total boost of a Milky Way halo ranges from 3 to 300 (for Mmin = 10$6 M%). Note
that these three different approaches are not all equally likely to apply in reality. Simple
extrapolations from the high-mass behavior observed in simulations or assuming a simple
power law concentration–mass relation are inconsistent with expectation from theoretical
models of CDM structure formation. Microhalo simulations find concentrations of the small-

M. Kuhlen et al. / Dark Universe 1 (2012) 50–93 59



First approach: Power-law extrapolation of boost

• Power-law extrapolation for more 
than 10 orders of magnitude 

• Factor of 100 (1000) annihilation 
boost for galaxy (cluster) sized 
halos 

• Very extreme assumption

Dark matter 3
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Figure 1. Surface brightness profiles from dark matter annihilation for var-
ious components of the Ph-A-1 simulation of a rich galaxy cluster. Sur-
face brightness is given in units of annihilation photons per cm2 per second
per steradian for fiducial values of 100Gev for mp, the dark matter parti-
cle mass, and 3× 10−26cm3s−1 for ⟨σv⟩, the thermally averaged velocity-
weighted annihilation cross-section, assuming Nγ = 1 photons per annihila-
tion. This surface brightness scales as Nγ⟨σv⟩/m2

p. Projected radius is given
in units of kpc. The red line shows radiation from the smoothly distributed
dark matter within the main component of the cluster. The ragged blue dot-
ted lines show radiation from resolved dark matter subhaloes with masses
exceeding 5×107, 5×108, 5×109 and 5×1010 M⊙ (from top to bottom).
Extrapolating to mass limits of 10−6 and 10−12 M⊙ as discussed in the text
gives rise to the smooth blue curves. The purple dashed lines show the re-
sults of summing smooth and subhalo contributions.

rection of 1.5) as the haloes in a representative volume of the Uni-
verse. Thus, we can use analytic predictions for the abundance and
concentration of field haloes (Sheth & Tormen 2002; Neto et al.
2007) to extrapolate our simulation results to much lower sub-
halo masses. The upper blue curves in Figure 1 show the resulting
predictions for minimum subhalo masses of 10−6 and 10−12 M⊙,
respectively. The most uncertain part of this extrapolation is the
assumption that halo concentration continues to increase towards
lower masses in the same way as measured over the mass range
simulated so far. This assumption has not yet tested explicitly, and
has a very large effect on the results. For example, if all (sub)haloes
less massive than 105 M⊙ are assumed to have similar concentra-
tion, then the total predicted emission from subhaloes would be
more than two orders of magnitude below that plotted in Figure 1
for an assumed cut-off mass of 10−6 M⊙.

With our adopted concentration scaling, subhaloes dominate
the surface brightness beyond projected radii of a few kiloparsecs,
as may be seen in Fig. 1. Surface brightness is almost constant be-
tween 10 and 300kpc, dropping by a factor of two only at 460kpc.
At the virial radius of the cluster (r200 = 1936 kpc), the surface
brightness of the subhalo component is a factor of 14 below its

104 106 108 1010 1012

msub [h-1MO • ]

10-7

10-6

10-5

10-4

dL
/d

lo
g(

m
su

b)/
M

20
0

Ph-A-1
<Phoenix>
Aq-A-1

<Aquarius>
Theory

Figure 2. Annihilation luminosity (in arbitrary units) from subhaloes lying
within r200 per decade in subhalo mass and per unit halo mass (M200) for
the Phoenix and Aquarius simulations. The level-1 simulations are shown
by the black (Phoenix) and red (Aquarius) lines and the medians of the nine
Phoenix and six Aquarius level-2 simulations by the thick blue and orange
lines respectively. The full scatter in each set of simulations is indicated by
the shaded areas. The dashed magenta line gives the predicted annihilation
luminosity density per decade in halo mass from the cosmic population of
dark matter haloes.

central value. Within this radius the luminosity from resolved sub-
haloes in Ph-A-1 is more than twice that from the smooth halo,
even though these subhaloes account only for 8% of the mass. Ex-
trapolating to minimum subhalo masses of 10−6 and 10−12 M⊙

the subhalo excess becomes 718 and 16089 respectively. These
boost factors substantially exceed the equivalent factors predicted
for the galaxy haloes of the Aquarius Project. This is because of
the additional high-mass subhaloes which contribute in the cluster
case (see Figure 2) together with the lower concentration of cluster
haloes relative to galaxy haloes, which reduces the emission from
the smooth component. Note, the boost factor for the Aq-A-1 ob-
tained with the extrapolation we use here is smaller by a factor of
2.4 than the value quoted in Springel et al. (2008a).

For the resolved component, there is significant variation
amongst the nine Phoenix haloes, but the median value of the total
boost factor (for a cutoff mass of 10−6M⊙) is 1125, which, for the
reasons just given, is about twelve times the median boost factor we
obtain by applying the same method to the Aquarius haloes. Com-
paring these results suggests that the ratio of subhalo to smooth
main halo luminosity within r200 (subhalo “boost factor”) varies
with halo mass approximately as

b(M200) = Lsub/Lmain = 1.6×10−3(M200/M⊙)
0.39. (1)

The total luminosity of a halo is therefore Ltot = (1 + b)Lmain,
where Lmain is the emission of the smooth halo. In addition, the
projected luminosity profile of the subhalo component can be well
approximated by

Ssub(r) =
16b(M200)Lmain

π ln(17)
1

r2
200 +16r2 . (2)

These formulae will be used to estimate dark matter annihilation lu-
minosities and surface brightness profiles for haloes with different
masses in subsequent sections.

Gao et al., Mon. Not. R. Astron. Soc. 419, 1721 (2012)

These are what’s resolved

These are what’s extrapolated



Second approach: analytic modeling

• Analytic modeling of mass-concentration relation, and hence 
subhalo mass-luminosity relation 

• But this relation is for field halos, not subhalos 

• For same mass, subhalos are much brighter than field halos

Flattening of c(M) and implications for boost 3
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Figure 1. Top panel: Current knowledge of the median concentration-mass relation at z = 0 for all halo masses available in the
literature from different simulation data sets, i.e. from the smallest Earth-like DM microhalos predicted to exist in the CDM universe
(∼10−6h−1M⊙), up to the largest cluster-size halos (∼1015h−1M⊙). At the high-mass end, the results from Bolshoi (blue circles) and
MultiDark (purple circles) are shown. The two empty black squares at ∼109h−1M⊙ and the three filled black squares at ∼108h−1M⊙

were derived from Ishiyama et al. (2013) and Coĺın et al. (2004), respectively. Another individual ”Draco-like 108h−1M⊙ halo is also
plotted as a green pentagon (Moore et al. 2001). A couple hundreds dwarf halos with masses ∼106 – 109 h−1M⊙ (red triangles) were
extracted from the VL-II data (Diemand et al. 2008). At the low-mass end, we show the microhalo results taken from Diemand et al.
(2005) (orange filled diamonds) and Anderhalden & Diemand (2013) (orange empty diamonds) for individual halos, as well as those
recently reported by Ishiyama (2014) for a sample of thousands of microhalos (empty black triangles). We also provide the upper limit
to halo concentrations obtained by Diemand et al. (2005) in the range 10−6 – 10 h−1M⊙ (pink dotted line). The P12 concentration
model (Prada et al. 2012) is shown with a solid line. The shaded grey region represents a typical 1σ concentration scatter of 0.14 dex
centered on the P12 model. The dashed curve represents the updated M08 version (Macciò, Dutton, & van den Bosch 2008) of the
B01 toy concentration model (Bullock et al. 2001). All concentration values but those from MultiDark, Bolshoi and VL-II, have been
extrapolated down to z = 0 by means of the (1 + z) correction factor. Bottom panel: Same data set but displayed in the c – σ−1 plane,
which allows for a more detailed analysis and comparison between simulations and model in terms of the amplitude of linear density
fluctuations. The concentration values shown are those in the original set of simulations at the corresponding redshift where they were
measured, while the σ(M) values are the ones that halos would have at present time for those values of the concentration, see text for
further details. Solid (dashed) line refers to the σ(M) range in which the P12 model was (not) tested against simulations.

c⃝ 2002 RAS, MNRAS 000, 1–??

Sanchez-Conde, Prada, 
Mon. Not. R. Astron. Soc. 
442, 2271 (2014)



Tidal stripping makes subhalos more “luminous”

• For field halos, most mass 
comes from radius larger than rs 

• But about 90% of annihilation 
happens within rs 

• Tidal stripping truncates density 
profile 

• Mass of the suhalos gets 
reduced substantially, but 
luminosity is almost 
unchanged  

• This makes subhalos 
effectively more luminous 
than field halos!
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Semi-analytic modeling
Ingredients we need…

Initial density profile 
of subhalos

Mass accretion 
history of the host

Mass-loss rate of 
subhalos Infall distribution of 

subhalos



Subhalo accretion rate

10 Yang et al.

Fig. 7.— Model predictions for the distribution of accretion redshifts for subhalos with ma/M0 = 0.1 (solid lines), 0.03 (dotted lines),
0.01 (dashed lines), 0.003 (long dashed lines) and 0.001 (dot-dashed lines) respectively. Results are shown for host halos of different masses
as indicated in the panels. These results assume a ΛCDM universe and are compared with the results obtained from the 300 h−1Mpc box
N-body simulations with the same cosmology (open circles). For comparison, results obtained from the 100 h−1Mpc box simulations are
also shown (as filled triangles) for cases where statistics are sufficiently good.

tively, where the error-bars have been obtained using 200
bootstrap resamples. The various lines show the predic-
tions based on Model III, and overall match the simu-
lation results remarkably well. Note that the accretion
rate depends strongly on the mass of the host halo. For
the same mass ratio, subhalos in more massive hosts are
accreted later, reflecting the hierarchical nature of struc-
ture formation in the ΛCDM cosmology.

4.4. Un-evolved subhalo mass functions

Finally, let us look at the un-evolved subhalo mass
functions. By integrating Eq. (3) over a given redshift
range, we can obtain the un-evolved mass function of
the subhalos accreted in that redshift range. In Fig. 8
we show the un-evolved mass functions of subhalos ac-
creted in the redshift ranges [0, 1], [1, 2], [2, 3], [3, 4]
and [4, 5], respectively. Results are shown for host ha-
los of different masses, as indicated in each panel. Here

again, symbols indicate the results from our simulation
boxes, while lines show the predictions of Model III.
Clearly, our model is in excellent agreement with the
simulation results at all redshifts and for all host masses.
Upon close inspection, it is clear that the un-evolved sub-
halo mass function for a given redshift range depends on
host halo mass, especially at high redshift: in terms of
the scaled mass, ma/M0, the subhalo mass function at
high z is significantly higher for lower-mass host halos.
Moreover, the normalization of the un-evolved subhalo
mass function at a given redshift for halos of different
masses seem to be roughly proportional to the assem-
bly history of the host halos shown in Fig. 1. To test
this, we show in Fig. 9 the un-evolved subhalo mass
functions for different host halos at the time when the
host halos have assembled a fixed fraction of their fi-
nal masses, i.e. for subhalos accreted in a given range
of log[Ma/M0] range. Results are shown for five dif-
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rate depends strongly on the mass of the host halo. For
the same mass ratio, subhalos in more massive hosts are
accreted later, reflecting the hierarchical nature of struc-
ture formation in the ΛCDM cosmology.
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Finally, let us look at the un-evolved subhalo mass
functions. By integrating Eq. (3) over a given redshift
range, we can obtain the un-evolved mass function of
the subhalos accreted in that redshift range. In Fig. 8
we show the un-evolved mass functions of subhalos ac-
creted in the redshift ranges [0, 1], [1, 2], [2, 3], [3, 4]
and [4, 5], respectively. Results are shown for host ha-
los of different masses, as indicated in each panel. Here

again, symbols indicate the results from our simulation
boxes, while lines show the predictions of Model III.
Clearly, our model is in excellent agreement with the
simulation results at all redshifts and for all host masses.
Upon close inspection, it is clear that the un-evolved sub-
halo mass function for a given redshift range depends on
host halo mass, especially at high redshift: in terms of
the scaled mass, ma/M0, the subhalo mass function at
high z is significantly higher for lower-mass host halos.
Moreover, the normalization of the un-evolved subhalo
mass function at a given redshift for halos of different
masses seem to be roughly proportional to the assem-
bly history of the host halos shown in Fig. 1. To test
this, we show in Fig. 9 the un-evolved subhalo mass
functions for different host halos at the time when the
host halos have assembled a fixed fraction of their fi-
nal masses, i.e. for subhalos accreted in a given range
of log[Ma/M0] range. Results are shown for five dif-

Infall distribution of subhalos:  
Extended Press-Schechter formalism
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Subhalo density profile and mass loss
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Figure 22. Subhalo density profiles for nine different subhalos in the Aq-A halo, simulated with varying resolution. The profiles show
the bound mass only and are drawn with thick lines for the radial range where convergence is expected, based on the criterion of Power
et al. (2003). They are continued with thin lines down to the scale 2 ϵ. Vertical dashed lines mark the radii where the force law becomes
Newtonian (2.8 ϵ). The dot-dashed purple line in each panel is the density profile of all the mass around the subhalo’s centre (i.e. including
unbound mass). The thin black line shows a fit with the Einasto profile. The labels in each panel give the maximum circular velocity,
mass, and distance d to halo centre for each subhalo. α is the shape parameter of the Einasto profile, which we here allowed to vary
freely in our fits.

Our best resolved subhalos in the Aq-A-1 simulation contain
more than 10 million particles, allowing a relatively precise
characterization of their density profiles. Until recently, such
particle numbers represented the state-of-the-art for simu-
lations of main halos.

In Figure 22, we show spherically averaged density pro-
files for 9 subhalos within the Aq-A halo. For each we com-
pare up to 5 different resolutions, covering a factor of ∼ 1835
in particle mass. The density profiles line up quite well out-
side their individual resolution limits, as predicted by the
convergence criterion of Power et al. (2003) in the form given
in equation (3). Individual profiles in the panels are plotted
as thick solid lines at radii where convergence is expected
according to this criterion, but they are extended inwards

as thin lines to twice the gravitational softening length (the
gravitational force is exactly Newtonian outside the radii
marked by vertical dashed lines). These density profiles are
based on particles that are gravitationally bound to the sub-
halos, but for comparison we also show a profile for each
subhalo that includes all the mass (i.e. including unbound
particles; thick dashed lines). It is clear that the background
density dominates beyond the ‘edge’ of each subhalo. It is
therefore important that this region is excluded when fitting
analytic model density profiles to the subhalos.

In making such fits, we restrict ourselves to the radial
range between the convergence radius (equation 3) and the
largest radius where the density of bound mass exceeds 80%
of the total mass density. The density profiles themselves are

c⃝ 0000 RAS, MNRAS 000, 000–000

Truncated NFW:  
ρs and rs hardly change

Springel et al., Mon. Not. R. Astron. Soc. 391, 1685, (2008)
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Figure 2. Results obtained from the toy model. Left Panel: orbit-averaged mass-loss rates, ṁ, as a function of the orbit-averaged subhalo
mass, m̄, for a host halo of mass M = 1013 h−1M⊙ at z = 0. Grey dots represent the 10,000 individual Monte-Carlo realizations. The
solid red line is the best-fit to the median, which corresponds to Eq.(1)-(2) with A = 0.81 and ζ = 0.04. The dashed black line represents
the average subhalo mass-loss rates of G08, as measured from numerical simulations, which has A = 1.54 and ζ = 0.07. Right Panel:
the distribution of orbit-averaged mass-loss rates at log(m̄/M) = −2. The distribution can be approximated as a log-normal distribution
with dispersion σlog(ṁ/M) = 0.17 (red curve).

rt = Rp

⎡

⎣

m(rt)/M(Rp)

2 +
Ω2

p R3
p

GM(Rp)
− d lnM

d lnR |Rp

⎤

⎦

1/3

, (10)

(e.g., von Hoerner 1957; King 1962; Taylor & Babul 2001),
where

Ωp = L/R2
p (11)

is the instantaneous angular speed at pericenter.
The final ingredient for our toy model is the probabil-

ity distribution, P(E,L), for the orbital energies and angu-
lar momenta of dark matter subhaloes. For convenience, we
characterize E and L via the radius of a circular orbit, Rc,
and the orbital circularity, η. The relations between (E,L)
and (Rc, η) are given by

E =
1
2
V 2
c + Φ(Rc) , (12)

with Vc the circular speed at R = Rc, and

L = ηLc(E) (13)

with Lc(E) = Rc Vc the maximum angular momentum for
an orbit of energy E. Using high-resolution numerical simu-
lations, Zentner et al. (2005) has shown that the circularity
distribution for the orbits of subhaloes at infall is well fit by

P (η) ∝ η1.22 (1− η)1.22 . (14)

Zentner et al. (2005) also showed that the distribution of Rc

for the infalling subhaloes is well approximated by a uniform
distribution covering the range [0.6Rvir, Rvir], i.e.,

P(Rc) =

{

5/3 if 0.6 ≤ Rc/Rvir ≤ 1.0
0 otherwise

(15)

For our toy model we follow Gan et al. (2010) and assume
that the probability distribution for Rc and η is separable,
i.e., P(Rc, η) = P(Rc)P(η), and draw the values for Rc and

η from Eqs. (15) and (14), respectively†.
Using this toy model, we compute orbit-averaged mass

loss rates for large ensembles of subhaloes as follows. For
a given host halo mass, we first draw a subhalo mass, m,
from a uniform distribution on the interval log(m/M) ∈
[−6.0,−0.5]. ‡ Next we draw concentrations for both the
host halo and subhalo, using the log-normal distribution de-
scribed above, as well as values for the orbital energy and an-
gular momentum of the subhalo. These are used to compute
the radial orbital period, Tr, and the subhalo’s tidal radius,
rt, from which we ultimately compute the mass loss rate us-
ing Eq. (4). The left-hand panel of Fig. 2 shows the resulting
orbit-averaged mass loss rates, ṁ/M , as function of the or-
bit averaged subhalo mass, m̄/M , where m̄ = m− (ṁTr)/2.
Both have been normalized by the host halo mass, M ,
for convenience. The dots are the results obtained for our
toy model, using 10,000 subhaloes for a host halo of mass
M = 1013 h−1M⊙. We find that our model results are well
fit by Eqs. (1)-(2) with A = 0.81 and ζ = 0.04, which is
shown as the solid line. Hence, our toy model lends further
support to the functional form of the average subhalo mass
loss rate introduced by B05. For comparison, the dashed line

† Actually, we sample the circularities from the modified distri-
bution, P(η) dη = π

2 sin(πη) dη, which accurately fits Eq. (14)
and has the advantage that it allows values of η to be drawn by
direct inversion.
‡ We have verified that drawing subhalo mass from the unevolved
SHMF instead does not alter any of the results.
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Mass-loss rate follows power law 
Note: we extrapolate this relation 
down to 10−6 M⦿



Summary of semi-analytic modeling
• EPS formalism tells us how many smaller halos accreted onto a main 

halo at given redshift (Yang et al. 2011) 

• We get density profile of these halos assuming that they are virialized 
shortly before; concentration-mass relation (Correa et al. 2014) 
determines the parameters such as ρs and rs 

• Solve equation for mass-loss rate of subhalos to get truncation radius 
rt and evolved subhalo mass m0, assuming ρs and rs hardly change 

• Obtain joint PDF for subhalo mass m0 and ct = rt/rs

P(m0, ct) /
d2N

d lnmad ln(1 + za)

����
@(lnma, ln(1 + za))

@(m0, ct)

����



Results: Subhalo mass function

• Evolved subhalo mass function is consistent with simulation (dN/dm0 
~ m0

−1.9) down to free-streaming scale 
• 10-20% of the total mass is confined in subhalos
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Results: Luminosity of subhalos

• About a factor of 3 
enhancement 
compared with the 
field-halo modeling, 
for all subhalo 
masses!!
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FIG. 1. Luminosity-weighted mass function for subhalos
(solid), field halos whose concentration is set at z = 0 (dotted)
and field halos which have the same infall times as the solid
line (dashed) in a 1012 M⊙ host. It shows the contribution of
different mass subhalos to the overall subhalo luminosity. We
always use the subhalo mass function from Table I.

It should be noted that subhalo concentrations depend
on formation time. Halos that formed earlier are more
concentrated since they formed in a denser background,
an effect that has been taken into account in past studies
(e.g., Refs. [10, 16, 34]). Since we set the concentration
of the stripped halos at za we also include the dashed
line for a fully fair comparison. It shows the luminosity
of halos that follow the same infall distribution as the
solid line, and thus have the same natal concentration as
this is set at the time of accretion, but are not tidally
stripped. As can be seen, the tidal stripping still yields
an increase by a factor of ∼2 at any subhalo mass. The
decrease in the difference in luminosity at lower masses
is due to the smallest halos being accreted earlier, thus
their concentrations at accretion differ most compared to
that at z = 0.
Since the boost depends critically on the subhalo mass

function, in addition to our fully self-consistent model
with the mass-function from Table I, we also investigate
dependence on several models for the mass function. We
adopt four models, taking spectral indices of α = 1.9
and 2, and smallest subhalo masses of mmin = 10−6M⊙

and 104M⊙. We compare the subhalo boost Bsh(M),
calculated with Eq. (1), using subhalo luminosities of
stripped halos, to the boost calculated without account-
ing for tidal effects (using the virialized field halo mod-
els). Figure 2 shows the ratio of boosts as a function of
host halo mass for these models. Taking tidal effects into
account will enhance the boost by up to a factor of 5 com-
pared to the simple field halo approach, consistently for
host halo masses between 106–1015M⊙. This is largely
independent of models of the subhalo mass function.
Next to the results obtained using the concentration-
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FIG. 2. Boost using stripped-subhalo luminosities over that
from field-halo luminosities. Four fiducial models of the
subhalo mass function are adopted, with minimum subhalo
masses of mmin = 10−6 M⊙ and 104 M⊙ and slopes α = 1.9
and 2. Starred symbols show results using the concentration-
mass relation from Ref. [26], assuming mmin = 104 M⊙ and
cvir(z|m) ∝ z−0.5.

mass relation of Ref. [9] (shown as solid and dashed
curves in Fig. 2), we also show results for Milky-Way-
sized halos when using the concentration-mass relation
from Ref. [26] assuming mmin = 104M⊙ and cvir(z|m) ∝
z−0.5 as starr1ed symbols. Both concentration models
agree well for large mass halos, but differ significantly for
smaller masses, closer to the resolution of the current-
generation simulations, 105M⊙. However, our results
show that the boost ratio is insensitive to the initial
choice of the concentration-mass relation. We also see
that our semi-analytic model provides relatively smaller
boost ratios compared with what is inferred from simu-
lations directly [15], as estimated above. It might be an
indication that our approach provides a more conserva-
tive boost relative to the dark-matter-only simulations,
even though an increase in boost by upto a factor of ∼4
for the Milky-Way-sized halo is substantial.

B. Boost

Figure 3 shows the overall boost factor using the sub-
halo mass functions that came out of our analysis (Ta-
ble I), as well as a few other phenomenological models of
mass functions. For all cases we adopt the luminosities
for stripped subhalos (solid lines), and compare to the
luminosity using the ordinary field-halo approach (dot-
ted). We caution that this boost can only be compared
to other boost factors presented in the literature when
taking the differences in the subhalo mass functions and
concentration-mass relations properly into account. For
example our boosts (solid lines in Fig. 3) are compara-

Lsh(m) =

Z c
max

1
dctLsh(m, ct)P(m, ct) Lsh(m, ct) ⇠ ⇢2sr

3
s


1� 1

(1 + ct)3

�

Bartels, Ando,  
Phys. Rev D 92, 123508 (2015)



Annihilation boost
• Overall boost 

factor: a factor of 
2-5 enhancement 
compared with 
field-halo modeling 

• Stable against 
choice of subhalo 
mass function 

• Stable against 
choice of 
concentration-
mass relation for 
field halos
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FIG. 1. Luminosity-weighted mass function for subhalos
(solid), field halos whose concentration is set at z = 0 (dotted)
and field halos which have the same infall times as the solid
line (dashed) in a 1012 M⊙ host. It shows the contribution of
different mass subhalos to the overall subhalo luminosity. We
always use the subhalo mass function from Table I.

It should be noted that subhalo concentrations depend
on formation time. Halos that formed earlier are more
concentrated since they formed in a denser background,
an effect that has been taken into account in past studies
(e.g., Refs. [10, 16, 34]). Since we set the concentration
of the stripped halos at za we also include the dashed
line for a fully fair comparison. It shows the luminosity
of halos that follow the same infall distribution as the
solid line, and thus have the same natal concentration as
this is set at the time of accretion, but are not tidally
stripped. As can be seen, the tidal stripping still yields
an increase by a factor of ∼2 at any subhalo mass. The
decrease in the difference in luminosity at lower masses
is due to the smallest halos being accreted earlier, thus
their concentrations at accretion differ most compared to
that at z = 0.
Since the boost depends critically on the subhalo mass

function, in addition to our fully self-consistent model
with the mass-function from Table I, we also investigate
dependence on several models for the mass function. We
adopt four models, taking spectral indices of α = 1.9
and 2, and smallest subhalo masses of mmin = 10−6M⊙

and 104M⊙. We compare the subhalo boost Bsh(M),
calculated with Eq. (1), using subhalo luminosities of
stripped halos, to the boost calculated without account-
ing for tidal effects (using the virialized field halo mod-
els). Figure 2 shows the ratio of boosts as a function of
host halo mass for these models. Taking tidal effects into
account will enhance the boost by up to a factor of 5 com-
pared to the simple field halo approach, consistently for
host halo masses between 106–1015M⊙. This is largely
independent of models of the subhalo mass function.
Next to the results obtained using the concentration-
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FIG. 2. Boost using stripped-subhalo luminosities over that
from field-halo luminosities. Four fiducial models of the
subhalo mass function are adopted, with minimum subhalo
masses of mmin = 10−6 M⊙ and 104 M⊙ and slopes α = 1.9
and 2. Starred symbols show results using the concentration-
mass relation from Ref. [26], assuming mmin = 104 M⊙ and
cvir(z|m) ∝ z−0.5.

mass relation of Ref. [9] (shown as solid and dashed
curves in Fig. 2), we also show results for Milky-Way-
sized halos when using the concentration-mass relation
from Ref. [26] assuming mmin = 104M⊙ and cvir(z|m) ∝
z−0.5 as starr1ed symbols. Both concentration models
agree well for large mass halos, but differ significantly for
smaller masses, closer to the resolution of the current-
generation simulations, 105M⊙. However, our results
show that the boost ratio is insensitive to the initial
choice of the concentration-mass relation. We also see
that our semi-analytic model provides relatively smaller
boost ratios compared with what is inferred from simu-
lations directly [15], as estimated above. It might be an
indication that our approach provides a more conserva-
tive boost relative to the dark-matter-only simulations,
even though an increase in boost by upto a factor of ∼4
for the Milky-Way-sized halo is substantial.

B. Boost

Figure 3 shows the overall boost factor using the sub-
halo mass functions that came out of our analysis (Ta-
ble I), as well as a few other phenomenological models of
mass functions. For all cases we adopt the luminosities
for stripped subhalos (solid lines), and compare to the
luminosity using the ordinary field-halo approach (dot-
ted). We caution that this boost can only be compared
to other boost factors presented in the literature when
taking the differences in the subhalo mass functions and
concentration-mass relations properly into account. For
example our boosts (solid lines in Fig. 3) are compara-
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Tomographic constraints on annihilation cross section
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FIG. 9.— Left: 95% C.L. upper bounds on the DM annihilation rate h�avi as a function of the DM mass, for the LOW substructures model and the reference
NVSS-10 Ak

1h 6=0 fit. Solid lines refer to the bb̄ annihilation channel: the red line refers to the analysis that combines information from all the three energy bins
under consideration (E > 0.5,1,10 GeV), while the other three lines refer to the analysis performed on a single energy bin (as stated in the figure label). The
upper dot-dashed blue line refers to the NS substructure model, while the lower dot-dashed black line to the HIGH substructure model. Right: in addition to the bb̄
case (red line) reported in the left panel, the different lines show the upper bounds for the µ+µ- (blue), ⌧+⌧- (green) and W +W - (magenta) annihilation channels,
for the LOW sub-structures model. The black line instead shows the upper bound for the bb̄ case and LOW substructure scheme, obtained under the assumption
that the DM contribution to the 2MASS cross-correlation is the dominant one (taken from Regis et al. (2015)).
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(2015))

straints. The black curve is taken from Regis et al. (2015) and
refers to the case in which we assumed that all the 2MASS �-
ray correlation is produced by DM, with no astrophysical con-
tribution. As expected, including the astrophysical sources
makes the constraints stronger, of about a factor of 4. The gain
is significant and will further improve once the DM-mAGN-
SFG degeneracies discussed above will be removed.

As expected, uncertainties on the bounds driven by the
substructure model are significant. The left panel of Fig. 9
shows that assuming the HIGH model would strengthen the
constraints on the cross section by about one order of magni-
tude, whereas in the NS scenario, the bounds would weaken
by about a factor of 5. This implies that the thermal annihila-

tion rate h�avi = 3 ·10-26cm3s-1 is excluded at the 95 % C.L.
up to masses of 6, 25, 250 GeV in the NS, LOW and HIGH
scenarios, respectively.

In Fig. 10 we instead show the 95% C.L. lower bounds on
the lifetime of a decaying DM particle, for various decay final
states. Bounds on DM decay, being proportional to the DM
density (and not DM density squared, as instead the annihila-
tion signal) depend on the total DM mass in structures and are
not affected by the different substructure modeling. As for
the annihilation case, including the astrophysical sources in
the analysis improves the constraints, again by about a factor
of 4, with respect to those obtained by ignoring the astrophys-
ical components (Regis et al. 2015).

Finally, to test the robustness of our DM constraints we
have repeated the analysis using the same astrophysical mod-
els used in Xia et al. (2015) and we found that they are very
similar to the ones obtained in the present analysis.

4.1. Self consistency tests: mean intensity and
auto-correlation of the IGRB

As anticipated in Section 3 instead of including the mean
IRGB intensity and its auto-correlation in the fit, we use
these additional observational inputs a posteriori as a self-
consistent test for our best fitting model.

We define, An
IGRB, the fractional mean IGRB intensity pre-

dicted by the cross-correlation fit, as follows

In
TOT An

IGRB = AFSRQIn
FSRQ + ABLLacIn

BLLac +
AmAGNIn

mAGN + ASFGIn
SFG + ADMIn

DM , (8)

where In
↵ are the integrated �-ray intensities of our refer-

ence models for the five �-ray emitters considered here and
shown in Fig. 1 and n = 1,2,3 identifies the energy band The
total intensity is defined as In

TOT ⌘
P

↵ In
↵, where the sum

runs over the five types of emitters. In our model In
TOT =

10-6
, 4⇥ 10-7

, 1.5⇥ 10-8 cm-2 s-1 sr-1 for the energy ranges
E > 0.5, 1, 10 GeV, respectively, which are consistent with
the measured IGRB (Ackermann et al. 2015a). We thus ex-

Cuoco et al., Astrophys. J. Suppl. Ser. 221, 29 (2015)

Figure 10. Upper limit on dark matter annihilation cross section due to cross correlation between
the gamma-ray background and five galaxy catalogs. Line contents are the same as the decaying
cases, i.e., Figs. 7–9.

exclude, for example, annihilating scenario to W+W� to explain the anti-proton excess.
However, it is expected that more cosmic ray data by AMS-02 will reduce the uncertainty in

– 19 –

Ando, Ishiwata, JCAP 1606, 045 (2016)Solid: field-halo modeling 
Dot-dashed: Power-law extrapolation

NEW BOOST MODELING



• Including tidal stripping when modeling subhalo 
boost is essential, and does improve the 
detection prospects of dark matter annihilation 

• Semi-analytic model shows a factor of 2-5 
enhancement of the boost 

• The same conclusions are obtained with 
independent studies by Zavala, Afshordi (2016) 
and Moline et al. (2016) with two different 
approaches

Take-home message 2



Conclusions
• Rich gamma-ray data enable anisotropy analysis including 

power spectrum and cross correlation with galaxy catalogs  

• Analysis of the latest power spectrum data implies missing 
astrophysical sources below ~1 GeV with soft spectrum 

• Cross correlation with galaxy catalogs already gives stringent 
constraints on annihilation cross section or decay lifetime 

• Interpretation is however limited due to uncertainties on 
subhalos, but at least, we showed that a conventional method to 
estimate ‘subhalo boost’ was overly conservative by a factor of 3


