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Dark Matter

The presence of DM is suPPortecl bg copious and consistent
astrophgsical and cosmological Probes

- Large scales: Average DM densitg about 6 times bargon densi‘cg

— Smaller scales: DM distribution is quite anisotrol:)ic and hierarchical
clusters — galaxies — subhalos

Observations are compatiblc with a theoretical unclerstancling of
cosmic structure formation through gravitational instabilitg



Dark Matter

DM evidence Purely gravitational

- Galaxg clusters clgnamics

- Rotational curves of sl:)iral galaxies

- Gravitational lensing

- chlrocl namical equilibrium of hot gas in galaxg clusters
- Energlj gudget of the Universe

- The same theorg of structure formation



Modified gravitg‘?
One Possibili’t9 is that gravi’c9 behaves cligerentlg than GR
One example: MOND [Milgrom]

MOND

F =ma p(a/ao)

u(z) =1 for |z|>1
u(z) =z for |x| <1

ag=1.2x107° ms2

[Bekenstein]
Non~-covariant theorg: can be a limit of TeVeS (or others)

What about cluster scales, lensing, structure formation?



Dark Matter as a Particlc?

DM evidence Purely gravitational

- Galaxg clusters clgnamics

- Rotational curves of spiral galaxies

- Gravitational lensing

- chlrocl namical equilibrium of hot gas in galaxg clusters
- Energlj gudget of the Universe

- The same theorg of structure formation

A natural solution is that DM is a new Particle, relic from
the earlg Universe
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Dark Matter as a Particlc

DM evidence Purely gravitational

- Galaxg clusters clgnamics

- Rotational curves of sl:)iral galaxies

- Gravitational lensing

- chlrocl namical equilibrium of hot gas in galaxg clusters
- Energlj gudget of the Universe

- The same theorg of structure formation

If DM is a new Particle) a non~gravitationa| signal (due to
it’s Par’ticle Phgsics nature)is expectecl




Where to search for a signal

We can exploit every structure where DM is Present

- Qur Galaxg

- Smooth component
- Subhalos

- Satellite galaxies (dwarfs)

- Galaxg clusters
- Smooth c:omponent
—~ lncliviclualgalaxies

- Galaxies subhalos

— “Cosmic web”




... and what

...ancJ we have ad Iarge number O‘F messengers at CliSPOSBI

Our Galaxg

- Smooth component
- Subhalos

Satellite galaxies (dwarfs)

Galaxg clusters
- Smooth c:omponent
—~ lncliviclualgalaxies

- Galaxies subhalos

“«Cosmic web”

B
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Cl'\argccl 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
- SgﬂCl"H”O From Ci on mag. {:ICICJ

Direct detection

DM 4+ DM — (...) — signal
DM+N — DM+ N

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

[L]

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




Gamma ray sky

Fermi/LAT map

Galactic Foregrouncl emission
Resolved sources

Diffuse Gamma Rays BackgouncJ (DGRDB)
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DGRB and Dark Matter

The Good: Spectral behaviour cligerent From astro sources:
(o,m, ch)
The Bad: Canbe quite subdominant in intensitg
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DGRDB intcnsitg bounds on DM
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Dwarf galaxics

i 15 dSphs, 6 yrs bh
: -==-= 30 dSphs, 6 yrs '
F ---- 45 dSphs, 6 yrs

n L ---- 60 dSphs, 6 yrs
w1072}
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Indirect dark matter signals

e Indirect detection signals are intrinsica”g anisotrol:)ic

(being Procluced bg DM structures, Present at any scale)

e EM signals (ancl neutrinos) more clirectlg trace the underlging
DM distribution: theg need to exhibit some level of anisotropg

- “Bright” DM objects: would appear as resolved sources

- C.gz gamma or raclio halo arouncl clusters, clwaﬁc galaxies or even subhalos

- Faint DM objects: would be unresolved (1.e. below detector sensitivitg)

~ Diffuse Hux:  at first level isotropic

at a cleeper level anisotropic



Gamma rays and Dark Matter

Galactic emission
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Gamma rays and Dark Matter

Extra galactic emission

Higher redshift

EG-MSII
-1.0

Extra galactic emission

EG-MSII SRl S e z<0.01 )
-1.0 D kX | ower FCCIS]"IHC{T



Anisotropic emission

Even though sources are too dim to be
inclividua”g resolved, theg can affect the

statistics of Dhotons

}
across thé 5|<9



Photon statistics

Photon Pixel counts (1 Point PDF)

Source count number dN/clS below detection threshold
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Photon statistics

Photon Pixel counts (1 Point PDF)

2 Point correlator

X

a ngu lar POWCF spec’crum

(I(n1)I(n2)) — C(0) — C



Like for CMB tcmperaturc anisotropies

Angular scale
0.2° 0.1° 0.07°

010 50 500 1000 1500 2000 2500

Multipole moment, /¢




Correlation functions

Source lntensitg

. - Window function
(@) = [ dxgbe W00

Density fie[cf (f the source

W(2): does not cﬂepen& on direction
clepends on redishift
depends on energy

g(z,n): describes how the “field” changes from Point to Point
contains the clepencience on abunclance +
distribution of sources

I(@) — af, — C > laf,f?

l=—m



Correlation functions

Source lntensitg

~ - Window function
@) = [ dxglem) Wy

Density fiefd’ (f the source

Angular power sPec‘crum

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

(2g) _ _
CE - <Ifi><lj> X2 Wl(X) WJ(X)Pij(k _E/XJC)

~ ~ Y
(fg. O k) [y, (X', K)) = (2m)°6° (k — K') Py (K, x, X')

fo = lg(x|m, 2)/g(z) — 1] fg . Fourier tmnform



window functions for annihilating DM

Cfumjoing factor :a measure omc the cius‘cering

(QDMIOC)2 <0-av>

W7ebM (v ) = 1 5 S L+ 2001 A% () Ja(E, )
Q mpMm DM Joﬁoton “emissivity”
5 ﬂ-[a[o massfunction g—[afo ﬂ’gﬁ[@
max d

A%(y) = o) _ anr I [ g RNy gy )

PDM @ dM PDM Subhalo boost

dN, /4 .
Jaal B0 = [ dB, S B (gl eThem
AE, v
Uncertainties from: Alternative approach to the Halo Model:
.. l h i Serpico et al. MNRAS 421 2012) 187
— Minimal halo mass M, Sefusatti et al. MNRAS 441 2014) 1841

— Haio concentration c(M)

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



Correlation functions

Source lntensitg

~ - Window function
(@) = [ dxgbe W00

Density fiefd’ (f the source

Angular power sPec’crum

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

(2g) _ _
CE - <Ii><lj> X2 Wl(X) WJ(X)Pij(k _E/XJC)

~ ~ Y
(fg. O k) [y, (X', K)) = (2m)°6° (k — K') Py (K, x, X')

fo = lg(x|m, 2)/g(z) — 1] fg . Fourier tmnform

dn - A
1-halo term P (k) = /dm _dn fi (klm) f;(k|lm) ,
m Linear matter ‘PS

2-halo term  P2M(k) = [/ dm, d—nbz(m1)fz*(k|m1)] [/ dmso d—nbj (ms) fj(klmy)| P (k)

dm dme
Linear bias



I halo *
2 halo \/ depens on spatial clustering

Astro sources: typica”g considered as Point~|i‘<e

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

Dark matter: extended



Point-like sources:

if rare: th fat, large
it abundant: appear as more “isotropic”
]h sma“er

2h may emerge and give info on clustering

Extended sources:
th no longer ﬂat) suPPressecl at scale > size of sources

Main uncertainties: M_.
subhalo boost



Auto Correlation

C)7 — W,?(Z)P(k, 2)

/

window function

power spectrum

Observationa”g:
Enerfg dependence is available
Redshift clepenclence is not available
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Gamma rays auto-correlation
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Bounds from Auto Correlation
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Gamma-rag auto-correlation

Features of the signal Point toward interpretation
in terms of blazars

DM likelg Plags a subdominant role (as for total intensitg)

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



Photon statistics

Photon Pixel counts (1 Point PDF)

2 Point correlator

a ngu lar POWCF spec’crum
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Cross Correlations

G

==

J

Cross-correlation of EM signal with gravitational tracer of DM

It exl:)loi’ts two distinctive features of Particle DM:

An electromagnetic signalj manifestation of the Particle nature of DM

A gravi‘cational Probe of the existence of DM

It can offer a direct evidence that what is measured 139 means of
gravitg is indeed due to DM in terms of an elementarg Particle



Weak gravitational |cnsing

o Weak lensin% small distortions of images of distant galaxies, Proclucecl
bg the distribution of matter located between backgrouncl galaxies and
the observer

e Powerful l:)robe of dark matter distribution in the Universe

<0 > ()

convergence|

Re[v]

shear

ol o
Q0|0

Im[y]




Cosmic structures and gamma-rays

The same Dark Matter structures that act as lenses can themselves emit
|ight at various wavelengths, inclucling the gamma-rays range

- From DM itself (annihila’tion/clecag)
- From astrophysical sources hosted bg DM halos (AGN, SFG, ...)

Gamma-rags emitted ]:)9 DM may
exhibit strong correlation with

Iensing signal

The lensing map can act as the filter
needed to isolate the signal (DM)

hiddenin a large “noise” (astro)




Cross Correlations

° Lensing observables
— Cosmic shear: clirectlg traces the whole DM distribution
- CMbB lensing: traces DM imPrints on CMbB anisotrol:)ics

° Large scale structure

- Galaxg catalogs: trace DM ]:)g ’crac:ing Iight



Furhter advanta ges

Observationa”g:

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

- Galactic Foregouncl (auto correlates with itself- tgpica”g GFis
subtracted, but residuals may be Present)

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

— Galactic Foregrou ﬂcl (gravitational tracers signals do not
correlate with galactic gamma ray emission)

Life is more complex than that) but these can offer a goocl help



Correlation functions

Source lntensitg

. - Window function
(@) = [ dxgbe W00

Density fie[cf (f the source

W(2): does not cﬂepen& on direction
clepends on redishift
depends on energy

g(z,n): describes how the “field” changes from Point to Point

contains the dependence on abundance of sources
distribution

k * k
— C(lg :2l—|—1 Zalgmalm



Cross angular power spcctrum
(L, (7)) Iy (1)) — C]°

CY? — W, (2)W4(2)P(k, 2)

window functions

Power spectrum

RCCIS!”H‘Ft CJCPCI"!CICI"ICC Camera, Fornasa, NF; Regis, AP. J. Lett. 771 201%) L5
Camera, Fornasa, NF, Regis, JCAP 1506 (2015) 029
NF, Regjs, Front. Physics 2 2014) 6

Energg dependence



Tomographic—-spcctral approach
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Proof of conccpt

Decaging DM

Annihilating DM
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Detection forecasts
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Scnsiﬁvity on DM Paramctcrs
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We start having data

DM maps from KiDS ana|95i5 on weak lensing
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Fermi x KIDS+RCSLens+CFTHLens
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See also: Shirasaki, Horiuchi, Yoshida, PRD 90 (2014) 063502
Shirasaki, Marcias, Horiuchi, Shirai, Yoshida, PRD 94 (2016) 063522



Forecast for DES

® DES full - 5000 deg’, 13 gal/arcmin’
| | ® DES Y3 - 2400 deg’, 6 gal/arcmin’

Fermi-LAT exposure = 1.6 x 107 em’ s
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Unlensed CMB + Lensing potential
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Lensed CMB




Planck cMB lensing
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.| Planck (2013) —+ ACT
N - Planck Co”aboration, arXiv:130%.5077 [2013]
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° CM5~lensing autocorrelation is measured: 400 signhcicar\ce
° CM5~lensing: integratecl measure of DM distribution up to last scattering

o It might exhibit correlation with gamma-rays emitted in DM structures



Fermi/ gamma + Planclt/ CMbB |cnsing

-

TT
10° 2 =
12 —_ e 3 -
1.0x107 " [~ - ]?]??\C(}}l’\lm()del "y E — benchmark model
o o YK -2.1
Q — 12 - Cl ~E |
— BL Lac £ — 107 e w27
— FSRQ ; 10 %5] L C1 ~E
L (\Il o R K 24
T - G2 % g \ T C ~E
1 ~
— T m Q =
5]
e 13| 1o b > L
D 5.0x10 Q
: <
1 . N T %
3 7 S T -
/ -
\g/ / - _|— ] %
= N o === L | <
v — T = g ] /\
L 0.0 = - ® L [ ¥_
. i o
\"
IS
84|

Planck2013 - 3FGL masked

1.60 . \

L [0] Planck2015 - 3FGL masked (main analysis) \
*
[ ]
m

Planck2015 - 2FGL masked N i N G

Planck2013 - 2FGL masked E>1GeV

-5'0X10713_| |||||||| Lo v i1y Loy v a1y Lo i1y [ Ll 1 Cor | L Lol L L
0 100 200 300 400 1 10 100
Multipole 1 E [GeV]

Cross-correlation: deviates 3.00 from null signal
Compa’cible 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) L1



Wwindow functions: DM x CMB |cnsing
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CMbB lensing IS likelg not the best observable for DM

Instead it can hopexcu“g help N cons‘craining astrophysical sources

NF, Regjs, Front. Phgsics 2 2014) 6



Wwindow functions: DM x LSS
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Galaxg catalogs (expeciaug low-z ones) can have goocl overlap with DM

Theg trace light (While shear direc‘c|9 traces DM) , but great Po’cential

NF, Regis, Front. Phgsics 2 2014) 6
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10°CCF(®) [(cm™s'st™)]

Cross correlation with galaxy catalogs
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Fermi x ZMASS
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Regjs, Xia, Cuoco, Branchini, NF, Viel, PRL 114 (2015) 241301



Fermi x 2ZMASS

Just in case
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Fermi + LSS catalogs: DM + astro sources
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Degeneracg between DM and mAGN:

(*) Enhanced mAGN contribution
*) Suppressecl mAGN contribution

Regjs, Xia, Cuoco, Branchini, NF; Viel, PRL 114 (2015) 241301
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Fermi x 2ZMASS

annLOW - bb - ALLGeV
22 . _ ‘,"/ ’f
10 ¢ annLOW - b?j - 1GeV Plad A
annLOW - bb - 10GeV P g5
10721 e 2~ . g
10_24? ________________ ’,.ﬂf”“‘“‘ /_,c
NS = e
> == e ;
— .- Thermal WIMP |
| LW
10] Pt annLOW - u"pu~ - ALLGeV
_-" - annLOW - 7777 - ALLGeV ]
_H—I’C:H annLOW - WTW~— - ALLGeV
10'275 annHIGH - bb - ALLGeV
10' 10°

mDM[GeV]

Bound from cross correlation

Ratio &

103E T T T T T 1717 T T T T TTIT] T LI —
: — IGRB ]
N 7y i
RN - q |
L ~ i
NN - -+ clusters
O E
10 Bt T .
IUO = =
- — decaying DM .
- — annihilating DM bb _
B 95% C.L. T
-1 1 1 1 | I | | 1 1 1 | T | | 1 1 1
10
10' 10° 10°
m, ., [GeV]

Bounds ratios
Correlation technique stronger

Regis, Xia, Cuoco, Branchini, NF, Viel, ApJS 221 (2015) 29
See also: Shirasaki, Horiuchi, Yoshida, PRD 90 2014) 063502

Shirasaki, Horiuchi , Yoshida, PRD 92 (2015) 123540



Ga |axy clusters
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Cross correlation with gamma rays
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e A cross correlation signal IS signhcicantlg detected out to | clegree
(begond the Fermi PSF extension)

° The cross~corre|ation measurement comcirms that the unresolved
EGB observed bg Fermi correlates with the large scale clus’cering of
matter in the Universe (here tracecl bg clusters)

o At the tgl:)ical redshifts of the clusters in these catalogs) one clegree
corresponcls to a linear scale of 10 MPC

e This means that a (Iarge?) fraction of the correlation signal seems
to be not Phgsica”g associated to the clusters

e Instead, it can be Proclucecl by AGNs or SFGs resicling in the larger
scale structures that surround the hig]ﬁ densitg Peaks where clusters
reside
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E'.ncrgy dcpcnclcncc

o Large scales (Z~halo dominates): the signal is contributed bg

sources with hard energy spectra, consistent with that of the
Bl Lacs

e Small scales (I-halo dominates): signal could be contributed

]39 ditferent tgpes of sources

- At l’!igh (E > 10 GeV) energies the dominant sources have
hard spectra (Probablg the same BL Lac Population)

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



Conclusions

e In order to separate a DM non~%§avitationa| signal from other
astro hgsical emissions, a flter based on the DM Prol:)erties

(I.e. the associated gravitational Po’cential) appears to be very

Promising

e Cross-correlations offer an emerging OPPortunitgz
- DM Particle signal: multiwavelenght emission
- DM gravitational tracers: cosmic-shear, LSS surveys

e Gamma rays x cosmic shear is the cleanest Possibilitg and it

appears to be Powemcul



Conclusions

Y Gamma—-rags/ gravi’c3~tracers correlations start to emerge:

— Cross~correlation wit

— Cross~correlation wit

— Cross~correlation wit

3 galaxg catalogs (3.50)
g CME)—-lensing (3.00)

h cluster catalogs (4.70)

e For cosmic shear, first relevant observational opportunitg

soon with DES

° High-—sensitivitg will rec]uire Euclid/ . SST, cou{Fled with the

total accumulatecl Fermi

statistics (OPPortunitg or CTA?)






Tco 10~24

Dwarf galaxics

| ---- 30 dSphs, 6 yrs
F ---- 45 dSphs, 6 yrs
L ---- 60 dSphs, 6 yrs
- —— dSphs: Ackermann+ (2015)
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PRL 115 (2015) 231301
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Charles et al (Fermi Collab) Phgs Rep 636 (2016) 1
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Galactic componcnts: moclc|ing

79, 1 GeV, ModA Bremsstrahlung, 1 GeV, ModA ICS, 1 GeV, ModA

-6.3 -4.52 -6.3 -4.52 -6.3 -4.52

Calore, Cholis, Weniger, JCAP 0% (2015) 038



FERMI “bubbles?
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DM dcnsity Profilcs
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Leptonic cosmic ray outbursts

Models with 2 burts events
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Wavelet ana lysis
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