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Gamma ray skg

Fermi/LLAT map

Galactic Foregrouncl emission

Resolved sources
Diffuse Gamma Rays Backgound (DGRB)
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DGRDB

e Cumulative emission of sources that are not bright eﬂough

to be detected incliviclua”g
o Full composition is under clcep scrutiny
e Contributions from:

Blazars

Misaligned AGNs
Star Forming galaxies
Millisecond Pulsars

Galaxg clusters

UHECR on backgrou nd radiation
THPC la su pernovae

GRDs ,
i , Tworecentreviews:
Ra 'O“C]U'Ct AGNs Fornasa, Sanchez~Condc, Phgs. Rep. 598 (2015) 1
Gaskins, arXiv:1604.00014
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Blazars (Ajello et al. (2015)
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DGRB and Dark Matter

e Contribution from:

Galactic Dark Matter emission

Smooth halo
Substructures

Extragalactic (cosmological) Dark Matter

ngrarchical structure: clusters, galaxies, subhalos

e Dark Matter emission:

I I I 4

——+—— DGRB energy spectrum (Ackermann et al. 2014) —

l b h ’ d ’{:{: 102 | Foreground system. error (Ackermann et al. (2014) —]

- Has sPectra ehaviour dirrerent S Slsas teloetal 019 =
——— Misaligned AGNs (Di Mauro et al. 2014)

Fro m ast ro SO u rCCS : 1 0_3 ++ Star-forming galaxies (Tamborra et al. 2014) -

4=|= l ] \I - = Millisecond pulsars (Calore et al. 2014) E

Good, this can be expioited to
infer DM Particle Properties
(mass, interactions)
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DGRDB intcns@ bounds on DM
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DGRDB: not quitc isotropic

Being the cumulative sum of inclepenclent sources (astro/DM)

To first aPProximation: isotrol:)ic
At a deeper level: anisotropies are Present

EG-MSII

-1.0 I . 3.0

Even though sources are too dim to be incliviclua”g resolvecl,
theg atfect the statistics of Photon across the skg



Photon statistics

Photon Pixel counts (I point PDF)
Source count number N/clS below detection threshold
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Photon counts
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Wavelet analgsis

10_5 | T T T T T LA |

Inner Galaxy

b, Gal. latitude [deg]

;
I(/)
N .
| wavelet analysis
E
|
> 1076
5]
@) N
» A’
+e+“ DZ
z =
£ z LS L X LT
= o
S 10—7 . . M| . . R
10 5 0 —5 =10 1034 103 1036
¢, Gal. longitude [deg] Maximum v-ray luminosity, Lmax [erg s71]

Statistics of maxima in the wavelet-transformed map

APPIiecﬂ to the GC excess: search for a largﬁz number of dim
MSP-like sources, sl:)atiang distributes as the GC excess

Bartels, Krishnamurthy, Weniger, PRL 116 (2016) 05102
See Bartels’s talk




Photon statistics

Photon Pixel counts (1 Point PDF)

2 Point correlator
an gular Power spectrum
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Gamma rays auto correlation
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Auto Correlation

C)" «— W3 (2)P(k, z)

/

window function

Power S Pec‘crum

Observa‘ciona”g:
Ener Yy dependence is available
Redshift clepenclencci is not available



Correlation functions

Source lntensit9

_ Window function
1y(7) Z/dxg(x,ﬁ) W(x) fu

@ensity ﬁ'efcf cf the source

W(2): does not clepencl on direction
clepcncls on redishift
depencls on energy

g(z, n): describes how the “field” chan ges from Point to Point
contains the c:lependcnce on abun&ance +
distribution  of sources

m

. 1 >
Iy(7) — af, — ngg:m > laf,|

l=—m



Correlation functions

Source lntensit9

_ Window function
1y(7) :/dxg(xﬁ) W(x) fu

@ensity fie[cf cf the source

Angular power sPectrum Halo model: see Viola’s talk

1 d 3D Power spectrum (e.g from the halo model)

o0 ?Wi(x) W;(x)Pij(k = £/x, x)

clii) —

A A Y
(fo. O0C ) S5, (X K)) = (2m)°0° (ke — K') Py (K, X, X)

fo = lg(xm, 2)/9(z) — 1] f, : Fourier tranform



Correlation functions

Source lntensitg

_ Window function
1y(7) Z/dxg(x,ﬁ) W(x) fu

@ensity fie[cf cf the source

/—\ng:ular power spectrum
e } )

1 dy 3D Power spectrum (e.g from the halo model)

— Wi(x) W;(x)Pij(k = £/x; x)

(i) __
=y )

A ~ Y
<f97; (Xa k)f; (Xla k/)> — (27T)353(k o k/)Pij (kv X X/)

fo = lg(xm, 2)/9(z) — 1] f, : Fourier tranform

dn - A
1-haloterm Py (k) = /dm d—fz*(k‘m) fi(k[m)
m Linear matter PS

2-halo term  P(k) = [/ dm d—nb@(m1)ﬂ*(k|m1)] [/ dmg d—nbj(mg)fj(k\mz) P (k)

dmq dmy
Linear bias



I halo *
2 halo \/ cle':)ens on sPatial clustering

Astro sources: tgpicallg considered as Point—like

th: Poissonian, clepencls on abundance of sources
2h: traces matter through bias

Dark matter: extended



Point-like sources:

if rare: th Ha’t) large
if abundant: appear as more “isotropic”
th smaller

2h may emerge and givc info on clustering

Extended sources:
th no longer ﬂat, suPPressed at scale > size of sources

Main uncertainties: M.,
subhalo boos‘c



3D Power spcctra

Annihila’cing DM
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Window functions

Gamma~r395 from annihilating DM

C [um])ing factor :a measure omc the clusteri ng

S [1+ 200 A% () Ja (B, X)
DM }oﬁoton “emissivity”

(Qompe)? (0av)
4 2mDM

W/ YaDM (X) —

2 M 2
max M
AQ(X) — <pDM> _ dM—n dSX ph(i(’ 7X) [1 + B(M, X)]

) 2
PDM @ dM Pbm Subhalo boost
dN,
Ja/d(E7X) — / dEv /d [EW(X)] e~ T By (X))
AE, dE,
Uncertainties Comiﬂg from: Alternative aPProach to the Halo Model:
— Minimal halo mass M. Serpico et al. MNRAS 421 (2012) L87

_ Halo concentration c(M) Sefusatti et al. MNRAS 441 2014) 1861

Gamma-rays are also emitted bg astrophgsical sources, each of which

has a spechcic window function

See Sanchez-Conde + Calore’s talk
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Gamma-rays auto-correlation

10"

Features of the signal Point
toward interl:)retation n '
terms omc ]:)lazars

1 (+1) C, /(2m)

Auto-correlation y-rays
E>1GeV
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DM & Auto Correlation
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Gamma-rays auto-correlation

. 3 10 T
Features of the sxgnal Pow/ﬂ: " Auto-correlation y-rays

toward interl:)retation In o[ E>1Gev
terms of blazars ;

DM Iikelg Plags a subdominant role

1 (+1) C, /(2m)

(as for total intensi’cg)

Difficult to extract a clear WIMP
signature from the EGB alone
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Photon statistics

Photon Pixel counts (] Point PDF)

2 Point correlator
an gu!ar Power spectrum

2 Point correlator
an gu!ar Power sPectrum
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Cross Correlations

: NS » S
= s AR
S 7= -

Cross-correlation of EM signal with gravitational tracer of DM

[t 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 bﬂ means of
gravitg is indeed due to DM in terms of an elementarg Particle



Cross Correlations

° Lensing observables

- Cosmic shear: clirectlg traces the whole DM distribution
Camera, Fornasa, NF; Regjs, Ap. J. Lett. 771 2o’) L5
Camera, Fornasa, NI, Regjs, JCAP 06 (2015) 029

- CMbB |cnsing: traces DM iml:)rints on CMbB anisotrol:)ies

NF, Perotto, Regjs, Camera, Ap. J. Lett. 802 (2015) 1 L1
NF, Regjs, Frontiers in Phgsics, 2 Q04) 6

P Large scale structure

— Galaxy catalogs: trace DM by tracing light
Y S ?l g8

Cuoco, Branébgge, Hannestacl) Haugbo e, Miele) PRD 77 (2008 )123518
Ando, Benoit-Levy, Komatsu, PRD 90 (2014) 023514

NF, Regis, Front. Pﬁgsicsl Qo) 6

Ando, JCAP 1410 (2014) 06

Xia, Cuoco, Branchini, Fornasa, Viel, MNRAS 416 (2011 2247

Xia, Cuoco, Branchini, Viel, ApJS 217 2015 115

Regjs, Xia, Cuoco, Branchini, NF Viel, PRL 114 (2015) 24 241301

Cuoco, Xia, Regs, Branchini, NF, Viel, ApJS 221 2015) 29



Cosmic structures and gamma-rays

The same Dark Matter structures tha‘c act as lenses can themselves emit
light at various wavelengths, including the gamma-rays range

~ From DM itself (annihilation/clccag)
- From astrophgsical sources hosted bg DM halos (AGN, SFG, ...)

Gamma~rags emitted bg DM may
exhibit strong correlation with

lensing signal

The lcnsing map can act as the filter

needed to isolate the signal (DM)
hidden in a large “noise” (astro)




Furhter advanta ges

Observationall y:

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

= Galactic Foregouncl (auto correlates with itself: tgpica”g GF i1s
subtractecl, but residuals may be Present)

- Cross correlation “automatica”g” removes:

- Detector noises (2 ditferent cletectors, noises do not

correlate)

- Galactic ?oregrou I’lcl (GT signa!s do not correlate with galactic

gamma ray emission)

| ife is more comPlex than that, but these can offer a goocl help



Cross Correlation

C7? — W, (2)Wy(2)P(k, 2)

window functions

Power S Pectrum

Observationall Y:

Ener Yy dependence is available for the gamma rays signal
Redshift cle[:)enclence is available from the GT side
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1 (1+1) C1 /(2T)

Proof of conccpt

Decaying DM Annihila‘cing DM
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Camera, Fornasa, NI, Regis, AP. J. Lett. 771 2013) L5



Detection forecasts
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Scnsitivitg limits

-22 E ' ' LA LI L | i ' LR |
10 E bb channel bb channel
DMa Low 1000 F DMa Low Cl7--- A
—23 - —— DMa ngh —— DMa ngh ]EGB ----- ]
10™F —— DMa NS -7 L DMa NS B
| ] - f’::;;===
-24 _,::EEEEE;;:::_—‘
107 100 ="~ ;
10'25; ------------------
10_26; 10: ,s========== -------- -
(02" - 20 bounds for C}" ] | R = B;/Beoss 1 = auto, EGB |
10 100 1000 10 100 1000
mpy [GeV] mpy [GeV]
26 bounds ,
Com[:)arlson

DES + Fermi 10gr

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



(o,v) [em®/s]

Detection forecasts
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Scnsitivitg on DM Paramctcrs
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First analysis on data
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Shirasaki, Horiuchi, Yoshida, PRD 90 2014) 063502

CFHTLenS, RCSLenS, KiDS: See Troester’s talk




Fcrmi/gamma + Planclc/CMb |cnsing

TTTT ||||||||I T TTTTT T TTT T T T T TTT T T T |||||| T T
_ 10t _
1.0x10™ [~ - ber_l\cch-\lmodel . F — benchmark model
— mMAGUTL _“m : CYK E_2.1
— BL Lac R - 10 P e w27 .
— FSRQ ; 107 E 72 - Cl ~E ]
[5] E (8 - — YK 24 b
(o © = N o ]
= I ) - i
7 T
~ 13 10° m 111l >
T, 50x107 1 o}
7 =  E[GeV] O
— B e
T T Q
a L7 A <
= / il - 2
3} / — o ?III'
N’ I —— — —
— M oF | x2S e S
L - = A
£ 0.0 (=" v
— . — ® L =
@, __l =~
1. @)
L \Y
- anc - masked (main analysis [q\l
[0] Planck2015 - 3FGL masked (main analysis)
& Planck2015 - 2FGL masked 0 . ) .
® Planck2013 - 3FGL masked i ' n
B Planck2013 - 2FGL masked
» anc maske E > 1 GCV
-5.0x10 _I |||||||| Lo Lo Lo [T Ll L Lol 1 Coe el L L
0 100 200 300 400 1 10 100
Multipole | E [GeV]

Cross-correlation: 3.00 evidence
Coml:)atible with AGN + SFG + BLA gamma-rays emission
Points toward a direct evidence of extragalactic origin of the IGRB

NF; Perotto, Regjs, Camera, ApJ 802 (2015) LI



Window functions: DM x CMblcnsing
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CMbB lensing IS Iikelg not the best observable for DM

Instead it can hoPeFqu he!l:) n constraining astrol:)hgsica! sources

NF, Regjs, Front. Physics 2 2014) 6



Wwindow functions: DM x LSS
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Galaxg catalogs (expecia”g low-z ones) can have good overlap with DM

Theg trace !ight (wh le shear Airectlg traces DM), but great Potential

NF, Regjs, Front. Physics 2 2014) 6



10°CCF(0) [(em”s 'sr™)]

Cross correlation with galaxy catalogs

Cuoco, E)randbgge, Hannestacl, Haugbo”e, Miele, PRD 77 (2008)123518

Xia, Cuoco, Eranchini, Fornasa, Viel) MNRAS 416 2011) 2247
SDSS 6, 2MASS, NVSS, SDSS8LRG 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 s_ign_al
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correlation at the clegree scale See Cuoco’s talk




Fermi x 2ZMASS
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of correlation in *) includes tomographg

Ando, Benoit-Levy, Komatsu, PRD 90 (2014) 023514

(*) Xia et al. MNRAS 416 (2011) 2247 Ando, JCAP 1410 201) 06!



Fermi + 2MASS
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The observed cross-correlation®™ can be rel:)roclucecl (both in shal:)e and
size) bg a DM contribution that is largelg subdominant in the total intensitg

Regjs, Xia, Cuoco, Branchini, NF Viel, PRL 114 (2015) 241301
(*) Xia, Cuoco, Branchini, Viel, APJS 217 (2015) 15



Fermi + 2MASS
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For LRG, see also: Shirasaki, Horiuchi , Yoshida, PRD 92 (2015) 123540



Extension of the cross correlation approach

NF, Regis, Front. Phgsicsz Qo) 6
e Gravitational tracers: Gz

~ Weak lensing surveys (cosmic shear) traces the whole DM
- CMB Iensing

- 1L.SS surveys traces liglﬁt > bias

o Electromagnetlc sxgnals: E,
- Radio
- X

- Gamma <Gz X Eb> <Ea X Eb>

Multi frequencies: see Weniger’s talk

Radio: see Regis’ talk X rays: Zandanel, Weniger, Ando, JCAP 09 (2015) 060




Additional cross correlations channels
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NF, Regjs, Front. Physics 2 2014) 6



Conclusions

° Anisotropies and studies of Photon statistics are an emerging oPPortunit%
to stuclg DM (and astrophgsical sources) begoncl the “tree level” o
“isotrol:)ic” intensit9 investigation

° Mang oPPortunities:
- “One point statistics”: Pixel counts
~ “Two point statistics”: Auto correlation

— “Two point statistics”: Cross correlations

~ Wavelet analgses

o Autocorrelations have been measured anﬂ, ‘cogrether with pixel counts,

start (ancl will even more in the near Future) to otfer invaluable insights on
the DGRB composition



Conclusions

In order to seParate a DM non~gravitationai signai from other
astropiigsicai emissions, a filter based on the DM Properties (i.e. the
associated gravitational Potentiai) appears to be very Promising

Cross-correlations offer an emergin g oPPortunitgz
- DM Particle signal: multiwavelengiﬁt emission (radio, X, gamma)

- DM gravitationai tracers: cosmic-shear, LSS surveys, CMB lensing

Gamma rays + cosmic shear is the cleanest Possibi]itg and it appears to be
qui’ce Powcricul

First relevant observational oPPortunitg l’\OPCiCUHH soon years with DES

Higi%sensitivitg will require Euclid (or LSST), togeti*ier with the total
accumulated Fermi statistics (Plus Possible novel gamma-ray detectors)



Conclusions

e Inthe meanwlﬂile) two gamma-rays / gravit9~tracers correlations appear to
have been identified:

- Cross-correlation with galaxg catalogues and LSS objed:s (».50)
- Cross-correlation with CM5~lcnsing (».00)

° lmplications for DM might starts to be intriguing .....

o A lotof funfrom here to the Aniso’crol:)ic Workshop bl









Auto Correlation

Densitg feld: DM clensitg contrast(%)
0 annihilating DM

52 clecaging DM

P (k, z)

PO (K, 2)



Correlation functions

Source lntensit9

_ Window function
1y(7) Z/dxg(x,ﬁ) W(x) fu

@ensity ﬁ'efcf cf the source

W(2): does not clepencl on direction
clepcncls on redishift
depencls on energy

g(z, n): describes how the “field” chan ges from Point to Point
contains the &ependence on abundance of sources
distribution
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(7)) — dF 2”%;



Correlation functions
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_ Window function
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@ensity fie[cf cf the source

Cross~-correlation angular power spectrum
A ) )

1 d 3D Power spectrum (e.g from the halo model)
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Cross Correlation

Densitg feld: DM clensitg contrast(%)
) annihilating DM, Iensing, [.SS

52 clecaging DM

P (k, z)

P (k, 2)



3D Power spcctra
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M ~
2 max M
P55 (k, 2) :/ dM?@
Mmin

P562(k,z) = [/Mizaxd abh M Yo (k| M ] [/Mmm

Odn/dM Halo mass function

Mmax

dn
dM —b
datr

O 9(k|M) Fouriertransform of pom(x|M)/ppm
Oa(k|M) Fouriertranstorm of p2, (x| M)[1 + b(M, 2)]/ 53\

Obn(M)  Bias between halo and matter

(M

u(k|M
A2

Plin(ka Z)



P [h” Mpc]

3D Power spcctra
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10

Angular power spcctra
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Detectors and configurations

Parameter Description DES Fuclid
Jsky Surveyed sky fraction 0.12 0.36
N, [arcmin~?] Galaxy density 13.3 30
Zmin — Zmax Redshift range 03—15|0-—-25
N, Number of bins 3 10
A, Bin width 0.4 0.25
o./(1+ 2) Redshift uncertainty — 0.03
O Intrinsic ellipticity 0.3 0.3
Parameter Description Fermi-10yr | Fermissimo
fsky Surveyed sky fraction 1 1
Erin — Fmax [GeV] Energy range 1 — 300 0.3 — 1000
Ng Number of bins 6 8
e [em? s Exposure 3.2 x 1012 | 4.2 x 1012
(op) [deg] Average beam size 0.18 0.027

Combinations:
DES + Fermi 10 yr

Fudlid + “Fermissimo”




Planck CMB |cnsing

2 e ' ' ' T ' T T
1 Planck (2015) —— SPT

= L5 L Planck (2013) 1 ACT |
‘; TN _ Planck Co”aboration, arXiv:130%.5077 [2013]
: / @Y Planck Collaboration, arXiv:1502.01591 [2015] ]
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° CMB~lensingautocorrelation is measured: 400 signiﬁcance
° CMB—-lensing: integrated measure of DM distribution up to last scattering
o It might exhibit correlation with gamma-rays emitted in DM structures



Fermi/ gamma + Planc'c/CMb |cnsing

Analgsis:
— Fermi-LAT 68 months
- Planck 2013 and 2015 lensing releases

- Galactic emission subtracted
- Masks for CMB lensing:
- Planck official masks (available skg fraction 70%)
-5 degapodizecl
- Masks for gamma rays:
- Planck masks +|b| < 25 cleg cut
-1 cleg cut around 2FGL (ABFGL) Fermi source catalogs aPoclized b, deg/?.
dee
skg fraction 24% (2%%)

Results stable for different sets of apodization and galactic masks, inclucling Fermi

bubble mask

NF, Perotto, Regjs, Camera, ApJ 802 (2015) LI
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Cross section <O v>
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Galactic center
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Dwarf galaxics
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Ackermann et al. (Fermi Collab.) , arXv:1503.02641



