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Aim

• Goal 
Detect signatures of the particle nature of dark matter 
(Is dark matter a weakly interacting massive particle?) 

• Tools 
Identify gamma rays sourced by dark matter annihilation/decay 
(Dark matter particles may emit photon through their annihilation or decay.) 

• Challenges 
How to get rid of the astrophysical background?  
(Cross-correlate gamma-ray anisotropies & weak gravitational lensing.)
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Evidence for Dark Matter
• What do we learn from gravitational pieces of evidence for dark matter?
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• What do we learn from gravitational pieces of evidence for dark matter? 

• Galaxies  
Collisionless (suppressed electromagnetic & strong interactions)
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Evidence for Dark Matter
• What do we learn from gravitational pieces of evidence for dark matter? 

• Galaxies  
Collisionless (suppressed electromagnetic & strong interactions) 

• Galaxy clusters 
Dissipasionless (very weak self-interactions) 

• Large-scale structure 
Non-relativistic (bottom-up hierarchy)
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Evidence for Dark Matter
• What do we learn from gravitational pieces of evidence for dark matter? 

• Galaxies  
Collisionless (suppressed electromagnetic & strong interactions) 

• Galaxy clusters 
Dissipasionless (very weak self-interactions) 

• Large-scale structure 
Non-relativistic (bottom-up hierarchy) 

• Cosmology 
Non-baryonic, stable, thermally produced
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Dark Matter Particles
• Weakly interacting massive particle (WIMP) 

• WIMPs have weak—but non-negligible!—interactions with ordinary matter
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Dark Matter Particles
• Weakly interacting massive particle (WIMP) 

• WIMPs have weak—but non-negligible!—interactions with ordinary matter
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• WIMPs are sources of high energy cosmic and gamma rays

Dark Matter Particles
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WIMPs & Gamma Rays
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WIMPs & Gamma Rays
• Constraints on annihilating DM 

• gamma-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 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.

28

[Fornasa & Sánchez-Conde, 2015]
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• Constraints on annihilating DM 

• gamma-ray anisotropy 
angular power spectrum

[SC, Fornasa, Fornengo & Regis, ApJ Lett. 2013]

WIMPs & Gamma Rays
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Weak Gravitational Lensing
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Weak Gravitational Lensing
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Weak Gravitational Lensing
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Weak Gravitational Lensing
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Gamma Rays & Cosmic Shear
• Cross-correlation between gamma-ray anisotropies and cosmic shear 

• The window functions, WX(z), encode the relative magnitude of the signals and 
the overlap in the observed redshift range 

• The source power spectrum, Ps(k,z), represents the three-dimensional 
correlation between the large-scale gravitational potential—the lensing source 
field—and the processes at the origin of astrophysical and WIMP-sourced 
gamma rays
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Gamma Rays & Cosmic Shear
• Benchmark DM model (dominant final state bb) 

• Decaying DM: mass 200 GeV, decay rate 3.3 · 10–27 s–1 

• Annihilating DM: mass 100 GeV, (thermal) ann. rate 3 · 10–26 cm3 s–1 

• Astrophysics: star-forming galaxies, blazars, misaligned ANGs
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Gamma Rays & Cosmic Shear
[SC, Fornasa, Fornengo & Regis, ApJ Lett. 2013]
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• Exploit the tomographic & spectral information 

• 5/10 redshift bins for DES/Euclid & 6/8 energy bins for Fermi-LAT/Fermissimo

Gamma Rays & Cosmic Shear
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• Exploit the tomographic & spectral information 

• 5/10 redshift bins for DES/Euclid & 6/8 energy bins for Fermi-LAT/Fermissimo

Gamma Rays & Cosmic Shear

[SC, Fornasa, Fornengo & Regis, 2015][SC, Fornasa, Fornengo & Regis, 2015]
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Gamma Rays & CMB Lensing

B(n̂) (±2.5µK)

T(n̂) (±350µK)

E(n̂) (±25µK)
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Gamma Rays & CMB Lensing

B(n̂) (±2.5µK)

T(n̂) (±350µK)

E(n̂) (±25µK)
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Gamma Rays & CMB Lensing
• CMB lensing angular power spectrum

[Planck Collaboration, 2015]
Planck Collaboration: Gravitational lensing by large-scale structures with Planck
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Fig. 6 Planck 2015 full-mission MV lensing potential power spectrum measurement, as well as earlier measurements using the
Planck 2013 nominal-mission temperature data (Planck Collaboration XVII 2014), the South Pole Telescope (SPT, van Engelen
et al. 2012), and the Atacama Cosmology Telescope (ACT, Das et al. 2014). The fiducial ! CDM theory power spectrum based on
the parameters given in Sect. 2 is plotted as the black solid line.

In addition to the priors above, we adopt the same sampling
priors and methodology as Planck Collaboration XIII (2015), 
using CosmoMCand cambfor sampling and theoretical predic-
tions (Lewis & Bridle 2002; Lewis et al. 2000). In the ! CDM
model, as well as " bh2 and ns, we sample As, " ch2, and the
(approximate) acoustic-scale parameter ! MC. Alternatively, we
can think of our lensing-only results as constraining the sub-
space of " m, H0, and " 8. Figure 7 shows the corresponding
constraints from CMB lensing, along with tighter constraints
from combining with additional external baryon acoustic oscil-
lation (BAO) data, compared to the constraints from the Planck
CMB power spectra. The contours overlap in a region of accept-
able Hubble constant values, and hence are compatible. To show
the multi-dimensional overlap region more clearly, the red con-
tours show the lensing constraint when restricted to a reduced-
dimensionality space with ! MC fixed to the value accurately mea-
sured by the CMB power spectra; the intersection of the red and
black contours gives a clearer visual indication of the consis-
tency region in the " m–" 8 plane.

The lensing-only constraint defines a band in the " m–" 8
plane, with the well-constrained direction corresponding ap-
proximately to the constraint

" 8" 0.25
m = 0.591 ± 0.021 (lensing only; 68 %). (13)

This parameter combination is measured with approximately
3.5% precision.

The dependence of the lensing potential power spectrum on
the parameters of the ! CDM model is discussed in detail in

  For example, we split the neutrino component into approximately
two massless neutrinos and one with

!
m# = 0.06 eV, by default.

Appendix E; see also Pan et al. (2014). Here, we aim to use
simple physical arguments to understand the parameter degen-
eracies of the lensing-only constraints. In the flat ! CDM model,
the bulk of the lensing signal comes from high redshift (z > 0.5)
where the Universe is mostly matter-dominated (so potentials are
nearly constant), and from lenses that are still nearly linear. For
fixed CMB (monopole) temperature, baryon density, and ns, in
the ! CDM model the broad shape of the matter power spectrum
is determined mostly by one parameter, keq ! aeqHeq " " mh2.
The matter power spectrum also scales with the primordial am-
plitude As; keeping As fixed, but increasing keq, means that the
entire spectrum shifts sideways so that lenses of the same typ-
ical potential depth # lens become smaller. Theoretical ! CDM
models that keep $eq ! keq %# fixed will therefore have the same
number (proportional to keq %#) of lenses of each depth along
the line of sight, and distant lenses of the same depth will also
maintain the same angular correlation on the sky, so that the
shape of the spectrum remains roughly constant. There is there-
fore a shape and amplitude degeneracy where $eq $ constant,
As $ constant, up to corrections from sub-dominant changes in
the detailed lensing geometry, changes from late-time potential
decay once dark energy becomes important, and nonlinear ef-
fects. In terms of standard ! CDM parameters around the best-fit
model, $eq " " 0.6

m h, with the power-law dependence on " m only
varying slowly with " m; the constraint $eq " " 0.6

m h = constant
defines the main dependence of H0 on " m seen in Fig. 7.

The argument above for the parameter dependence of the
lensing power spectrum ignores the e$ect of baryon suppres-
sion on the small-scale amplitude of the matter power spectrum
(e.g., Eisenstein & Hu 1998). As discussed in Appendix E, this

8
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Gamma Rays & CMB Lensing
• Cross-correlation between gamma-ray anisotropies and CMB lensing

[Fornengo, Perotto, Regis & SC, ApJ Lett. 2015]

Gaussian approximation(averaged in the multipole binb):
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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).) �LC!
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are the autocorrelation APS that

we estimate from the corresponding maps using PolSpice and
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is the cross-correlation APS between the two energy
bins i and j. As a sanity test, we checked that the noise-

subtracted estimate � � � �
�•
�Ÿ
�ž�ž�ž

�¬
�®
�­�­�­

� H � H � H( ) ( ) ( )CC C W! ! N !
2

i i i

(whereCN is

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

�LC!
( ) is consistent with theoretical expectations, once corrected

for the noise APS provided in thePlanckpublic data release
(Planck Collaboration et al.2014b). The factorfsky 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
coef! cientMi b, from �( � � � (M ÷

b
ii

i b b
ii

,
2 , where�(b

ii is obtained from

PolSpice and�(÷b
ii from Equation(2), and then we de! ne the off-

diagonal terms of the covariance matrix as�( � � � (M 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! -ray maps.

The combined APS �H�LCb
( ) of Equation (1) is shown in

Figure1 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 signi! cance of the cross-
correlation signal in the multipole-bins ��! !40 160,

��! !160 280, and ��! !280 400. The signi! cances now
amount to 3.0, 0.7, and �T1.2 , respectively. A comparison with
the results of the previous analysis shows that by adding
spectral information increases the signi! cance of the signal in
the low-! sector, while in the larger-! bins the cross-
correlations are still compatible with zero. The results obtained
so far therefore show evidence of correlation for multipoles
below �1! 150Ð160.

As a cross-check for the stability of the! -ray data, we repeat
the analysis considering the data from the! rst 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! -ray maps
has a signi! cant 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 Signi! cances for the Three Adopted Methods

Energy Multipole Statistical Signi! cance

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

SingleE-bin [1, 300] GeV Single! -bin ��! !40 160 �E� ˜ � § � ˜�§�H�L �H�L! C ! C! ! �T1.7 �T1.8 �T1.5 �T2.1

6 E-bins [0.7, 300] GeV Single! -bin ��! !40 160 �E� ˜ � § � ˜�§�H�L �H�L! C ! C! ! �T3.0 �T3.3 �T2.8 �T3.2

6 E-bins [0.7, 300] GeV 6 ! -bins,� % � �! 60 ��! !40 400 Model ! tting �T3.0 �T3.2 �T2.7 �T3.0

Notes.All analyses are performed on �H�L! C! to make the observable approximately" at in multipoles. The errors�E�˜ �§�H�L! C! are obtained from the covariance matrix of
PolSpice. In the! rst row, the symbol�˜�§á denotes mean in the multipole bin. In the second row, the APS(and corresponding errors) at different energiesEi are obtained
as discussed in connection to Equation(1) and are whitened through multiplication by �%E Ei i

2.4 (with the symbol�˜�§á denoting the average in a multipole bin and
among energy bins). The third row reports model! tting: the signi! cance is obtained from a�D2 difference between the null signal and best-! t model. P15(P13) stands
for the analysis using thePlanck2015(2013) map.

Figure 1. Cross-correlation APS �H�LC!
( ) as a function of the multipole! for ! -

ray energies ��E 1 GeV. The measurements are averaged(linearly in terms of
�H�L! C!

( ) ) in multipole bins of� % � �! 60, starting at ��! 40. Points report the
minimum-variance combination of the measurement in individual energy bins
(assuming a spectrum�r ��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 ! -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 ���H�LA 1.35(see the text). We also
show twoÒgenericÓmodels, G0.1 and G2 with GaussianW(z) (normalized to
provide the whole EGB above 1 GeV and then multiplied by the factor�H�LA
described in the text), with peak atz0 = 0.1 and width�T �� 0.1z (cyan dashed),
and ��z 20 and�T �� 0.5z (magenta dashed), respectively. In the upper inset, we
show the EGB benchmark model andFermi-LAT measurement(Fermi-LAT
Collaboration et al.2014). The data used to create this! gure are available.

3

The Astrophysical Journal Letters, 802:L1 (6pp), 2015 March 20 Fornengo et al.
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Summary 
• The cross-correlation of extragalactic gamma-ray background 

anisotropies with weak lensing appears promising! 

• Weak lensing window function nicely overlaps with that of ann./dec. DM, 
whilst this happens at intermediate to high redshift for astrophysical sources 

• Both gravitational lensing and WIMP-induced gamma rays are stronger for 
larger haloes, their cross-correlation is more effective compared to that of 
astrophysical sources 

• The combination of Fermi with weak lensing surveys like DES or Euclid, and the 
exploitation of energy and redshift tomography, can thus potentially provide 
evidence for WIMPs 

• First measurement of the cross-correlation between gamma-ray anisotropies and CMB lensing!
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Thank you!
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