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Particle Dark Matter

• Particle dark matter established ingredient of concordance cosmology 

• Indirect detection experiments: DM-sourced cosmic & gamma rays
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Particle Dark Matter

• Particle dark matter established ingredient of concordance cosmology 

• Indirect detection experiments: DM-sourced cosmic & gamma rays 

• Weakly interacting massive particles (WIMPs) 

• Other interesting MeV DM candidates with e-ASTROGAM! 

• Self-interacting DM 

• ‘Cannibal’ DM 

• Strong-interacting DM 

• Axion-like particles
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DM-Sourced Gamma Rays 

• Hunting down signal of annihilations/decays of dark matter particles 

• Gamma-ray energy spectrum
[Fornasa & Sánchez-Conde, 2015]

DM-SOURCED GAMMA RAYS

Hunting down signals of annihilations/decays of dark matter particles

Gamma-ray energy spectrum

[Fornasa & Sánchez-Conde, Phys. Rept. 2015]
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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 expect 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. [159] (SFGs) and
Ref. [38] (MSPs).

depicted in Fig. 9 by orange, green, blue and red lines, respectively.12 Each contribution
is embedded in a band that denotes the level of uncertainty a↵ecting the prediction. The
largest is the one associated with MAGNs (light green band) spanning almost one order of
magnitude. Black data points represent the new Fermi LAT measurement of the DGRB
in Ref. [9] (see Sec. 2.1). The gray boxes around the data points indicate the systematic
error associated with the modeling of the Galactic foreground. From the figure, it is
clear that MSPs are subdominant and that the remaining 3 astrophysical components can
potentially explain the whole DGRB, leaving very little room for additional contributions
(see also Refs. [61, 246, 215]). Similar results have been recently obtained by Ref. [65].
This reference also shows that the goodness of the fit to the Fermi LAT DGRB energy
spectrum in terms of astrophysical sources depends significantly on the model adopted
for the di↵use Galactic foreground and on the slope of the energy spectrum of unresolved
SFGs.

12Ref. [25] only provides the total emission from resolved and unresolved blazars. Since we are inter-
ested in the unresolved component, the orange line in Fig. 9 is obtained by subtracting the emission of
resolved sources from Ref. [9] from the total signal from blazars. The width of the light orange band is,
then, computed summing the estimated errors of the two components in quadrature.
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DM-Sourced Gamma Rays 

• Hunting down signal of annihilations/decays of dark matter particles 

• Gamma-ray anisotropies angular spectrum

[SC, Fornasa, Fornengo & Regis, ApJL 2013]
The Astrophysical Journal Letters, 771:L5 (6pp), 2013 July 1 Camera et al.
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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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Direct Gravitational Probes 
[Lukic et al.; Image: Casey Stark]

Potential wells of the 
cosmic large-scale 
structure

Gamma rays from 
astrophysical sources 
hosted within the dark 
matter halo

Gamma rays from 
annihilations/decays of 
dark matter particles 
forming the halo
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Direct Gravitational Probes 

• Find an optimal tracer of the cosmic dark matter distribution on large 
scale to filter out astrophysical non-thermal emission from the dark 
matter gamma-ray signal 

• Main tracers of the cosmic large-scale structure: 

• Weak gravitational lensing (cosmic shear, CMB lensing…) 

• Clustering of structures (galaxies, galaxy clusters…)
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[SC, Fornasa, Fornengo & Regis, ApJL 2013; 
Fornengo, Perrotto, Regis & SC, ApJL 2015; Shirasaki et al. 2013; 2015]

[Fornengo & Regis, 2014; Ando et al., 2014; Xia et al., ApJS 2015;  
Regis et al., PRL 2015; Shirasaki et al., 2015, Branchini, SC et al., ApJS 2017]
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Gamma Rays  & Cosmic Shear

The Astrophysical Journal Letters, 771:L5 (6pp), 2013 July 1 Camera et al.
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Figure 4. Left: window functions vs. redshift. For γ -ray sources, we consider the flux above 1 GeV normalized to the total EGB intensity measured by Fermi-LAT.
Right: three-dimensional PS of cross-correlation shear/γ -rays at z = 0.
(A color version of this figure is available in the online journal.)
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Figure 5. Left: cross-correlation between cosmic shear and γ -ray emission, for the different classes of γ -ray emitters described in the text (with a γ -ray threshold
expected for Fermi-LAT after 5 yr of exposure). Each contribution is normalized by multiplying Equation (2) by ⟨Ij ⟩/⟨IEGB⟩ to make them additive. DES is taken as
the reference galaxy survey. Error bars are estimated for the total signal (in black). Right: same as in the left panel but for annihilating DM, with Euclid as the reference
galaxy survey.
(A color version of this figure is available in the online journal.)

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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(A color version of this figure is available in the online journal.)
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(A color version of this figure is available in the online journal.)

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.
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Figure 12. Exclusion limits on the annihilation cross-section h�
ann

vi and WIMP mass m
DM

at 2� significance for CFHTLenS, RCSLenS,
and KiDS and annihilation channels bb̄, µ�µ+, and ⌧�⌧+. CFHTLenS and RCSLenS use four energy bins while KiDS additionally makes
use of four redshift bins. The exclusion limits are for the three clustering scenarios high (blue), mid (purple), and low (red). The dashed
blue line indicates the improvement of the limits for the high scenario when including the astrophysical sources in the analysis.
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Figure 13. Exclusion limits on the annihilation cross-section h�
ann

vi and WIMP mass m
DM

at 2� significance for the combination of
CFHTLenS, RCSLenS, and KiDS. The style of the lines is the same as for Figure 12.

MNRAS 000, 1–18 (2016)

Thermal cross-section

Gamma Rays  & Cosmic Shear

Stefano Camera                           Cross-correlations of LSS surveys & e-ASTROGAM                        14 · x · 2017



Gamma Rays  & Shear+ClusteringUNIVERSITÀ 
DEGLI STUDI 
DI TORINO 
ALMA UNIVERSITAS 
TAURINENSIS

e-ASTROGAM

Stefano Camera                           Cross-correlations of LSS surveys & e-ASTROGAM                        14 · x · 2017

10 20 50 100
0.1

0.2

0.5

1

2

5

mDM [GeV]

〈σ
a
v
〉[
10

-
26
cm

3
/s
]

5 6 7 8

0.6

0.8

1.0

1.2

1.4

mDM [GeV]

〈σ
a
v
〉[
10

-
26
cm

3
/s
]


