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Non~bargonic (cold) dark matteris needed

— No candidate in the Standard Model
— New fundamental Phgsics

Two Fundamental ques’cions

- ldent@ the Particle candidate

- lclenthcy a non~gravitationa| signal




Mechanisms of DM signal Produd:ion
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5cattering with ordinary matter
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Indirect astrophysica| signals

Annihilation (or decag)

X | 49 Z W™ H

Relevant Par’cicle Plﬁgsics Properties:

1. Annihilation cross section © (or clecag rate) A '
2. Mass of the DM Particle (ov)
3. BR in the different final states I

\Z
1+2: Size of the signal

2+5: SPectral features

O Determines also the cosmological relic abundance (For a thermal DM)

Qh* =0.11 +— (Cannv) =2.3 x 10729 cm?® 571



Galactic environment

disk dark matter halo

diffusive halo

iosphere
P



Particle dark matter signals

disk dark matter halo Halo Signals

Clﬁargecl CR (e, antip, antiD)

Photons
\ - Gamma

- PromPt Pro&uction
— IC from e+/e- on ISRF

- Radio

diffusive halo - Sgnchro from e+/e- on mag, field

Neutrinos

iosphere
P

| ocal signals

Direct detection
Neutrinos from Earth and Sun



E:xtra-galactic environment

Extragalactic signals

Photons: gamma, X, radio

Neutrinos

SungaewZelclovich etfect on CMB

Optical clep‘ch of the Universe




Astrophgsical dark matter signals
Cosmic AntiProtons Provicﬂc very stringent bounds on DM

Antideuterons Prospects for detection

e NF, Maccione, Vittino
“Dark matter searches with cosmic antideuterons: status and PersPective”
arXiv:arXiv:1306 4171 [to appear in JCAP]

e NF, Maccione, Vittino
“Antiproton bounds on dark matter”
In Prcparation

Radio signal alreaclg Provicle interesting bounds
good Prosl:)ects for future survey

e NF, Lineros, Regjs, Taoso
“A dark matter interpretation for the ARCADE excess?”
Phys. Rev. Lett. 107 (2011 271302

e NF, Lineros, Regjs, Taoso
“Galactic sgncnrotron emission from WIMPs at radio trequencies”
JCAP 01(2012) 005

e NI, Lineros, Regis, Taoso
“Cosmologica Radio Emission induced bg WIMP Dark Matter”
JCAP 0% (2012) 0%

+ some new ideas for DM signal identification

e Camera, Fornasa, NI Regjs
“A novel aPProacn in the WIMP quest: Cross-Correlation of Gamma-RaH Anisotropics and Cosmic Shear”
AP JLett 771 2013) L5

e (Camera, Fornasa, NT; Regis
“Redshift tomograpng and sPectral ana[gsis of cosmic snear/gamma—rags anisotopies cross-correlation”
In Preparation



ANTIPROTONS
ANTIDEUTERONS




Cosmic antiprdtons

Produced in the disk

diffusive halo — Pro a%ition aﬂCl ener

redistribution in the diffusive halo

Produced in the DM halo solar modulation

Pro agﬁtion and ener%g
redistribution in the diffusive halo



Transporl: in the galactic medium
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e (a), L=6, a=2.2, 6=0.6
e (b), L=6, a=2.2, 6=0.6
e (a), L=6, a=2,5, 6=0.3
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E. (GeV/nuc)
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diffusion reacceleration
|
case | 0 K, L Ve Va XQB/C
(kpc? /Myr) | (kpe) | (km/sec) | (km/sec)
max | 0.46 0.0765 15 5 117.6 | 39.98
med | 0.70 0.0112 4 12 52.9 25.68
min | 0.85 0.0016 1 13.5 22.4 39.02
convection
2 +energy losses, scattering, annihilation

D. Maurin et al. Astron. Astrophgs %94 (2002) 1039
See J. Lavalle’s talk for a detailed and critical discussion
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Transporl: in the hcliosphcrc
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Propagation in the heliosphere .
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CR transl:)ort in the heliospherc treated with a
“stochastic ec]uation” technic]ue:

~ Phase space densit sampled and evolved
accorcling toa ranc?om walk set bg the

diffusion Properties of the heliosphcre

Moclel Parameters and geometrg:
Solar magnetic field: Parker sPiral
Tilt angle of the current-sheet «

Mean free Path A= o(p/1 GeV)"(Bg/B)
Polaritg (changes every 11 9:‘)



(m‘23‘1sr‘1GeV‘1)

TOA
P

D

Antiproton bounds on DM Propcrl:ics

PAMELA bounds - EINASTO - MED
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(*) Donato, Maurin, Brun, Delahaye, Salati, PRL 102 (2009) 071301
(+) Adriani et al. (PAMELA Collab.), PRL 105 (2010) 121101

Fornengo, Maccione, Vittino, in Preparation

Caveat: the boun&s are reportecl (asis usual) under the hgpothesis tha’c the DM candidate
Is the dominant DM component, regarc”ess of its thermal Prol:)erties inthe earlg Universe



xx — bb, NFW

Comparison with
gamma-rays bounds
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Antiproton bounds

bb channel bb channel
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Fornengo, Maccione, Vittino, in l:)re[:)aration



Cosmic antideuterons

= Donato, N. Fornengo, F. Salati, PRD 62 (2000) 04%00%

disk dark matter halo

Secondaries (background)

diffieve halo “ Produced in the disk

Pro a%zj’cion and ener
redistribution in the diffusive halo

DM sng\al

iosphere
P

Produced in the DM halo solar modulation

Pro agf)ation and ener%?
redistribution in the diffusive halo



Coalescence process
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Detection Prospccts

. bb channel - mpy = 20 GeV
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Relevant detection Prospects for Dbar er\ergies
below few Gev/n, where clependence on
solar modulation modeling can have an

imPac’c on the DM signal up to a factor of 2
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Fornengo, Maccione, Vittino, arXiv:1306.4171 [to appear in JCAP]



DCPCF'IC]CI"ICC on coalcsccncc momentum

bb channel - mpy = 20 GeV
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Fornengo, Maccione, Vittino, arXiv:1306.4171 [to appear in JCAP]



Dcpcnc]cncc on galactic transporl:

bb channel - mpy = 20 GeV
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Detection rcacl':ability at30 C.L.

bb channel 3o curves + PAMELA bounds
T T T L | T T T T T T ]

MIN-MED-MAX

tilt angle = 60°
mean free path = 0.60 AU
spectral index = 1

100

Mpm [GeV]

1000

<ov> [cm33‘1]

—

—

<
N
S

<
[\
[$)]

<
N
[e2)

|
[\
~

<
N
[ee]

<
[\%J
©

uu channel 3o curves + PAMELA bounds

\

III T I‘I T T
\ 3
“35
Xe

LA

MIN-MED-MAX

T T T T T T

tilt angle = 60°
mean free path = 0.60 AU

spectral index = 1

10 100

Mpm [GeV]

Example for GAPS DB+ setup

30 detection : N

crit

=] events

Fornengo, Maccione, Vittino, arXiv:1306.4171 [to appear in JCAP]
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Fornengo, Maccione, Vittino, arXiv:1306.4171 [to appear in JCAP]



RADIO SIGNALS




Radio signals from dark matter

e DM annihilation (or clecag) into e+/e- Procluces radio signals
bﬂ sgnchrotron emission in galactic/ extragalac’cic magnetic

fields

e Emission in the MHz-GHz frecluencg range occurs for:
—_ E‘lec’trons/ Positrons energies in the GeV-TeV range
— Magnetic fields of the order of microG

E 2
vGHz ~ Bua (15 GeV)

Relevant interval for WIMP DM in the GeV-TeV mass range

e More sPeciﬁcangz electron energies <10 GeV Procluce signals
at ?recluencies <GHz



Targcts

e Galactic Center
—~ Good target for spikg DM Proiiles
— Onthe scale of the bulge: “WMAP haze” ?
- GCisa very active regjon: ciisentanglement of a signal rather complicateci

e Galactic Halo
— Mici/lﬂigh latitudes may be cleaner

— Low radio i:requences for soft et/e~ spectra, microwave range otherwise

° Extragalactic difuse emission

— ARCADE 2. isotropic radio emission signiiicantlg brighter than exl:)cctecl: requires a
“New” po ulation of unresolved sources which become the most numerous at very low
(observa iona”g unreached) brightncss [maybe DM 7]

—_ Anisotropies studies may be a goal for the future

o Extragalactic objects

,

— Non-thermal emission with spherical morphologtj correlated with the DM halo Proiile
inferred from kinematic measurements in the external Par’c of extragalactic objects can be
a strong indication for WIMP-induced emission

— Promising targets: dwarf spheroiclal galaxies and ga|a><9 clusters



Galactic DM: morphology of radio slcy at45 MHz

NFW
MIN propag params
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R
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MED propag params I [ [ [T N . — MAX propag params
10 GeV DM NFW tuned to Via Lactea Il
Annihilation into muon with thermal cross section No substructures included (checked that are not relevant

Exp decaying B(r,z) with B;5 = 6 microG (GMF I) at |b| < 30 deg because of antibiased clump distribution)



Galactic radio signal

45 MHz

Data: |I| < 3°
DM models: 1 =0°

DM could subs’cantiaug contribute
to the radio flux

MED, MAX: allow to search for
DM outside the GC regjon (while
form MIN is too concentrated)

[uny
(=]
0

[uny
(=]
o«

T [K] (v/MHz)%?

fum
o
~

0E

[uny
(=]
K=

[uny
(=]
oo

T [K] (v/MHz)>>

fu
o
~N

10

Fornengo, Lineros, Regis, Taoso (2011)
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Fornengo, Lineros, Regjs, Taoso, JCAP O1 (2012) 005 [arXiv:1110.4337]



820 MHz

820 MHz

1420 MHz

1420 MHz
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Fornengo, Lineros, Regis, Taoso (2011)
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Galactic radio signa|: bounds

Fornengo, Lineros, Regis, Taoso (2011)

Bounds from combination of all 1072 ¢ bb GMF model I
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Fornengo, Lineros, Reﬁis, Taoso, JCAP O1 (2012) 005 [arXiv:1110.4337]

(*) See: Borriello, Cuoco, Miele, PRD 79 (2009) 023518
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Galactic radio signal: bounds

Fornengo, Lineros, Regis, Taoso (2011)
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Constraining power also depends on sk9~coverage and sensitivit9 of the survey

Fornengo, Lineros, Regjs, Taoso, JCAP O (2012) 005 [arXiv:1110.4%%7]



Extragalactic signal
e Radio emission may occurr also in extragalactic halos

e Three relevant observables:

— lntensitg of the emission
> High Frequencg: CMbB largelg dominates
> Close and below 1 GHz: CMB may be eﬁi’cientlg subtracted

> Low Frequencies: ex’tra-galactic sources dominate

— Differential number counts of sources
> Quite useful to stuclg different radio Populations
> Dominated bg radio-loud AGNs down to the mJy level
> 5tar~f:orming galaxies and radio~quiet AGN take over at fainter fluxes

— Angular correlations
> Angular distribution of sources is a Powemcul Probe of LS clustering
> Wide-area radio surveys a”ow to test large scales

> Z~Point correlation Function ancl angular Power spec‘crum



Extragalactic signal

Keg elements:

— Halo mass function and concentration
— DM distribution in halos

— Cosmological evolution

— et/e- Propagation and energy losses

— Magnetic fields



Total intcnsity

Radio Gamma-rays
106§ T T T T T T T T T T T T TTTT T |||||§ 10_55 BRI B LI B LI S LU B LU B B RELLL B B RELLL B |||||§
5 E ___. Bestfit power-law of the excess ] E E
10 EE ------- decay%ng Bl EE "CHANDRA .
C decaying B2 o . 10'6 — & —
10 & — amnihilating B1 = g l 61?47 3
E annihilating B2 L E C 4 7
—_ 103 E i T:‘ 7 I &’_ﬂ_ﬁ‘i
E 3 % 10 g 3
M 2 - #,-ZF N '»n - =
NE g E L i
O 10'E" 4 Z 10°F E
T - = 0 i
™ E z L
L . S 107 Pes -
107 E E - g s
N ] B ]
102 E S
: = 10" F E
3 F 7
107 E 5 - ]
3 , % 3 i | | \
10-4 B 1 11 IIIII| | | IIIIII| | | I“I']‘III || IIIIII| | | 111 IIIIT 10-11 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| I‘“‘IIIIIIIl I':IIIIIII| 1 IIIIIII| 1 IIIIIII| I:'»II LIt
10° 10" 10° 10" 10° 10° 10* 10° 100 10* 100 107 10" 10° 10" 10’
v [GHz] E [GeV]
Radiois quite cons’craining for DM Proclucing llustrative benchmarks
lCPtOﬂS Name | Mass (04v) [em3s™1] 7 [s] Dominant
[GeV] | annihilating case | decaying case | final state
For DM Procluc:mg haclrons, constraining Bl | 100 3-107% 4-10% b—b
B2 10 3-107%° 5-10%7 ut =

power is “similar” to gamma-rays

Fornengo, Lineros, Regjs, Taoso, JCAP 0% (2012) 033 [arXiv:1112.4517]




Source number counts

Benchmark B2
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DM constribution becomes more dominant at sub~microJ9 levels
Decaging-DM spectrum s’ceeper ~> takes over at even sma”er ﬂuxes

Annihilating DM (densit9)7~+ (growing of concentration at small halo masses): makes
the sma”er and fainter structures more iml:)ortan’c than brighter halos

Fornengo, Lineros, Regjs, Taoso, JCAP 0% (2012) 0%3 [arXiv:1112.4517]
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Differential number counts

Benchmark B2
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redshift z

DM-induced radio emission is mostlg Prooluced at low-redshifts

DM pop able to give sizeable contrib to total intensi’cg has to dominate
source counts at Jow brightness (S <1 micrng) and low z (z<1)

Fornengo, Lineros, Regjs, Taoso, JCAP 0% (2012) 033 [arXiv:1112.4517]



Angular correlation

Benchmark B2
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Briglﬂt sources: I-halo term dominates, follows Poisson noise; astro sources dominate

Faint sources: 2-halo term dominates; DM dominates at low multipoles
(because DM contribution Peaks at low 2)

Fornengo, Lineros, Regis, Taoso, JCAP 0% (2012) 0% [arXiv:112.4517]
See also: Zhang, Sigl, JCAP 0809 (2008) 027



Constraints on DM Propcrtics

Annihilating dark matter
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Intensity bound: subdominant (but see ARCADE discussion)
v,
becomes more effective if low~brightness objec‘cs are included
(sma”er Mt / resolved substructures)

Future survey: are exPectecl to improve considerablg the bouncls From number counts ancl
anisotropies
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Constraints on DM Propcrl:ics

Annihilating dark matter

MIN: M_, =10°M__,
B=B(M/M_ )% exp (-r/(R,;,/50))
B, =10 microG
electron escape

no substructures

MAX: M_;=10°M_,,
B =B, =10 microG
electron radiate at injection Point
substructures not re{evant with these params
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Allowed cross section <ov> (cm’/s)
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ARCADE excess

After subtraction of an isotropic coml:)onent,
ARCADE reports a remainingﬂux (interpretecl

as extragalactic) 5—6 times larger than the total 10° E R T T T T T T
contribution from detected extragalactlc radio — Sources contrib. from number counts ]
sources ARCADE: . — W-W, M, =10 GeV 1
Smgal etal., Astrophgs. J. 750 (201) 138 10 C b-B. M. =100GeV .bf=20
> DM s et

A. Kogut et al., Astrophgs. J. 734 o 4

---- Best-fit power-law of the excess

Extrapolating the source number counts to 10

lower (unreaéﬂecl) brightness, the excess _

remains Moo
H

Sgstematics effects and galactic sources seems .

excluded 107 E
COMB AN N S
Such a level of radio extragactic emission does 10’ 3 P E
not appear to have an immediate explanation in - gvj(j 3(} . /,jf’_ My -
terms of standard astrophgsical scenarios,, o) I I A\ VT R
expeciang when multiwavelength constraints are 10° 10" 10’ 10' 10°

appliecl v [GHZz]

A new opulation of numerous and faint radio sources (able to dominate source counts
around U Jg flux) has to be introduced

Fornengo, Lineros, Regjs, Taoso, PRL 107 (2011) 27 27 [arXiv:1108.0569]



ARCADE excess
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Fornengo, Lineros, Regjs, Taoso, PRL 107 (2011) 27 27 [arXiv:1108.0569]



ARCADE excess

E’dN/dE [GeV cm s 'sr']
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Fornengo, Lineros, Regjs, Taoso, PRL 107 (2011) 27 [arXiv:1108.0569]
See also: Hoo[:)er et al., arXiv:120%.3547



Potential Problcm with EG intcrprctation

° Expec’ce& clustering at very laree multipole
and CMB Frequencies, derivedi rescaling
the CMB anisotrop9 limits accorﬁing to the
ARCADE excess

e Derived bounds seem to implg that either:

_ Cosmological sources are at high redshifts
(z>5), where the clustering amPIi’cucle IS
smaller

_ Individual sources are spatia”g extended
(Few MPC), to avoid clustering on arcmin
scale

[L(L+1)C,/2x]"* (AT/T)

0.10 J(

0.01

Planck
857 GHz

Holder, arXiv:1207.0856




New determination of the cxl:ragalactic T

o New analgsis with a fit that uses a galactic emission model with a spheroicl + sphere

° Extragalactic emission is found stronglg reduced

o However: the scale of the spherical emission appears to be very large (about 20 kpc,

comparc& to tgpical determinations of few kpc)

Table 1: Parameters that describe the decomposition of the all-sky maps.

150 MHz 408 MHz 1420 MHz

Slope a; for a slab model
Intercept ag

Semi-major axis® of the spheroid
Semi-minor axis® of the spheroid
Radius?® of the sphere

Axial ratio of the spheroid

Brightness of spheroid in the planeP
Brightness of spheroid towards the poles®
Brightness of the sphereP

Background brightness from the optimization

Mean of the Markov chain sampling of the background brightness

69 K 5.0 K 0.17 K

143 K 13K 0.62 K
1.60 1.56 2.1
0.29 0.24 0.37
2.39 2.14 1.8

5.6 6.4 5.6
69 K 7K 0.79 K
12 K 11K 0.14 K

129 K 6.9 K 0.30 K

21 K 45 K 0.14 K

28 K 25 K 0.12 K

Subrahmangan and Cowsik, arXiv:1305.7060

° Phgsical mocleling of galac’cic emission requirecl to assess the extragalactic T

° Preliminar9 results show that ARCADE excess is confirmed

*) Fornengo, Lineros, Regjs, Taoso, in Preparation



A NEW PROPOSAL.

GAMMA RAYS/COSMIC SHEAR
CROSS CORRELATION




Weak gravitational |cnsing

o Weak lensing: small distortions of images of distant galaxies, Proclucecl
}:)9 the distribution of matter located between background galaxies and

the observer

Powermcul Probe omc dar|< matter
distribution in the Universe




Weak gravitational |cnsing

Convergence: controls modifications in " O
the size of the image

Shear: accounts for shape distortions

In the ﬂa‘c~s‘<9 aPProximation, theg generate identical angular power spectra



Cosmic structures and gamma-rays

The same Dark Matter structures that act as lenses can themselves
emit light at various Wavelengths, inclucﬂing the gamma-ray range

v From astrophgsical sources hosted bg DM halos (SFG, AGN)
v From DM itself (annihi!ation/decag)

Gamma~rags emitted bg DM may
exhibit strong correlation with

lensing signal

Cross-correlation gamma/shear — Propose& in:

Camera, Fornasa, Fornengo, Regis
AP. J. Lett. 771 (2013) L5 [arXiv:1212.5018]




Extragalactic Gamma Rays backgouncl

Most recent measurement comes from Fermi-LAT®

EGDB obtained bg subtracting resolved sources and (modeled) ga!actic
?oreground

Unresolved sources (blazars, SFG, radio galaxies) contribute but
actual amount is under s‘cudg

10_: T T T T 177

_.
o\

DM may contribute to EGB
(Verg Iikelﬂ subclominantlg)

E*1 [GeV em”s’ sr_l]

_.
o|

- 11 1 1 111 1 1 | N T I I |
10 1 10 100

(*) Abdo et al. (Fermi), Phys. Rev. Lett. 104 (2010) 101101



Gamma-rags auto-correlation

Auto-correlation in the gamma-rays emission has been reported )

For | > 100 galactic Foregrouncl can be negletecl: EGB contribution

Features of the signal (energg and multipole independent} Point

toward interpretation in terms of blazars

10 E T T T T

[ E>1GeV

DM likelg Plags here a (even more)
subdominant role

-5 1 Ll

E TTT |
- Auto-correlation y-rays

11
10 100

(*) Ackerman et al. (Fermi), Phys. Rev. 85 (2012) 085007

1111 | | I
1000 10000

Multipole 1



Correlation functions

Source lntensitg

Window ﬁmcu’on - depend on: source redshift-distribution for lensing
Ig (ﬁ) = / dX g(X, ﬁ) W(X) DM Photon emissivity Forgamma~ra95
‘.ﬁensity ﬁeﬁf of the source

CFOSS-COF!"C[EBtiOﬂ angular POWCF s!:)ectrum

1 dX 3D Power spectrum

cii) =

" " Y
(fo: (. B) [, (O K')) = (2m)°0° (k — k') Py (K, . X)

fg = [g(w‘mv Z)/g(z) - 1] fg : j-"ouriertmnform

dn - .
1-halo term Péh(k) = /dm d—nfz*(k‘m) fj(k\m)
m Linear matter PS
2h dn Fx dn ; lin
2-halo term Pij (k) = dml dm bz(?ﬂl)fZ (k|m1) dmg b](mg)fj(k|m2) P (k)
2

dm
L Linear bias



Wwindow functions
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Camera, Fornasa, Fornengo, Regjs, Ap. J. Lett. 771 (2013) L5 [arXiv:1212.5018]



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

Cross~-correlation prcclictions
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Camera, Fornasa, Fornengo, Regjs, Ap. J. Lett. 771 (2013) L5 [arXiv:1212.5018]



E*1 [GeV em”s’ sr_l]

Energy slicing and Redshift tomography
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Reshift information in shear: can be used to “separate” lensing sources

Energg spec’crum of gamma-rays: can help in DM-mass reconstruction

Camera, Fornasa, Fornengo, Regis) in Preparation



bagcsian forecasts

Decaying DM Annihilating DM
— Fermi1—LAT+DES
— Fermi—LAT+ Euclid
250
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Ampm
u =10%
50 Mo 0
AT
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I, [107%7 s71] (o,v) [107*® ecm® s7']

Joint 68% Z-Parameter error contours

Solid: gamma/ shear cross-correlation

Dashecl: iﬂC[UClCS also gamma auto~correlation

Camera, Fornasa, Fornengo, Regjs, in Preparation [Prclimmzm, P[ot]



Conclusions

’

° Multi~me55enger ancl multi~wavelen t sxﬁnals oger a large network omc
oPPortunities for DM searches) which nice Yy complement direct detection
investigation

e Galactic antiprotons (‘cogether with EG and dwar?»—spheroidals gamma-
rags) are currentlg setting the strongest bounds among the indirect
detection searches

° Low-ene(rfgy antideuterons Persist among the best oPPortunities for
indirect-detection si;?z,nal cliscoverg (option of “backgrouncl free” signal
for AMS and GAPS for large Portion of DM Parameter space)

e Radio signals, notably at low rrequencies, represent a Promising channel,

esPeciaI Yy in view of the Iarge sensitivities expected in future surveys (e.g.
Lofar, SKA)

o Cross~-correlations offer a new oPPortunitvLE gamma~rags/ cosmic-shear
cross-correlations have been shown to be a potential channel of
cliscoverg with the future weak~lensing survey (DES, Euclid)



