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Particle dark matter

• Dark matter (DM) is an established ingredient of 𝝠CDM 
• Weakly interacting massive particles (WIMPs) 

• Indirect detection experiments: WIMP-sourced cosmic and γ rays
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DM-sourced γ rays
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• WIMP annihilations/decays in unresolved γ-ray bkgd (UGRB) 
• γ-ray energy spectrum
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Figure 9: The energy spectrum of the DGRB (black points) as recently measured by the Fermi LAT
[9]. Gray boxes around each data point denote the uncertainty associated with the Galactic di↵use
emission. The solid color lines indicate the expected gamma-ray emission from unresolved sources, for
4 di↵erent well-established astrophysical populations: blazars (in orange), MAGNs (in green), SFGs (in
blue) and MSPs (in red). Color bands represent the corresponding uncertainties on the emission of each
population. Estimates are taken from Ref. [25] (blazars), Ref. [29] (MAGNs), Ref. [161] (SFGs) and
Ref. [38] (MSPs).

(with a consequent IC gamma-ray emission extending to high latitudes) is con-
sidered. Furthermore, Ref. [239] investigates the possibility of a gas cloud with a
mass of few 1010M�, extending to hundreds of kpc from the center of the MW.
This halo would be theoretically well motivated, as it would alleviate the problem
of the missing baryons in spiral galaxies. A similar object around spiral galaxy
NGC 1961 would also explain the di↵use X-ray detected in Ref. [240]. Hints of
such large halo could be already present in hydrodynamical N -body simulations of
our Galaxy [241, 242, 239]. The gamma-ray emission associated with pion decay
in this hypothetical gas halo would be able to explain between 3% and 10% of the
Fermi LAT DGRB in Ref. [8], depending on the exact size of the halo.

Other possibilities not considered in the list above include emission from massive
black holes at z ⇠ 100 [243], from the evaporation of primordial black holes [244, 245],
from the annihilations at the boundaries of cosmic matter and anti-matter domains [246]
and from the decays of Higgs or gauge bosons produced from cosmic topological defects
[247].

We conclude this section by discussing Fig. 9. The image gathers the most recent
predictions for the “guaranteed” components to the DGRB, i.e. the emission associated
with unresolved blazars, MAGNs, SFGs and MSPs (see sections from 2.2.1 to 2.2.4).
They are taken from the results of Refs. [25, 29, 161, 38], respectively and they are

28

DM-sourced γ rays

Dark 
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[Fornasa & Sánchez-Conde 2015]
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DM-sourced γ rays

• WIMP annihilations/decays in unresolved γ-ray bkgd (UGRB) 
• γ-ray anisotropy angular power spectrum

[SC et al. ApJL 2013]
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Figure 3. Left: EGB emission as a function of observed energy for the four extragalactic components described in the text. Data are from Abdo et al. (2010b). Right:
γ -ray angular PS at E > 1 GeV for the same models of the left panel. The observed angular PS is summarized by the black band (Ackermann et al. 2012a).
(A color version of this figure is available in the online journal.)

where E0 = 100 MeV and AS is a factor that depends on which
specific luminosity is chosen as the characterizing parameter (as
we will describe below).

The GLF of blazars is computed following the model de-
scribed in Inoue & Totani (2009) with the AGN X-ray lu-
minosity function from Ueda et al. (2003) and with the nu-
merical value of parameters derived in Harding & Abazajian
(2012) by fitting Fermi-LAT data on EGB diffuse emission and
anisotropies. The spectrum is taken to be a power law with
α = 2.2, and L is the γ -ray luminosity at 100 MeV (which
leads to AS = (1 + z)−α). We assume that no blazars fainter
than the luminosity cutoff Lmin = 1042 erg s−1 can exist at any
redshift, while Lmax(z) is the maximum luminosity above which
a blazar can be resolved (for 5 yr Fermi-LAT, it is computed
taking Fmax = 2 × 10−9 cm−2 s−1 for E > 100 MeV). The rela-
tion between halo-mass and blazar luminosity can be described
through mh = 1011.3 M⊙(L/1044.7 erg s−1)1.7 following Ando
et al. (2007b), where the blazar γ -ray luminosity is linked to the
mass of the associated supermassive black hole, which is in turn
related to the halo mass. The description of mh(L) suffers from
sizable uncertainties which propagate to the prediction of the
one-halo term. However, as can be seen from Figures 1 (middle)
and 2 (middle), where we introduce an alternative model (model
B) which dramatically increases mh(L) with respect to our
benchmark case (model A), the blazar contribution remains
largely subdominant.

For the GLF of SFGs, we follow results from the Fermi-
LAT Collaboration (Ackermann et al. 2012b), which are based
on the infrared (IR) luminosity function derived in Rodighiero
et al. (2010), and the rescaling relation between γ -ray and
IR luminosity obtained analyzing resolved SFGs (Ackermann
et al. 2012b). The spectrum is assumed to be a power law
with α = 2.7, similar to the Milky Way case, and L is the
γ -ray luminosity between 0.1 and 100 GeV (which leads to
AS = (α − 2)/(1 + z)2). The dependence of the SFG–shear
PS on the m(L) relation is milder than for blazars. In this
case, the relation could, in principle, be computed from the
relation between γ -ray luminosity and star formation rate
(SFR; Ackermann et al. 2012b), the Schmidt–Kennicutt law
(connecting SFR and gas density), and the ratio of gas to total
galactic mass. This leads to different relations for each different
sub-population of SFGs (e.g., ellipticals are much brighter than
spirals of the same mass); on the other hand, we do not have

γ -ray data to compute the specific GLF of the sub-populations,
thus we have to derive an effective averaged relation. Assuming
a power-law scaling m = A × 1012 M⊙(L/1039 erg s−1)B and
a maximum galactic mass of mmax = 1014 M⊙, we can find
A and B using, e.g., the Milky Way data (m ≃ 1012 M⊙ and
L ≃ 1039 erg s−1) and requiring that the mass associated with
the maximum luminosity ∼1043 erg s−1 (this can be computed
from the maximum observed IR luminosity (Rodighiero et al.
2010) rescaled to γ -ray frequency (Ackermann et al. 2012b))
not to exceed mmax. We found A ≃ 1 and B ≃ 0.5. This is just
a simple benchmark model, and we estimated the impact of the
associated uncertainty (by varying A and B within reasonable
ranges) in Figures 1 (right) and 2 (right).

3. RESULTS

For the sake of clarity, we focus on a benchmark annihilating
(decaying) DM scenario, where the WIMP has a mass of
100 GeV (200 GeV), annihilation (decay) rate of (σav) =
8×10−26 cm3 s−1 (τd = 3×1026 s) and dominant final state b̄b.
The characteristics of the DM particle are chosen to saturate (at
least in one particular energy range) the EGB emission, without
violating the experimental constraints.4 In particular, we note
that, although we take DM to be a significant component of the
EGB at E ! 1 GeV in Figure 3 (left), it is basically impossible
to obtain an evidence for DM from the angular PS of γ -rays
alone because the latter is dominated by the blazar contribution.

In Figure 4, we show the ingredients of Equation (2) for
the computation of the shear/γ -ray cross-correlation angular
PS: the window function for the cosmic shear signal nicely
overlaps with the DM window function, both for annihilating
and decaying DM, while this happens only at intermediate
redshifts for the SFG window function and only at high redshifts
for the case of blazars. This suggests that a tomographic
approach could be a powerful strategy to further disentangle
different contributions in the angular PS (this will be pursued in
a future work; S. Camera et al. 2013, in preparation). The shear
signal is stronger for larger DM masses. The same is also true

4 The annihilation rate is degenerate with the clumping factor in setting the
size of the signal: different clustering schemes providing larger boost factors
could accommodate smaller values of (σav), still obtaining similar predictions
for the angular PS.
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• WIMP annihilations/decays in unresolved γ-ray bkgd (UGRB)

DM-sourced γ rays
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FIG. 25. Conservative exclusion limits on annihilating and decaying DM from the new APS measurement. Left: The solid
lines show the upper limits on ⟨σannv⟩ derived from the auto- and cross-APS measured in Sec. III, as a function of mχ, for
Mmin = 10−6M⊙ and annihilations into bb̄. The limits follow the conservative approach described in the text. The black line
is for the REF scenario, while the red and blue ones are for MAX and MIN, respectively. The grey band between the MIN
and MAX scenario represents our estimated total astrophysical uncertainty for Mmin = 10−6M⊙, accounting for all the sources
of uncertainty mentioned in Sec. VII. The red and blue shaded bands describe the effect of changing Mmin between 10−12M⊙

and 1 M⊙, for the MAX and MIN scenario. In the case of the black, red and blue dashed lines, the upper limits are derived
only considering the measured auto-APS and neglecting the cross-APS. For comparison, the long-dashed grey line marks the
annihilation cross section for thermal relics from Ref. [94] and the dash-dotted grey line the upper limit obtained in Ref. [95]
from the combined analysis of 15 dwarf spheroidal galaxies. Finally, the short-dashed grey line shows the conservative upper
limit derived in Ref. [31] from the intensity of the IGRB. Right: The same as in the left panel but for the lower limits on τ for
decaying DM. The short-dashed grey line represents the lower limit obtained in Fig. 6 of Ref. [96] from the IGRB intensity,
while the dash-dotted grey one is obtained from the combined analysis of 15 dwarf spheroidal galaxies in Ref. [97].

a factor of 5 from the dash-dotted grey line showing the
lower limits obtained from the combined analysis of 15
dwarf spheroidal galaxies in Ref. [97].
Figs. 35 and 36 in Appendix E show the exclusion

limits on ⟨σannv⟩ and τ in the case of the τ - and µ-
channels.

B. Fit to the data and realistic exclusion limits

In this section we describe our analysis of the auto-
and cross-APS using a 2-component model that includes
a Poissonian term and a DM-induced one which, as we
noticed in Fig. 24, deviates from a Poissonian behaviour.
The Poissonian component is interpreted as the APS of
unresolved astrophysical sources, even if we do not try to
predict its amplitude in terms of a specific model. This
2-component model will be used to fit the Fermi LAT
APS as a function of multipole.
The fit minimizes the χ2 defined as:

χ2 =
!

i,j,ℓ

[Cℓ
i,j − Ci,j

ℓ,DM − Ci,j
P,astro]

2

[σℓi,j ]2
, (23)

where the i, j indexes in the sum extend over all the 91
independent combinations of energy bins and the ℓ index

runs over the 10 bins in multipoles contained in the signal

region. Cℓ
i,j

indicates the APS measured in the (i, j)
combination of energy bins and in the ℓ multipole bin,
while Ci,j

ℓ,DM and Ci,j
P,astro are the DM and Poissonian

components of our model in the same combination of
energy bins and in the same multipole bin. Finally, σℓi,j

is the experimental error associated to Cℓ
i,j

and provided
by PolSpice. The DM APS Ci,j

ℓ,DM are computed for the
same 60 values of mχ as in the previous section, the same
3 annihilation/decay channels, 3 benchmark scenarios
and 3 values of Mmin. The only remaining parameter
needed to calculate Ci,j

ℓ,DM is either ⟨σannv⟩ or τ : they
will be fixed to a specific value every time we compute
χ2. On the other hand, the 91 independent values of
Ci,j

P,astro in Eq. 23 are left free in the fit. Putting the
DM term to zero in Eq. 23 defines our null hypothesis.
In that case, the fit to the Fermi LAT data leads us
to the CP estimators discussed in Sec. III, whose auto-
APS is plotted in Fig. 8. Including the DM component,
for a fixed mχ, annihilation/decay channel, benchmark
scenario and Mmin, we repeat the minimization of χ2 in
Eq. 23, for different values of ⟨σannv⟩ and τ .
We show an example in Fig. 26, for the case of the

REF scenario for a DM candidate with a mass of 768.1
GeV, ⟨σannv⟩ = 6.12× 10−24cm3s−1 annihilating into bb̄.
The value of the annihilation cross section corresponds

Thermal cross-section

[Fornasa et al. 2016]
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Gravitational probes of DM
[Lukic et al.; Image: Casey Stark]

Galaxies, 
galaxy clusters, 
gravitational lensing

γ rays from 
astrophysical sources 
hosted within the 
dark matter halo
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forming the halo
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Gravitational probes of DM

Find an optimal tracer of 
the large-scale cosmic 

DM distribution to filter 
out astrophysical non-
thermal emission from 

the DM γ-ray signal

Many tracers of large-scale structure: 

• Weak lensing (cosmic shear, CMB lensing…)  

• Clustering (galaxies, galaxy clusters…) 

• …

[SC et al. 2013; Fornengo, SC et al. 2015; 
Shirasaki et al. 2014, 2016, 2018; Tröster, SC et al. 2017; 

Ammazzalorso, SC et al. in prep.]

[Fornengo & Regis 2014; Ando et al. 2014; Xia et al. 2015;  
Regis et al. 2015; Shirasaki et al. 2015; 

Branchini, SC et al. 2017; Colavincenzo, SC et al. in prep.]
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Observational synergies
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Large-scale structure surveys 

• Weak gravitational lensing  

• Clustering of structures

γ-ray experiments
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Observational synergies
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(A color version of this figure is available in the online journal.)
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for the γ -ray signal from DM and this fact gives a large one-
halo contribution which dominates starting from k ! 1 h Mpc−1

in Figure 4 (right). Galaxies have masses !1014 M⊙, thus they
correlate with the shear signal of lower-mass halos and the
one-halo contribution becomes important at slightly smaller
scale k " 1 h/Mpc−1. Since the bulk of unresolved blazars
in 5 yr Fermi-LAT will be hosted in relatively small halos
at large redshift, the one-halo term of the blazar/shear PS is
suppressed. Thus, an important result is that, since both the
shear and DM-induced γ -ray signals are stronger for larger
halos, their cross-correlation is more effective with respect to
the case of astrophysical sources. This, together with the sizable
overlapping of the DM γ -ray and shear window functions at
low redshift, leads to the expectation of a sizable DM signal in
the angular PS, which is indeed what we find in Figure 5. For
ℓ ! 100, the two-halo term dominates for all the sources, thus
the relative size is roughly given by the relative contribution in
the total EGB emission. At ℓ " 100, the one-halo term starts to
be important in the DM case which grows more rapidly than the
astrophysical sources. At ℓ " 103, the one-halo term also takes

over in the SFG spectrum which is brought again close to the
DM curve. Blazars are largely subdominant in the whole range
of multipoles.

The observational forecasts for the cross-correlation between
DES or Euclid and Fermi-LAT are shown for the benchmark
models considered in this work (for error estimates, we take
observational performances from Atwood et al. (2009), The
Dark Energy Survey Collaboration (2005), and Laureijs et al.
(2011)). Figure 5 shows that a DM signal can be disentangled
in the angular PS at ℓ ! 103. The same conclusion can be
derived for DM models with different mass and annihilation/
decay channels, provided the DM is a significant component
of the total γ -ray EGB (at least in one energy bin) as in our
assumptions.

4. CONCLUSIONS

In this Letter, we discussed the cross-correlation angular
PS of weak-lensing cosmic shear and γ -rays produced by
WIMP annihilations/decays and astrophysical sources. We
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Figure 3. Left: EGB emission as a function of observed energy for the four extragalactic components described in the text. Data are from Abdo et al. (2010b). Right:
γ -ray angular PS at E > 1 GeV for the same models of the left panel. The observed angular PS is summarized by the black band (Ackermann et al. 2012a).
(A color version of this figure is available in the online journal.)

where E0 = 100 MeV and AS is a factor that depends on which
specific luminosity is chosen as the characterizing parameter (as
we will describe below).

The GLF of blazars is computed following the model de-
scribed in Inoue & Totani (2009) with the AGN X-ray lu-
minosity function from Ueda et al. (2003) and with the nu-
merical value of parameters derived in Harding & Abazajian
(2012) by fitting Fermi-LAT data on EGB diffuse emission and
anisotropies. The spectrum is taken to be a power law with
α = 2.2, and L is the γ -ray luminosity at 100 MeV (which
leads to AS = (1 + z)−α). We assume that no blazars fainter
than the luminosity cutoff Lmin = 1042 erg s−1 can exist at any
redshift, while Lmax(z) is the maximum luminosity above which
a blazar can be resolved (for 5 yr Fermi-LAT, it is computed
taking Fmax = 2 × 10−9 cm−2 s−1 for E > 100 MeV). The rela-
tion between halo-mass and blazar luminosity can be described
through mh = 1011.3 M⊙(L/1044.7 erg s−1)1.7 following Ando
et al. (2007b), where the blazar γ -ray luminosity is linked to the
mass of the associated supermassive black hole, which is in turn
related to the halo mass. The description of mh(L) suffers from
sizable uncertainties which propagate to the prediction of the
one-halo term. However, as can be seen from Figures 1 (middle)
and 2 (middle), where we introduce an alternative model (model
B) which dramatically increases mh(L) with respect to our
benchmark case (model A), the blazar contribution remains
largely subdominant.

For the GLF of SFGs, we follow results from the Fermi-
LAT Collaboration (Ackermann et al. 2012b), which are based
on the infrared (IR) luminosity function derived in Rodighiero
et al. (2010), and the rescaling relation between γ -ray and
IR luminosity obtained analyzing resolved SFGs (Ackermann
et al. 2012b). The spectrum is assumed to be a power law
with α = 2.7, similar to the Milky Way case, and L is the
γ -ray luminosity between 0.1 and 100 GeV (which leads to
AS = (α − 2)/(1 + z)2). The dependence of the SFG–shear
PS on the m(L) relation is milder than for blazars. In this
case, the relation could, in principle, be computed from the
relation between γ -ray luminosity and star formation rate
(SFR; Ackermann et al. 2012b), the Schmidt–Kennicutt law
(connecting SFR and gas density), and the ratio of gas to total
galactic mass. This leads to different relations for each different
sub-population of SFGs (e.g., ellipticals are much brighter than
spirals of the same mass); on the other hand, we do not have

γ -ray data to compute the specific GLF of the sub-populations,
thus we have to derive an effective averaged relation. Assuming
a power-law scaling m = A × 1012 M⊙(L/1039 erg s−1)B and
a maximum galactic mass of mmax = 1014 M⊙, we can find
A and B using, e.g., the Milky Way data (m ≃ 1012 M⊙ and
L ≃ 1039 erg s−1) and requiring that the mass associated with
the maximum luminosity ∼1043 erg s−1 (this can be computed
from the maximum observed IR luminosity (Rodighiero et al.
2010) rescaled to γ -ray frequency (Ackermann et al. 2012b))
not to exceed mmax. We found A ≃ 1 and B ≃ 0.5. This is just
a simple benchmark model, and we estimated the impact of the
associated uncertainty (by varying A and B within reasonable
ranges) in Figures 1 (right) and 2 (right).

3. RESULTS

For the sake of clarity, we focus on a benchmark annihilating
(decaying) DM scenario, where the WIMP has a mass of
100 GeV (200 GeV), annihilation (decay) rate of (σav) =
8×10−26 cm3 s−1 (τd = 3×1026 s) and dominant final state b̄b.
The characteristics of the DM particle are chosen to saturate (at
least in one particular energy range) the EGB emission, without
violating the experimental constraints.4 In particular, we note
that, although we take DM to be a significant component of the
EGB at E ! 1 GeV in Figure 3 (left), it is basically impossible
to obtain an evidence for DM from the angular PS of γ -rays
alone because the latter is dominated by the blazar contribution.

In Figure 4, we show the ingredients of Equation (2) for
the computation of the shear/γ -ray cross-correlation angular
PS: the window function for the cosmic shear signal nicely
overlaps with the DM window function, both for annihilating
and decaying DM, while this happens only at intermediate
redshifts for the SFG window function and only at high redshifts
for the case of blazars. This suggests that a tomographic
approach could be a powerful strategy to further disentangle
different contributions in the angular PS (this will be pursued in
a future work; S. Camera et al. 2013, in preparation). The shear
signal is stronger for larger DM masses. The same is also true

4 The annihilation rate is degenerate with the clumping factor in setting the
size of the signal: different clustering schemes providing larger boost factors
could accommodate smaller values of (σav), still obtaining similar predictions
for the angular PS.

4

[SC et al. ApJL 2013]
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• Tomographic-spectral approach 

• Nz redshift bins 

• NE energy bins

Observational synergies

[SC et al. 2015]
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Figure 15. Forecasts on the reconstruction of the DM mass and annihilation cross section, for a DM
particle with a mass of 100GeV, thermal annihilation cross section and bb̄ annihilation channel. The
low clustering model is assumed and astrophysical γ-ray emission is taken from model B. Contours
show the 1σ CL reconstruction. Left: red contours refer to DES+Fermi-10yr , whilst green regions
correspond to Euclid+‘Fermissimo’. For each set of curves, solid lines correspond to marginalisation
of the parameters Ai over the range of priors mentioned in the text, whilst dashed line refer to
marginalisation without prior assumptions. Right: magenta contours refer to the case in which
neither redshift nor energy binning is considered. Green (blue) lines show the case where only the
binning in redshift (energy) is considered, whilst for the red contours the full tomographic-spectral
analysis is implemented. The combination Euclid+‘Fermissimo’ is assumed. In this plot, Ai are
marginalised over without additional prior assumptions.

(the same considered in the previous figures, reproduced to ease comparison), whilst blue
stands for τ+τ− and green for µ+µ− annihilation channels. The left and right panel show
the impact of the astrophysical assumption, model A and B respectively. The size of the
contours is mostly set by the efficiency of the channel in producing photons. A larger photon
yield, as for the bb̄ and τ+τ− cases, increases the sensitivity of the cross-correlation technique
(see also figure 11) and in turn the capability of reconstructing mass and annihilation rate.
The case of muons as final states produces a smaller amount of photons and is hence the
one with the worst forecast. Indeed, it is easy to see that contours are not closed in the
region plotted of figure 16. Another aspect to be taken into account is that different channels
have different spectral shapes and some of them can mimic the astrophysical emission, thus
making the reconstruction of the DM signal more difficult. This has however less impact
than the emitted photon multiplicity.

We now consider the case of a decaying DM candidate. We compute the precision that
can be achieved by the γ-ray and cosmic-shear cross-correlation in the reconstruction of its
mass, mDM, and decay rate, Γd, again for a few specific benchmark scenarios. In figure 17 (left
panel), we illustrate the marginal error contours for a DM particle with a mass of 20, 200GeV
and 2TeV (blue, green and red regions, respectively). The decay rate is fixed at a common
value of Γd = 0.33×10−27 s−1, just for definiteness. The analysis refers to the combination of
Euclid+‘Fermissimo’. Analogously to the case of annihilating DM, the reconstruction power
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Measurements

• Detections: 
• >3σ evidence [Fornengo, SC et al. ApJL 2015] 

CMB lensing [Planck 2013 & 2015] x UGRB [Fermi Pass7-reprocessed (68 months)]

Gaussian approximation (averaged in the multipole bin b):

G =
+

+
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where
g k( )Cℓ

i

is the cross-correlation APS, estimated using a
benchmark theoretical prediction discussed in the next section.
(Note that this term is in any case subdominant in

Equation (2).) kCℓ
( ) and

g( )Cℓ

i

are the autocorrelation APS that

we estimate from the corresponding maps using PolSpice and
g g( )Cℓ

i j

is the cross-correlation APS between the two energy
bins i and j. As a sanity test, we checked that the noise-

subtracted estimate = -
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i i i

(where CN is

the power spectrum of the shot noise and Wℓ is the beam
function) agrees well with the autocorrelation APS reported by
the Fermi-LAT Collaboration et al. (2012a). Similarly, our

kCℓ
( ) is consistent with theoretical expectations, once corrected

for the noise APS provided in the Planck public data release
(Planck Collaboration et al. 2014b). The factor fsky corrects for
the effective available fraction of the sky, but Equation (2)
might actually underestimate the impact of masks. To have a
more conservative error estimate, we derive a scaling
coefficient Mi b, from G = GM ˜

b
ii

i b b
ii

,
2 , where Gb

ii is obtained from

PolSpice and G̃b
ii from Equation (2), and then we define the off-

diagonal terms of the covariance matrix as G = GM M ˜
b
ij

i b j b b
ij

, , .
The reliability of this scaling is further supported by the fact
that we are using the same mask for all the γ-ray maps.
The combined APS gkCb

( ) of Equation (1) is shown in
Figure 1 for the four cases considered. Error bars are given by

Nb . The different analyses are in excellent agreement with
each other. As for the analysis with gamma-rays integrated
above 1 GeV, we estimate the significance of the cross-
correlation signal in the multipole-bins <⩽ ℓ40 160,

<⩽ ℓ160 280, and <⩽ ℓ280 400. The significances now
amount to 3.0, 0.7, and s1.2 , respectively. A comparison with
the results of the previous analysis shows that by adding
spectral information increases the significance of the signal in
the low-ℓ sector, while in the larger-ℓ bins the cross-
correlations are still compatible with zero. The results obtained
so far therefore show evidence of correlation for multipoles
below 1ℓ 150–160.
As a cross-check for the stability of the γ-ray data, we repeat

the analysis considering the data from the first 150 weeks and
subsequent 150 weeks separately. The obtained APS are
compatible and, once combined together, very closely resemble
the APS of the full period presented above.
The subtraction of the galactic foreground in the γ-ray maps

has a significant systematic uncertainty related to the modeling
of the galactic diffuse emission, which can affect anisotropies
on large scales (Fermi-LAT Collaboration et al. 2012a). The
foreground residuals in the lensing map are instead thought to

Table 1
Summary of Statistical Significances for the Three Adopted Methods

Energy Multipole Statistical Significance

Test P15-3FGL P15-2FGL P13-3FGL P13-2FGL

Single E-bin [1, 300] GeV Single ℓ-bin <⩽ ℓ40 160 dá ñ á ñgk gkℓ C ℓ Cℓ ℓ s1.7 s1.8 s1.5 s2.1

6 E-bins [0.7, 300] GeV Single ℓ-bin <⩽ ℓ40 160 dá ñ á ñgk gkℓ C ℓ Cℓ ℓ s3.0 s3.3 s2.8 s3.2

6 E-bins [0.7, 300] GeV 6 ℓ-bins, D =ℓ 60 <⩽ ℓ40 400 Model fitting s3.0 s3.2 s2.7 s3.0

Notes. All analyses are performed on gkℓ Cℓ to make the observable approximately flat in multipoles. The errors d á ñgkℓ Cℓ are obtained from the covariance matrix of
PolSpice. In the first row, the symbol á ñ· denotes mean in the multipole bin. In the second row, the APS (and corresponding errors) at different energies Ei are obtained
as discussed in connection to Equation (1) and are whitened through multiplication by DE Ei i

2.4 (with the symbol á ñ· denoting the average in a multipole bin and
among energy bins). The third row reports model fitting: the significance is obtained from a c2 difference between the null signal and best-fit model. P15 (P13) stands
for the analysis using the Planck 2015 (2013) map.

Figure 1. Cross-correlation APS gkCℓ
( ) as a function of the multipole ℓ for γ-

ray energies >E 1 GeV. The measurements are averaged (linearly in terms of
gkℓ Cℓ

( ) ) in multipole bins of D =ℓ 60, starting at =ℓ 40. Points report the
minimum-variance combination of the measurement in individual energy bins
(assuming a spectrum µ -E 2.4), as described in Equation (1). Four different
analyses are shown. They arise from the combination of two lensing maps
(from Planck 2013 and 2015 releases) and two γ-ray point-source masks
(2FGL and 3FGL). The benchmark theoretical model, shown in black, is the
sum of the contributions from BL Lac objects (red), FSRQs (blue), mAGNs
(green), and SFGs (orange), multiplied by =gkA 1.35 (see the text). We also
show two “generic” models, G0.1 and G2 with Gaussian W(z) (normalized to
provide the whole EGB above 1 GeV and then multiplied by the factor gkA
described in the text), with peak at z0 = 0.1 and width s = 0.1z (cyan dashed),
and =z 20 and s = 0.5z (magenta dashed), respectively. In the upper inset, we
show the EGB benchmark model and Fermi-LAT measurement (Fermi-LAT
Collaboration et al. 2014). The data used to create this figure are available.
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Measurements

• Detections: 
• >3.5σ evidence [Xia et al. ApJS 2015] 

Clustering of galaxies [2MASS, NVSS, QSOs, SDSS] x UGRB [Fermi Pass7 (60 months)]

halos, while SFGs typically populate galaxy-size halos. Objects
in large halos at low redshifts are expected to have a large bias
and, more importantly, their correlation properties at the
megaparsecscale is dominated by a large one-halo term. This
introduces a characteristic feature in the cross-PS that
differentiates mAGNs from SFGs, making their contribution
more similar to the DM one at ∼megaparsecscales (see the left
panel of Figure 15). At the lowest redshift considered (namely,
in the cross correlation with 2MASS), the megaparsecscale
corresponds to a sub-degree scale in the CCF. Nonetheless,
given the present still large error bars, the above feature is only
weakly constrained and thus a further degeneracy of both
components with SFGs still remains on top of the mAGN-DM
main degeneracy. Further investigation of this issue is reported
later below. Instead, further differences between the mAGNs
and and the DM cases are expected at smaller angles which,
unfortunately, cannot be investigated given the size of the
Fermi-LAT PSF.

Difficulties in modeling the one-halo term in the HOD
framework described in Appendix B propagates into uncer-
tainties in predicting the cross-power at small angles. To
account for this potential source of systematic errors, we
introduced in Equation (7) the one-halo correction terms m .h

k n
1

,( )

The 1D marginalized posteriors of the associated extra five
parameters A h

k
1 are shown in Figure 4 as black solid curves. The

various data sets are consistent with the case A 0h
k

1 = with
different confidence levels, except NVSS. In this case, we find
a strong and statistically significant deviation from zero. This
can also be appreciated in the fit to the observed CCF in
Figure 5 where the presence of a prominent one-halo
correctionterm is required to fit the data at small angles.

There is a likely explanation for this additional contribution:
the presence in the NVSS catalog of γ-ray point sources (i.e.,
AGN) that are just below theFermi detection threshold. These
sources would add their auto-correlation signal at zero-lad that,
because of the PSF, spreads out to ∼1° scale. This effect
requires some fine tuning of the parameters defining the one-
halo term in Equation (28) which the benchmark model fails to
catch, thus requiring a large correction term. The effect is also
discussed in Xia et al. (2015), to which we refer the reader for
further discussion. The relevance of this term in the fit to NVSS
data is expected to affect our constraints of the DM properties.
To investigate this issue, we use three further fitting procedures
in addition to the one adopted so far. The four fitting
procedures are as follows.

1. NVSS-10, A 0h
k

1 ¹ . All the 10 NVSS data points are fitted
and the one-halocorrection terms are free parameter of
the fit. This is the standard fitting procedure used to
obtain the results shown in Figure 2.

2. NVSS-10, A 0h
k

1 = . All the 10 NVSS data points are fitted
and all the one-halo correction termsare set equal
to zero.

3. NVSS-6, A 0h
k

1 ¹ . The first fourNVSS data points at
small angles are excluded from the fit. The one-
halocorrection terms are used as free parameters in
the fit.

4. NVSS-6, A 0h
k

1 = . The first fourNVSS data points are
excluded from the fit. All one-halocorrection terms are
set equal to zero.

Figure 4 shows the A h
k

1 posteriors for the NVSS-10, A 0h
k

1 ¹
(black solid curves) and the NVSS-6, A 0h

k
1 ¹ (red dashed

Figure 5. Measured cross-correlation function (CCF;Xia et al. 2015) for E>1 GeV, as a function of the angular separation θ in the sky, compared to the best-fit
models of this analysis. The contribution to the CCF from the different astrophysical γ-rayemitters (BL Lac, mAGN, SFG, FSRQ) are shown by dashed colored lines,
while their sum (“Astro Total”) and the DM contribution are indicated by solid green and red lines, respectively. The one-halo correction term is shown as a solid blue
line. The total contribution to the CCF is given by the black solid line. The analogous plots for E>0.5 GeV and E>10 GeV are shown n Appendix D.

8

The Astrophysical Journal Supplement Series, 221:29 (25pp), 2015 December Cuoco et al.

[Cuoco et al., ApJS 2015] [Regis et al., PRL 2015]

(E > 0.5; 1, and 10 GeV), and the indices θi and θj run over
10 angular bins logarithmically spaced between θ ¼ 0.1°
and 100°. Cn

θiθj
is the covariance matrix that quantifies the

errors of the data and their covariance among the angular
bins. Data and covariance matrix are taken from
Ref. [9]. The parameter vector for annihilating DM is
A ¼ ðmDM; hσavi; C1hÞ, whereas for the decaying DM it
is A ¼ ðmDM; τd; C1hÞ.
Results.—In Fig. 1 we show a comparison between the

measured CCF in one of the considered energy bins
(E > 500 MeV) and the best fitting annihilating and
decaying DM models obtained from the analysis discussed
below. Error bars are given by the diagonal elements of the
covariance matrix. DM models fit the measured CCF
remarkably well (for the best fitting model, χ2BF ¼ 16.7
with 26 d.o.f.). It is also noteworthy that the level of
annihilation or decay rate provides a minor contribution to
the isotropic gamma-ray background (IGRB) measured by
the Fermi-LAT [27], as shown in the inset of the figure.
This implies that the cross-correlation technique can detect
DM signals too faint to show up in the total intensity
measurement (for a review of the IGRB properties,
see Ref. [28]).
In Fig. 2, we show the 1σ and 2σ C.L. contours (obtained

marginalizing over C1h) for DM mass and annihilation or

decay rate for various final states. Note that, although we
use only three energy bins, they are sufficient to constrain
the DM mass which induces a small but characteristic
signature in the energy spectrum. In the LOW scenario the
1σ region lies just above the thermal annihilation rate
hσavi ¼ 3 × 10−26 cm3 s−1. In the HIGH case, the DM
signal increases by a factor of ∼10 and consequently
regions shift down by 1 order of magnitude. Therefore,
given the current uncertainty in modeling DM structures we
conclude that the thermal cross section is well within the
allowed regions for mDM ≲ 200 GeV.
We stress that the confidence contours in Fig. 2 are drawn

under the assumption of no contribution from astrophysical
sources. While their purpose is mainly illustrative, they may
not be unrealistic since astrophysical sources, which are
indeed required to account for the IGRB thanks to their
medium-to-large redshift emission, can indeed provide a
negligible contribution to the cross-correlation signal
between Fermi-LAT and 2MASS galaxies that, as we point
out, has a rather local origin (see the discussion in Sec. S2 of
the Supplemental Material [14]). On the other hand, given
the current uncertainty on the astrophysical components
of the IGRB, an astrophysical model that can explain the
measured cross-correlation signal with no additional con-
tribution from DM can be found [9]. Future data and
analyses will help distinguishing between these two options.
This cross-correlation measurement can alternatively be

used to derive 95% C.L. upper bounds on the annihilation
or decay rate. These bounds are conservative and robust,
since we assume here that DM is the only source of the
γ-ray signal, without introducing additional assumptions on
astrophysical components which would make the con-
straints stronger but also more model dependent. The
95% C.L. upper bounds on the WIMP annihilation (decay)
rate as a function of WIMP mass are shown in the left-hand
(right-hand) panel of Fig. 3. For bb̄ and τþτ− final states,
the thermal annihilation rate is excluded for masses below
10 (100) GeV in the LOW (HIGH) scenario. In the case of
μþμ−, the bounds degrade by about 1 order of magnitude.
In Fig. 4 we compare the sensitivity of our cross-

correlation method with that of other extragalactic γ-ray
probes. We focus on these probes since they are similarly
affected by uncertainties in modeling DM halo and subhalo
properties. This allows us to compare various techniques in
a homogeneous and robust way, something that cannot be
done with local DM tracers (galactic regions, dwarf
galaxies) or early Universe probes, which have different
systematic uncertainties (see, however, the discussion in
Sec. S1 of the Supplemental Material [14]). For illustrative
purposes, we selected the LOW substructure scheme and bb̄
final states case. We verified that different choices provide
little differences and the results are robust to both the DM
clustering model and the annihilation or decay channel. We
consider again the simplest case (where most conservative
bounds can be derived), in which the astrophysical
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FIG. 1 (color online). Cross-correlation above 500 MeV for
the best fitting 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 hσavi ¼ 2 × 10−26 cm3 s−1 (blue-dashed curve) and
2.4 × 10−25 cm3 s−1 (blue-solid curve), respectively, and a decay
model with lifetime τ ¼ 1.6 × 1027 s (red-dotted curve). The
green curve shows the CCF of the one-halo correction term C1h.
We show the sum of this component and the DMCCF (in the LOW

scenario) with the black curve. The inset shows that these DM
models provide a subdominant contribution to the observed
IGRB spectrum [27].
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(E > 0.5; 1, and 10 GeV), and the indices θi and θj run over
10 angular bins logarithmically spaced between θ ¼ 0.1°
and 100°. Cn

θiθj
is the covariance matrix that quantifies the

errors of the data and their covariance among the angular
bins. Data and covariance matrix are taken from
Ref. [9]. The parameter vector for annihilating DM is
A ¼ ðmDM; hσavi; C1hÞ, whereas for the decaying DM it
is A ¼ ðmDM; τd; C1hÞ.
Results.—In Fig. 1 we show a comparison between the

measured CCF in one of the considered energy bins
(E > 500 MeV) and the best fitting annihilating and
decaying DM models obtained from the analysis discussed
below. Error bars are given by the diagonal elements of the
covariance matrix. DM models fit the measured CCF
remarkably well (for the best fitting model, χ2BF ¼ 16.7
with 26 d.o.f.). It is also noteworthy that the level of
annihilation or decay rate provides a minor contribution to
the isotropic gamma-ray background (IGRB) measured by
the Fermi-LAT [27], as shown in the inset of the figure.
This implies that the cross-correlation technique can detect
DM signals too faint to show up in the total intensity
measurement (for a review of the IGRB properties,
see Ref. [28]).
In Fig. 2, we show the 1σ and 2σ C.L. contours (obtained

marginalizing over C1h) for DM mass and annihilation or

decay rate for various final states. Note that, although we
use only three energy bins, they are sufficient to constrain
the DM mass which induces a small but characteristic
signature in the energy spectrum. In the LOW scenario the
1σ region lies just above the thermal annihilation rate
hσavi ¼ 3 × 10−26 cm3 s−1. In the HIGH case, the DM
signal increases by a factor of ∼10 and consequently
regions shift down by 1 order of magnitude. Therefore,
given the current uncertainty in modeling DM structures we
conclude that the thermal cross section is well within the
allowed regions for mDM ≲ 200 GeV.
We stress that the confidence contours in Fig. 2 are drawn

under the assumption of no contribution from astrophysical
sources. While their purpose is mainly illustrative, they may
not be unrealistic since astrophysical sources, which are
indeed required to account for the IGRB thanks to their
medium-to-large redshift emission, can indeed provide a
negligible contribution to the cross-correlation signal
between Fermi-LAT and 2MASS galaxies that, as we point
out, has a rather local origin (see the discussion in Sec. S2 of
the Supplemental Material [14]). On the other hand, given
the current uncertainty on the astrophysical components
of the IGRB, an astrophysical model that can explain the
measured cross-correlation signal with no additional con-
tribution from DM can be found [9]. Future data and
analyses will help distinguishing between these two options.
This cross-correlation measurement can alternatively be

used to derive 95% C.L. upper bounds on the annihilation
or decay rate. These bounds are conservative and robust,
since we assume here that DM is the only source of the
γ-ray signal, without introducing additional assumptions on
astrophysical components which would make the con-
straints stronger but also more model dependent. The
95% C.L. upper bounds on the WIMP annihilation (decay)
rate as a function of WIMP mass are shown in the left-hand
(right-hand) panel of Fig. 3. For bb̄ and τþτ− final states,
the thermal annihilation rate is excluded for masses below
10 (100) GeV in the LOW (HIGH) scenario. In the case of
μþμ−, the bounds degrade by about 1 order of magnitude.
In Fig. 4 we compare the sensitivity of our cross-

correlation method with that of other extragalactic γ-ray
probes. We focus on these probes since they are similarly
affected by uncertainties in modeling DM halo and subhalo
properties. This allows us to compare various techniques in
a homogeneous and robust way, something that cannot be
done with local DM tracers (galactic regions, dwarf
galaxies) or early Universe probes, which have different
systematic uncertainties (see, however, the discussion in
Sec. S1 of the Supplemental Material [14]). For illustrative
purposes, we selected the LOW substructure scheme and bb̄
final states case. We verified that different choices provide
little differences and the results are robust to both the DM
clustering model and the annihilation or decay channel. We
consider again the simplest case (where most conservative
bounds can be derived), in which the astrophysical
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FIG. 1 (color online). Cross-correlation above 500 MeV for
the best fitting 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 hσavi ¼ 2 × 10−26 cm3 s−1 (blue-dashed curve) and
2.4 × 10−25 cm3 s−1 (blue-solid curve), respectively, and a decay
model with lifetime τ ¼ 1.6 × 1027 s (red-dotted curve). The
green curve shows the CCF of the one-halo correction term C1h.
We show the sum of this component and the DMCCF (in the LOW

scenario) with the black curve. The inset shows that these DM
models provide a subdominant contribution to the observed
IGRB spectrum [27].
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Measurements

• Detections: 
• >5σ evidence [Branchini, SC et al. ApJS 2017] 

Clustering of clusters [Planck-SZ 2015, redMaPPer, WH12] x UGRB [Fermi Pass8 (78 mths)]

8 Branchini et al.

For the cross correlation between point-like astrophysical516

�-ray emitters and clusters we have:517

P1h
c j ,�i

(k,z) =
Z Lmax,i(z)

Lmin,i(z)
dL�i(L,z)

L
h f�ii

hNc j(M(L))i
n̄c j

(10)

P2h
c j ,�i

(k,z) =

"Z Lmax,i(z)

Lmin,i(z)
dL�i(L,z)b�i (L)

L
h f�ii

#

⇥
Z Mmax

Mmin

dM
dn
dM

bh(M)
hNc j i

n̄c j

�
Plin(k) . (11)

Both terms depend on the luminosity function of the emitter,518

�i and the mean luminosity density h f�ii =
R

dLL�i(L,z),519

whereas the linear mass power spectrum Plin(k) and the bias520

b�i only enter the two-halo term. For the bias we adopt a521

simple linear model and assume that the bias of the emit-522

ter is equal to that of its halo host b�i (L) = bh(M(L)) mod-523

eled according to Sheth & Tormen (1999). For the rela-524

tion between the mass of the halo host and the luminosity525

of the emitter, M(L), we adopt the one derived by Cam-526

era et al. (2015). The effective halo occupation of clusters527

hNc ji = (dnc j/dM)/(dn/dM) is obtained from the cluster mass528

functions dnc j/dM used in Section 4.1. In this way, we ac-529

count for selection effects and completeness of the catalogs.530

The average number density of clusters at a given redshift is531

given by n̄c j (z) =
R

dM hNc jidn/dM. Note that Eq. (10) does532

not depend on the wavenumber k. It describes the picture of533

point-like �-ray emitters located at the center of the clusters.534

Being flat, it acts as a shot-noise-like term.535

Cuoco et al. (2015) have shown that this halo model is not536

sufficient to describe the effect of the Fermi-LAT PSF that cre-537

ates an additional shot-noise-like term on small-scales, which538

is not captured by the above equations. Quantifying the am-539

plitude of this effect is not straightforward. However, since540

we know it is scale-independent, we can model it empirically541

by adding an extra, shot-noise-like constant term in the fit of542

the measured C(�c)
` . Therefore, following Ando (2014) and543

Cuoco et al. (2015) we include one additional free parameter544

for each combination of cluster catalog and �-ray source.545

We note also that the 1-halo term model above assumes that546

the relation M(L) is deterministic. We argue that ignoring the547

scatter in the relation does not significantly affect our results548

since the 1-halo term is small (blazars, mAGN and SFG reside549

in halos typically smaller than the cluster size) and subdomi-550

nant with respect to the shot-noise term.551

For the cross correlation between �-ray emission from the552

ICM and clusters we have:553

P1h
c j ,�c

(k,z) =
Z Mmax

Mc,min

dM
dn
dM

hNc j i
n̄c j

L�c (M)
h f�ci

ṽ�(k|M)
M

(12)

P2h
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(k,z) =
Z Mmax

Mmin
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dM
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hNc ji
n̄c j

�
(13)

⇥
"Z Mmax

Mc,min

dM
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dM

bh(M)
L�c (M)
h f�ci

ṽ�(k|M)
M

#
Plin(k) ,

where now the luminosity density is h f�ci=
R

dM dn/dML/⇢̄,554

and ṽ�(k|M) is the Fourier transform of the normalized halo555

density profile ⇢h(x|M)/⇢̄DM , that we assume to have a NFW556

shape Navarro et al. (1997). The underlying assumption is557

that the �-ray emission from the ICM has the same profile558

of the host halo (in practice, this is not a crucial assumption,559
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since in the current analysis we do not probe scales smaller560

than the typical size of a cluster).561

Unlike in the previous case, uncertainties in the 1-halo term562

cannot be ignored. They stem from the fact that no extended563

�-ray emission from clusters has been unambiguously de-564

tected and, consequently, no observational constraint exists565

for the L�c (M) relation. To account for this potential source566

of systematic error, we again include an additional constant567

term when we fit the cross-correlation model to the data.568

Possible γ-ray emission associated to the ICM?
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Bounds

• Non-detections: 

• Clustering of galaxies [SDSS LRGs] x UGRB [Fermi Pass7-reprocessed (76 mths)] 

• Cosmic shear [CFHTLenS+RCSLenS] x UGRB [Fermi Pass7-repr. (76 mths), Pass8 (85 mths)] 

• Cosmic shear [Subaru HSC] x UGRB [Pass8 (85 mths)] 

• Cosmic shear [CFHTLenS+RCSLenS+KiDS] x UGRB [Fermi Pass8 (84 mths)] 

• Cosmic shear [DES Y1] x UGRB [Fermi Pass8 (108 mths)]

[Shirasaki et al. 2015]

[Shirasaki et al. 2014, 2016]

[Shirasaki et al. 2018]

[Tröster, SC et al. 2017]

[Ammazzalorso, SC et al. in prep.]
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2σ bounds

Fermi (γ-ray auto-correlation)

Fermi ⨯ CFHTLenS+RCSLenS+KiDS

Fermi ⨯DES-Y1 [forecast]

e-ASTROGAM ⨯ Euclid-WL [forecast]
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Bounds

[Ammazzalorso, SC et al. in prep.] Thermal cross-section

[De Angelis, SC et al. 2018]

[Tröster, SC et al. 2017]

[Fornasa et al. 2016]
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Take-home message

• Unique added value of synergies at various wavelengths 

• Cross-correlations valuable for accessing signal buried in noise 

• Multi-wavelength synergies between direct gravitational 
probes of DM and the γ-ray sky have the real power to find 
signatures of the particle nature of DM 

• Apart from DM studies, these cross-correlations can lift 
degeneracies among the various astrophysical source 
populations and shed new light on the UGRB
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