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Looking to Dark Matter through 
Gamma-Ray Anisotropies
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NF, Regis, Perotto, Camera, ApJ 802 (2015) L1 gamma + CMB lensing
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Cuoco, Xia, Regis, NF, Branchini, Viel, ApJS 221 (2015) 29 gamma + LSS

Zechlin, Cuoco, Donato, NF, Vittino, ApJS 225 (2016) 18 gamma 1pPDF
Zechlin, Cuoco, Donato, NF, Regis, ApJL 826 (2016) L31 gamma 1pPDF

Ando, Fornasa, NF, Regis, Zechlin, arXiv:0701.06988 gamma autocorrelation

Branchini, Camera, Cuoco, NF, Regis, Viel, Xia, ApJS 228 (2017) 8 gamma + clusters



The presence of DM is supported by copious and consistent 
astrophysical and cosmological probes

- Large scales:       Average DM density about 6 times baryon density
- Smaller scales:       DM distribution is quite anisotropic and hierarchical

clusters – galaxies – subhalos

Observations are compatible with a theoretical understanding of 
cosmic structure formation through gravitational instability

Dark Matter



Dark Matter

DM evidence purely gravitational

- Galaxy clusters dynamics
- Rotational curves of spiral galaxies
- Gravitational lensing
- Hydrodynamical equilibrium of hot gas in galaxy clusters
- Energy budget of the Universe
- The same theory of structure formation



Modified gravity?
One possibility is that gravity behaves differently than GR
One example: MOND [Milgrom]

Non-covariant theory: can be a limit of TeVeS (or others)          
What about cluster scales, lensing, structure formation?

~F = m~a µ(a/a0)

a0 = 1.2 x 10-10 ms-2

[Bekenstein]

µ(x) = 1 for |x| � 1

µ(x) = x for |x| ⌧ 1



Dark Matter as a particle?

DM evidence purely gravitational

- Galaxy clusters dynamics
- Rotational curves of spiral galaxies
- Gravitational lensing
- Hydrodynamical equilibrium of hot gas in galaxy clusters
- Energy budget of the Universe
- The same theory of structure formation

A natural solution is that DM is a new particle, relic from 
the early Universe
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…
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…
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Particle physics scales
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Dark Matter as a particle

DM evidence purely gravitational

- Galaxy clusters dynamics
- Rotational curves of spiral galaxies
- Gravitational lensing
- Hydrodynamical equilibrium of hot gas in galaxy clusters
- Energy budget of the Universe
- The same theory of structure formation

If DM is a new particle, a non-gravitational signal (due to 
it’s particle physics nature)is expected



We can exploit every structure where DM is present ...

- Our Galaxy
- Smooth component
- Subhalos

- Satellite galaxies (dwarfs)

- Galaxy clusters
- Smooth component
- Individual galaxies
- Galaxies subhalos

- “Cosmic web”

Where to search for a signal ...



[G]
[G,E]
[G,E]

-Gamma-rays
- Prompt production

- IC from e± on ISRF and CMB

-X-rays
- IC from e± on ISRF and CMB

- Radio
- Synchro from e± on mag. field

[L]

... and what

...and we have a large number of messengers at disposal

- Our Galaxy
- Smooth component
- Subhalos

- Satellite galaxies (dwarfs)

- Galaxy clusters
- Smooth component
- Individual galaxies
- Galaxies subhalos

- “Cosmic web”

Charged CR (e±, antip, antiD)
Neutrinos
Photons
-Gamma-rays
- Prompt production
- IC from e± on ISRF and CMB

-X-rays
- IC from e± on ISRF and CMB

- Radio
- Synchro from e± on mag. field

Direct detection

Local [L] - Galactic [G] - Extragalactic [E]

A:     
B:

A

B

DM + DM �! (...) �! signal
DM+N �! DM+N



Gamma ray sky

Fermi/LAT map

Galactic foreground emission
Resolved sources
Diffuse Gamma Rays Backgound (DGRB)



DGRB Intensity
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DGRB and Dark Matter
The Good: Spectral behaviour different from astro sources:  

(σ,m, ch)
The Bad:    Can be quite subdominant in intensity
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DGRB intensity bounds on DM
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Dwarf galaxies

bound

PRL 115 (2015) 231301 

Charles et al (Fermi Collab) Phys Rep 636 (2016) 1
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Galactic center: an “excess” ?

Daylan et al, Phys Dark Univ 12 (2016) 1

Hooper, Goodenough, PLB (2011) 697 (2011)
Hooper, Linden, PRD 84 (2011) 123005

Boyarsky et al., PLB (2011) 705
Daylan et al., Phy Dark Univ 12 (2016) 1
Abazajian et al, PRD 90 (2014) 023526 

Lacroix, Boehm, Silk, PRD 90 (2014) 043508



DM interpretation

Hooper, Goodenough, PLB (2011) 697 (2011)
Hooper, Linden, PRD 84 (2011) 123005

Boyarsky et al., PLB (2011) 705
Daylan et al., Phy Dark Univ 12 (2016) 1
Abazajian et al, PRD 90 (2014) 023526 
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Indirect dark matter signals

� Indirect detection signals are intrinsically anisotropic
(being produced by DM structures, present at any scale)

� EM signals (and neutrinos) more directly trace the underlying 
DM distribution: they need to exhibit some level of anisotropy

- “Bright” DM objects: would appear as resolved sources
- e.g:   gamma or radio halo around clusters, dwarf galaxies or even subhalos

- Faint DM objects: would be unresolved (i.e. below detector sensitivity)

- Diffuse flux: at first level isotropic
at a deeper level anisotropic 



Galactic emission

Extra galactic emission

(simulated maps)

Gamma rays and Dark Matter



Extra galactic emission
Higher redshift

Extra galactic emission
Lower redshift

Gamma rays and Dark Matter



Anisotropic emission

Even though sources are too dim to be 
individually resolved, they can affect the

statistics of photons
across the sky



Photon pixel counts (1 point PDF)
Source count number dN/dS below detection threshold

Photon statistics

See also: Malyshev, Hogg, Astrophys. J. 738 (2011) 181
Lisanti et al, 1606.0401

Zechlin, Cuoco, Donato, NF, Vittino, ApJS 225 (2015) 039
Zechlin, Cuoco, Donato, NF, Regis, ApJL 826 (2016) 831

1.97
3.1

sources
galactic

iso



× 2 point correlator
angular power spectrum

Photon pixel counts (1 point PDF)

h I(~n1)I(~n2) i �! C(✓) �! Cl

Photon statistics



Like for CMB temperature anisotropies



Correlation functions
Source Intensity

Ig(~n) =

Z
d� g(�,~n) W̃ (�)

Density field of the source

Window function

W(z): does not depend on  direction
depends on redishift
depends on energy

g(z,n): describes how the “field” changes from point to point
contains the dependence on abundance + 
contains the dependence on distribution of sources

Ig(~n) �! aglm �! Cgg
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2l + 1
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Correlation functions

Ig(~n) =

Z
d� g(�,~n) W̃ (�)
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Window functions for annihilating DM
Gamma-rays from annihilating DM

Uncertainties from:
− Minimal halo mass Mmin
− Halo concentration c(M)

Gamma-rays are also emitted by astrophysical sources, each of which
has a specific window function

DM photon “emissivity”

Clumping factor : a measure of the clustering
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Alternative approach to the Halo Model:
Serpico et al. MNRAS 421 (2012) L87
Sefusatti et al.MNRAS 441 (2014) 1861 

Halo mass function Halo profile



Correlation functions
Source Intensity

Angular power spectrum
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1 halo

2 halo depens on spatial clustering

Astro sources: typically considered as point-like
1h: poissonian, depends on abundance of sources
2h: traces matter through bias

Dark matter: extended



Point-like sources:
if rare: 1h flat, large
if abundant: appear as more “isotropic”

1h smaller
2h may emerge and give info on clustering

Extended sources:
1h no longer flat, suppressed at scale > size of sources

Main uncertainties: Mmin
subhalo boost



Auto Correlation

window function

power spectrum

Observationally:
Energy dependence is available
Redshift dependence is not available

C��
l  �W 2

� (z)P (k, z)
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Auto Correlation



Gamma rays auto-correlation
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Bounds from Auto Correlation
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Gamma-ray auto-correlation

Features of the signal point toward interpretation
in terms of blazars

DM likely plays a subdominant role (as for total intensity)

Difficult to extract a clear DM signature from the EGB
alone, while relevant to constrain the level of astro
sources



× 2 point correlator
angular power spectrum

Photon pixel counts (1 point PDF)

Photon statistics

×
2 point correlator
angular power spectrum

hIi(~n1)Ij(~n2)i �! Cij(✓) �! Cij
l



×

Cross Correlations

Cross-correlation of EM signal with gravitational tracer of DM

It exploits two distinctive features of particle DM:
An electromagnetic signal, manifestation of the particle nature of DM
A gravitational probe of the existence of DM

It can offer a direct evidence that what is measured by means of 
gravity is indeed due to DM in terms of an elementary particle



Weak gravitational lensing
� Weak lensing: small distortions of  images of distant galaxies, produced 

by the distribution of matter located between background galaxies and 
the observer

� Powerful probe of dark matter distribution in the Universe

convergence

shear



Cosmic structures and gamma-rays
The same Dark Matter structures that act as lenses can themselves emit

light at various wavelengths, including the gamma-rays range

- From DM itself (annihilation/decay)
- From astrophysical sources hosted by DM halos (AGN, SFG, …)

Gamma-rays emitted by DM may 
exhibit strong correlation with 

lensing signal

The lensing map can act as the filter
needed to isolate the signal (DM) 
hidden in a large “noise” (astro)



Cross Correlations

� Lensing observables
- Cosmic shear: directly traces the whole DM distribution

- CMB lensing: traces DM imprints on CMB anisotropies

� Large scale structure
- Galaxy catalogs: trace DM by tracing light



Furhter advantages
Observationally:

- Auto correlation feels:
- Detector noise (auto correlates with itself)

- Galactic foregound (auto correlates with itself: typically GF is 
subtracted, but residuals may be present)

- Cross correlation “automatically” removes:
- Detector noises (2 different detectors, noises do not correlate)

- Galactic foreground (gravitational tracers signals do not 
correlate with galactic gamma ray emission)

Life is more complex than that, but these can offer a good help



Correlation functions
Source Intensity

Ig(~n) =

Z
d� g(�,~n) W̃ (�)

Density field of the source

Window function

W(z): does not depend on  direction
depends on redishift
depends on energy

g(z,n): describes how the “field” changes from point to point
contains the dependence on abundance of sources
contains the dependence on distribution
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Cross angular power spectrum

C��
l  � W�(z)W�(z)P (k, z)

window functions

power spectrum

Redshift dependence
Energy dependence

Camera, Fornasa, NF, Regis, Ap. J. Lett. 771 (2013) L5
Camera, Fornasa, NF, Regis, JCAP 1506 (2015) 029

NF, Regis, Front. Physics 2 (2014) 6
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Tomographic-spectral approach

Reshift information in shear can help in “filtering” signal sources

Energy spectrum of gamma-rays can help in DM-mass reconstruction
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Proof of concept

Fermi-LAT/5-yr  with  DES Fermi-LAT/5-yr  with Euclid

Camera, Fornasa, NF, Regis, Ap. J. Lett. 771 (2013) L5

Decaying DM Annihilating DM

Blazar

SFG

DM



Detection forecasts

5σ detection for DES + Fermi 10yr

Camera, Fornasa, NF, Regis, JCAP 06 (2015) 029

Different DM 
clustering 
assumptions

Different astro 
sources modeling



Comparison

Camera, Fornasa, NF, Regis, JCAP 06 (2015) 029

R = Bi/Bcross

i = auto, EGB



Sensitivity on DM parameters

Camera, Fornasa, NF, Regis, JCAP 06 (2015) 029



We start having data

DM maps from KiDS analysis on weak lensing



Fermi x KiDS+RCSLens+CFTHLens 

Troester et al, MNRAS 467 (2017) 2706
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Forecast for DES
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CMB Lensing







� CMB-lensing autocorrelation is measured: 40σ significance
� CMB-lensing: integrated measure of DM distribution up to last scattering
� It might exhibit correlation with gamma-rays emitted in DM structures

Planck CMB lensing

Planck Collaboration, arXiv:1303.5077 [2013]                 
Planck Collaboration, arXiv:1502.01591 [2015]
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Fermi/gamma  +  Planck/CMB lensing

Cross-correlation: deviates 3.0σ from null signal
Compatible with AGN + SFG + BLA gamma-rays emission
Points toward a direct evidence of extragalactic origin of the IGRB

1 10 100
E [GeV]

10-13

10-12

E2 
< 

C lγ iκ
 >
∆

l=
40

-1
60

  [
G

eV
 c

m
-2

 s-1
] Cl

γκ ~ E-2.1

Cl
γκ ~ E-2.7

Cl
γκ ~ E-2.4

benchmark model

1.7σ

1.9σ

1.6σ
1.8σ

0.6σ

0.3σ

0 100 200 300 400
Multipole l

-5.0×10-13

0.0

5.0×10-13

1.0×10-12

C lγκ
  [

(c
m

-2
 s-1

 sr
-1

) s
r]

Planck2015 - 3FGL masked (main analysis)
Planck2015 - 2FGL masked
Planck2013 - 3FGL masked
Planck2013 - 2FGL masked

1 10
E [GeV]

10-8

10-7

10-6

E2 
I [

G
eV

 c
m

-2
 s-1

 sr
-1

]

E > 1 GeV

EGBbench. model
mAGN
SFG
BL Lac
FSRQ
G0.1
G2

NF, Perotto, Regis, Camera, ApJ 802 (2015) L1 



Window functions: DM x CMB lensing

NF, Regis, Front. Physics 2 (2014) 6
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CMB lensing is likely not the best observable for DM
Instead it can hopefully help in constraining astrophysical sources



Window functions: DM x LSS

NF, Regis, Front. Physics 2 (2014) 6
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Galaxy catalogs (expecially low-z ones) can have good overlap with DM
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Cross correlation with galaxy catalogs
Cuoco, Brandbyge, Hannestad, Haugbolle, Miele, PRD 77 (2008 )123518

Xia, Cuoco, Branchini, Fornasa, Viel, MNRAS 416 (2011) 2247
SDSS 6, 2MASS, NVSS, SDSS 8 LRG   x Fermi 21 months            no signal

Xia, Cuoco, Branchini, Viel, APJS 217 (2015) 15

SDSS 6 QSO, SDSS 8 MGS, SDSS LRG, 2MASS, NVSS                            
x Fermi 60 months  signal

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

20 Xia et al.

FIG. 18.— Analogous to fig. 14 using SDSS DR8 main galaxy sample

TABLE 2
SIGNIFICANCE OF THE CCFS CROSS-CORRELATIONS FOR EACH ENERGY BIN AND CATALOG CALCULATED USING THE SFGS1 MODEL WITH FREE

NORMALIZATION. FOR EACH CASE, THE BEST FIT χ2bf , THE SIGNIFICANCE σ AND THE TEST STATISTICS TS VALUES ARE REPORTED. EACH FIT HAS 9
DEGREES OF FREEDOM (10 BINS - 1 FREE PARAMETER). FOR THE NVSS CASE A FURTHER MODEL, PSF, IS TESTED.

CCF 2MASS SDSS-MG SDSS-LRG SDSS-QSO NVSS (LSS) NVSS (PSF)
χ2bf σ TS χ2bf σ TS χ2bf σ TS χ2bf σ TS χ2bf σ TS χ2bf σ TS

E > 500 MeV 6.2 3.6 12.9 2.6 2.7 7.4 4.5 0.3 0.1 9.0 4.5 21 30.2 8.0 64.9 3.6 9.9 97.3
E > 1 GeV 10.6 4.4 19.4 2.1 3.0 9.3 4.6 0.4 0.2 3.5 2.3 5.1 45.1 8.6 73.6 4.9 10.3 106.4
E > 10 GeV 2.0 2.1 4.5 6.2 0.7 0.5 2.6 0.2 0.1 4.8 1.6 2.6 40.4 5.1 25.6 5.8 7.7 59.4

TABLE 3
SAME AS TABLE 2 BUT USING CAPS.

CAPS 2MASS SDSS-MG SDSS-LRG SDSS-QSO NVSS (LSS) NVSS (PSF)
χ2bf σ TS χ2bf σ TS χ2bf σ TS χ2bf σ TS χ2bf σ TS χ2bf σ TS

E > 500 MeV 8.3 3.4 11.5 4.5 3.5 12.1 3.5 0.0 0.0 9.7 5.3 28.6 30.1 8.3 71.3 7.3 9.6 92.3
E > 1 GeV 3.7 3.6 12.8 3.9 3.3 11.2 5.4 0.4 0.2 7.6 3.3 10.9 23.1 8.4 70.7 5.3 9.1 82.8
E > 10 GeV 5.1 1.6 2.7 8.4 0.7 0.6 4.4 0.7 0.5 4.6 2.7 7.3 21.0 3.4 11.8 9.3 4.8 23.2

To quantify the qualitative conclusions drawn from the in-1506

spection of the correlation analysis performed in the previous1507

section we now perform a χ2 comparison between model pre-1508

dictions discussed in Section 2 and the CCF and CAPS esti-1509

mates presented in Section 7. The aim is to estimate the free1510

parameters of the models, i.e., to quantify the relative con-1511

tribution of different types of potential sources to the IGRB1512

and to assess the goodness of the fit, from which we can infer1513

which is the most likely mix of source candidates responsi-1514

ble for the observed IGRB. Here we present only the results1515

of the CCF analysis since those obtained with the CAPS are1516

fully consistent with those shown below.1517

For each CCF estimated by comparing a galaxy catalog and1518

a Fermi-LATmap above a given energy threshold we compute1519

the following χ2 statistics:1520

χ2 =
∑

i j

(di −mi(α))C−1
θiθ j
(d j −mj(α)) , (28)

whereCθiθ j is the covariance matrix computed using PolSpice1521

that quantifies the covariance among different angular bins θi,1522

di represents the data, i.e., the CCF measured at the angu-1523

lar bin i, and mi(α) is the model prediction which depends1524

from a set of parameters α. We note that it is important to1525

use the full covariance matrix since the different bins are sig-1526

nificantly correlated, a feature which is typical of CCF mea-1527

surements. Instead, the covariance matrix of the CAPS is to a1528

better approximation diagonal (although some sizable corre-1529

lations are nonetheless present, in particular for low and high1530

multipoles), at the price, however, of making the interpreta-1531

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
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Fermi x 2MASS

The observed cross-correlation can be reproduced (both in 
shape and size) by a DM contribution that is largely 

subdominant in the total intensity
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Just in case 
it’s a DM 
signal ...



0 0.2 0.4 0.6
0

0.5

1

0 2 4 6
0

0.5

1

0 0.2 0.4 0.6
0

0.5

1

0 0.5 1
0

0.5

1

−4 −2 0 2
0

0.5

1

log10[ADM]

A
FS
RQ
s

0 0.2 0.4 0.6
0

2

4

6

A
SF
G
s

0 0.2 0.4 0.6
0

0.2

0.4

0.6

A
m
A
G
N
s

0 0.2 0.4 0.6
0

0.5

1

1.5

ABLLacs

lo
g 1
0[
A
D
M
]

0 0.2 0.4 0.6
−4

−2

0

2

0 2 4 6
0

0.2

0.4

0.6

0 2 4 6
0

0.5

1

1.5

AFSRQs
0 2 4 6

−4

−2

0

2

0 0.2 0.4 0.6
0

0.5

1

1.5

ASFGs
0 0.2 0.4 0.6

−4

−2

0

2

AmAGNs
0 0.5 1

−4

−2

0

2

Fermi + LSS catalogs: DM + astro sources

LOW

Degeneracy between DM and mAGN:
(*) Enhanced mAGN contribution
(*) Suppressed mAGN contribution

1 2 3
0

0.5

1

lo
g 1
0[
m
D
M
]

0 0.2 0.4 0.6
0

0.5

1

0 2 4 6
0

0.5

1

0 0.2 0.4 0.6 0.8
0

0.5

1

−4 −2 0 2
0

0.5

1

log10[ADM]

A
B
LL
ac
s

1 2 3
0

0.2
0.4
0.6

A
FS
R
Q
s

1 2 3
0

2

4

6
A
SF
G
s

1 2 3
0

0.2
0.4
0.6
0.8

log10[mDM]

lo
g 1
0[
A
D
M
]

1 2 3
−4
−2
0
2

0 0.2 0.4 0.6
0

2

4

6

0 0.2 0.4 0.6
0

0.2
0.4
0.6
0.8

ABLLacs
0 0.2 0.4 0.6

−4
−2
0
2

0 2 4 6
0

0.2
0.4
0.6
0.8

AFSRQs
0 2 4 6

−4
−2
0
2

ASFGs
0 0.2 0.4 0.6 0.8

−4
−2
0
2

(*)

(*)

Regis, Xia, Cuoco, Branchini, NF, Viel, PRL 114 (2015) 241301



0.01 0.1 1 10

k [h Mpc-1]
102

103

k 
P(

k)
/<

b>
   

[h
-2

 M
pc

2 ]

z = 0.1

mAGN-2MASS

δ2
LOW-2MASS

δ-2MASS

SFG-2MASS

0.1 1 10 100
Angle  θ [deg]

0

1×10-9

2×10-9

3×10-9

CC
F
γg

 (θ
)  

 [c
m

-2
s-1

sr
-1

]

0.1 1 10 100
E [GeV]

10-8

10-7

10-6

E
2  I 

 [G
eV

 c
m

-2
 s -1

 sr
-1

]
ann. DM - LOW

E > 500 MeV

IGRB

ann. DM - HIGH

dec. DM

2MASS - Fermi-LAT

1-halo correction

Measured power and scales

Data show power at the sub-degree scale

At the 2MASS redshift, sub-deg corresponds to Mpc scales, which are 
more compatible with DM or mAGN, rahter than SFG

Clear separation requires improved gamma ray angular resolution 

Regis, Xia, Cuoco, Branchini, NF, Viel, PRL 114 (2015) 241301



101 102 103
10−27

10−26

10−25

10−24

10−23

10−22

mDM [GeV ]

<
σ

a
v

>
[c

m
3
/s

]

Thermal WIMP

annLOW - bb̄ - ALLGeV

annLOW - bb̄ - 1GeV
annLOW - bb̄ - 500MeV

annLOW - bb̄ - 10GeV

annLOW - τ+τ− - ALLGeV
annLOW - W +W− - ALLGeV

annLOW - µ+µ− - ALLGeV

annHIGH - bb̄ - ALLGeV

Fermi x 2MASS

Bound from cross correlation 

LOW

HIGH

Bounds ratios
Correlation technique stronger

101 102 103

mDM [GeV]
10-1

100

101

102

103

Ra
tio

  
ξ

IGRB

bb
decaying DM

95% C.L.
annihilating DM

Cl
γγ

clusters

Regis, Xia, Cuoco, Branchini, NF, Viel, ApJS 221 (2015) 29

NS

See also: Shirasaki, Horiuchi, Yoshida, PRD 90 (2014) 063502
Shirasaki, Horiuchi , Yoshida, PRD 92 (2015) 123540



Galaxy clusters
redMaPPer Planck SZ

WHL12
Catalog Objects

redMaPPer 26 350
WHL12 39 668

Planck SZ 1 653



Catalogs

0 0.2 0.4 0.6 0.8
redshift z

0

1

2

3

4

5

N
(z

)

PlanckSZ
redMaPPer
WHL12

0 2 4 6 8 10
Angular Size θs [arcmin]

0

1

2

N
(θ

s)

PlanckSZ
redMaPPer
WHL12

best Ferm
i-LA

T PSF = 0.1
o



0.1 1
Angle θ  [deg]

1×10-11

1×10-10

1×10-9

1×10-8

1×10-7

CC
F(
θ)

 , 
y(
θ)

  [
cm

-2
s-1

sr
-1

] stacking
CCF

1 GeV < Eγ < 10 GeV

Branchini, Camera, Cuoco, NF, Regis, Viel, Xia, ApJS 228 (2017) 8

Correlation function
and stacking profile

Gamma ray stacking

Cross correlation with gamma rays
redMaPPer



� A cross correlation signal is significantly detected out to 1 degree
(beyond the Fermi PSF extension)

� The cross-correlation measurement confirms that the unresolved
EGB observed by Fermi correlates with the large scale clustering of
matter in the Universe (here traced by clusters)

� At the typical redshifts of the clusters in these catalogs, one degree
corresponds to a linear scale of 10 Mpc

� This means that a (large?) fraction of the correlation signal seems
to be not physically associated to the clusters

� Instead, it can be produced by AGNs or SFGs residing in the larger
scale structures that surround the high density peaks where clusters
reside
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� Large scales (2-halo dominates): the signal is contributed by
sources with hard energy spectra, consistent with that of the
BL Lacs

� Small scales (1-halo dominates): signal could be contributed
by different types of sources

- At high (E > 10 GeV) energies the dominant sources have
hard spectra (probably the same BL Lac population)

- At smaller energies, the correlation signal shows a hint of
contribution by sources with softer spectra. These can be
non-BL LacAGNs, SFGs and/or the ICM (or DM)

Energy dependence



� In order to separate a DM non-gravitational signal from other
astrophysical emissions, a filter based on the DM properties
(i.e. the associated gravitational potential) appears to be very
promising

� Cross-correlations offer an emerging opportunity:
-DM particle signal: multiwavelenght emission
-DM gravitational tracers: cosmic-shear, LSS surveys

� Gamma rays x cosmic shear is the cleanest possibility and it
appears to be powerful

Conclusions



Conclusions
� Gamma-rays/gravity-tracers correlations start to emerge:

- Cross-correlation with galaxy catalogs (3.5σ)
- Cross-correlation with CMB-lensing (3.0σ)
- Cross-correlation with cluster catalogs (4.7σ)

� For cosmic shear, first relevant observational opportunity
soon with DES

� High-sensitivity will require Euclid/LSST, coupled with the
total accumulated Fermi statistics (opportunity for CTA?)





Dwarf galaxies
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Astrophysical factors

Dark matter annihilation in dwarf spheroidal galaxies and γ-ray observatories: I. Classical dSphs 21

Fornax and Leo I), and poorly constrained (Sextans and Leo II).
Leo II may yet prove to be a viable target as it has a larger median
J-factor than UMi, however more data are required to confirm its
status.
(v) A search based on a known DM candidate (from, e.g., forth-

coming discoveries at the LHC)will do much to optimise the search
strategy and, ultimately, the detection sensitivity for all γ-ray obser-
vatories. This is because the shape of the annihilation spectrum is
a strong driver of the photon energy range that can provide the best
information on the candidate DM particle mass. Fermi-LAT has
great potential to probe down to the expected annihilation cross-
section for particles of mass≪ 700 GeV, whereas a ground based
instrument is more suited for probing particle masses above a few
hundred GeV with a sufficiently deep exposure. However, even for
5 yr of observation with Fermi-LAT or 100 hrs with FCA, the sen-
sitivity reach (Fig. 17) remains anywhere between 4 to 10 orders
of magnitude above the expected annihilation cross-section for a
cosmological relic (depending on the mass of the DM particle can-
didate). Improving these limits will require a harder annihilation
spectrum than the conservative average we have adopted in this
study, or a significant boost (e.g. from the Sommerfeld enhance-
ment) to the γ-ray production.

Finally, the ultra-faint dSphs have received a lot of interest in
the community lately, as they could be the most-DM dominated
systems in the Galaxy. We emphasise that the MCMC analysis we
have performed for the classical dSphs cannot be applied ‘as is’ for
these objects. First, the sample of stars observed is smaller. Sec-
ond, the velocity dispersion is smaller and suffers from larger un-
certainties than those for the classical dSphs. The robustness and
systematic biases of the MCMC analysis will be discussed else-
where (Walker et al., 2011, in preparation). Results concerning J
for the ultra-faint dSphs will be presented in a companion paper.
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APPENDIX A: DEFINITIONS, NOTATION, CONVERSION
FACTORS

Studies of DM annihilations in the context of dSphs involves both
particle physics and astrophysics. The obvious difference of scales
between the two fields and habits among the two communities have
given rise to a plethora of notations and unit choices throughout the

literature. In this Appendix, we provide some explanatory elements
and conversion factors to ease comparison between the different
works published on the subject.

As mentioned in §2, we define the differential γ−ray flux as
integrated over the solid angle ∆Ω as

dΦγ

dEγ
(Eγ ,∆Ω) = Φpp(Eγ)× J(∆Ω) ,

where

Φpp(Eγ) ≡
dΦγ

dEγ
=

1
4π

⟨σannv⟩
2m2

χ
· dNγ

dEγ
,

and

J(∆Ω) =

∫

∆Ω

∫

ρ2DM(l,Ω) dldΩ.

The solid angle is simply related to the integration angle αint by

∆Ω = 2π · (1− cos(αint)) .

In our work, the units of these quantities are as follows:

• [dΦγ/dEγ ] = cm−2 s−1 GeV−1;
• [Φpp(Eγ)] = cm3 s−1 GeV−3( sr−1);
• [J ] = M2

⊙ kpc−5( sr).

First of all, note that the location of the 1/4π factor appearing in
Φpp is arbitrary. We followed Pieri et al. (2009) and included it in
the particle physics factor. In other works, it can appear in the astro-
physical factor J (e.g., Bringmann et al. 2009). Therefore, to com-
pare the astrophysical factors between several studies, one must
first ensure to correct the value of J by 4π if needed. In the text,
we did not explicitly stated the solid angle dependence in the units
of J as it is dimensionless quantity. 17 The conversion factor (once
the 4π issue is resolved) from our J units to that traditionally found
in the literature are:

• 1 M2
⊙ kpc−5 = 10−15 M2

⊙ pc−5

• 1 M2
⊙ kpc−5 = 4.45 × 106 GeV2 cm−5

• 1 M2
⊙ kpc−5 (sr) = 1.44 × 10−15 GeV2 cm−6 kpc (sr)

Before comparing any number, one must also ensure that the solid
angle ∆Ω over which the integration is performed is the same. In
most works, a αint = 0.1◦ angular resolution is chosen, corre-
sponding to∆Ω = 10−5 sr. However this is not always the case, as
in the present study where we explore several angular resolutions.
Note that the quantity J̄ ≡ J/∆Ω (inGeV2 cm−5 sr−1 for exam-
ple) is also in use and the astrophysical factor is can be found under
this form in some articles (e.g., Evans et al. 2004).

APPENDIX B: TOY MODEL FOR J (IN DSPHS)

The volume of the dSph is not always fully encompassed in the
integration solid angle, as sketched in Fig. B1 (vertical hatched
region) so that a numerical integration is required in general.
However, a reasonable approximation for estimating the depen-
dence of J on the parameters of the problem, i.e. the distance to

17 Some authors do however explicitly express the solid angle depen-
dence in their units, e.g. Pieri et al. (2009), who express J (Φcosmo in
their notation) in GeV2cm−6kpc sr. This is completely equivalent to our
M2

⊙kpc−5 but for the unit numerical conversion factor.
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Figure 3. 2D view (x and y axis are in degrees) of J for the generic dSph
with γ = 0 and rs = 1 kpc at d = 100 kpc (M300 = 107M⊙).
The sub-clumps are drawn from the reference model described in Sec-
tion 2.2.3, i.e. f=20%, sub-clump distribution follows smooth, and sub-
clump inner profiles have NFW with B01 concentration. From top to bot-
tom panel: αint = 0.1◦, 0.05◦, and 0.01◦ . For the sake of comparison, the
same colour scale is taken for the three integration angles (J is in units of
M2

⊙ kpc−5).
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tributions to J are shown as solid (total), dashed (smooth), and dotted lines
(sub-clumps).
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Figure 5. Boost factor as a function of αint × (d/100 kpc) for profiles
sub-clumps follow smooth (see Section 2.2.3): the dSph is at d = 100 kpc
(lines) or d = 10 kpc (symbols).

crucially on αint (the radial dependence of the smooth and sub-
clump contributions differ, see Section 2.3.1).

We plot in Fig. 5 the boost for different inner slopes γ, where
a direct consequence of Eq. (C7) is the αint × d rescaling. For
rs ! 0.1 kpc (regardless of γ), or for γ " 1.5 (regardless of rs),
the signal is never boosted. 6 For small enough αint, B is smaller
than unity, and if γ is steep enough, B ≈ (1 − f)2. For large
values, a plateau is reached as soon as αintd " Rvir (taken to be 3
kpc here). In between, the value of the boost depends on rs and γ of
the smooth component. Going beyond this qualitative description is
difficult, as the toy model formulae of Appendix B2 gives results

6 The difference between the level of boost observed for rs = 0.1 kpc or
rs = 1 kpc can be understood if we recall that the total mass of the clump
is fixed at 300 pc, regardless of the value of γ or rs. For rs = 0.1 kpc, ρs ∼
O(109M⊙ kpc−3), whereas for rs = 1 kpc, ρs ∼ O(107M⊙ kpc−3).
As Jsm ∝ ρ2s whereas Jsub ∝ ρs, the relative amount of Jsub with respect
to Jsm is expected to decrease with smaller rs. This is indeed what we
observe in the figure (solid vs dashed lines).
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crucially on αint (the radial dependence of the smooth and sub-
clump contributions differ, see Section 2.3.1).

We plot in Fig. 5 the boost for different inner slopes γ, where
a direct consequence of Eq. (C7) is the αint × d rescaling. For
rs ! 0.1 kpc (regardless of γ), or for γ " 1.5 (regardless of rs),
the signal is never boosted. 6 For small enough αint, B is smaller
than unity, and if γ is steep enough, B ≈ (1 − f)2. For large
values, a plateau is reached as soon as αintd " Rvir (taken to be 3
kpc here). In between, the value of the boost depends on rs and γ of
the smooth component. Going beyond this qualitative description is
difficult, as the toy model formulae of Appendix B2 gives results

6 The difference between the level of boost observed for rs = 0.1 kpc or
rs = 1 kpc can be understood if we recall that the total mass of the clump
is fixed at 300 pc, regardless of the value of γ or rs. For rs = 0.1 kpc, ρs ∼
O(109M⊙ kpc−3), whereas for rs = 1 kpc, ρs ∼ O(107M⊙ kpc−3).
As Jsm ∝ ρ2s whereas Jsub ∝ ρs, the relative amount of Jsub with respect
to Jsm is expected to decrease with smaller rs. This is indeed what we
observe in the figure (solid vs dashed lines).
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Figure 15. Median J-factor values (symbols) and 68%/95% CLs (solid bars; dashed bars) for the fixed γprior analysis (the result for γprior = 1.5 is not
shown because it is not reliable, see Sect. G2). The blue dashed line shows the expected scaling with distance for point sources: 3.1 · 1015d−2 [M2

⊙ kpc−5].
The panels show, from top to bottom, three integration angles αint = 0.01◦, 0.1◦, and αc ≈ 2rh/d (an angle very similar to the angle enclosing 80% of
the flux, see Fig. 16) that optimises the determination of the J-factor for a given dSph (hence the error bars are smaller in this plot than in the other two). The
yellow solid lines (and broken lines in the bottom panel) correspond to the Galactic DM background including both the smooth and clumpy distributions. For
the bottom panel, this is not a smooth curve since it depends on the integration angle αint that varies from dSph to dSph in this figure. Note that the choice of
using the critical angle αint = αc is optimal in the sense that it gives the most constrained value for J . But where the Galactic background annihilation signal
approaches that of the dSphs (see for example, Sextans and Fornax), the motivation for staring at the dSphs rather than simply looking at the Galactic halo is
gone.

5.2.3 J(d) and departure from the 1/d2 scaling

Fig. 15 shows the J median values, 65% and 95% CIs as symbols,
dashed and solid error bars respectively, for an integration angle
of 0.01◦ (top), 0.1◦ (middle), and αc ≈ 2rhalf/d (Walker et al.
2011) The x-axis is the distance to the dSph (in kpc). For point-like
sources, the J-factor of a single dSph scales as 1/d2, as illustrated
by the blue-dashed line. Departure from this scaling is interpreted
as a combination of a mass effect and/or a profile effect. For in-
stance, Sextans and Carina are dSphs with smaller M300 with re-
spect to the other ones (see Tab. 2); consequently they are located
below the dashed blue line in the top panel of Fig. 15. The excep-
tion is Leo II, which has a ‘small’ mass but is nevertheless above

the dashed line. Although this analysis cannot constrain γ, we are
tempted to interpret this oddity in terms of a ‘cuspier’ profile (w.r.t.
those for other dSphs), which would be consistent with the fact that
its J remains similar in moving from αint = 0.1◦ (middle panel)
to 0.01◦ (top panel). However, an alternative explanation (which
would be more consistent with the results obtained in this paper)
could be the fact that Leo II has the smallest amount of kinematic
data at present, and that its J is overestimated (see Appendix H1 to
support this line of argument). We repeat that the relative brightness
of the dSphs is further affected for background-dominated instru-
ments (as described in Sec. 3), so that the ranking has to be based
on Fig 16 discussed in the next section.
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Galactic center: an “excess” ?
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Galactic components: modeling
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FERMI “bubbles”



Spectrum of the excess
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Radial profile of the excess
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DM density profiles
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DM interpretation
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Leptonic cosmic ray outbursts

Models with 2 burts events
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Unresolved pulsars
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Conclusions strongly depend on MSP assumptions

O’Leary et al, 1504.02477



Wavelet analysis
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