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y—rays/radio connection

Sizable production of gamma-rays typically comes with a comparable e™-e” yield

MR and Ullio, PRD 2008
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Comparable luminosities
for gamma-ray (prompf) and synchrotron

emissions
(and also for IC on CMB in X- or y-rays)
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What to learn from radio frequencies ?

A simple comparison between radio and gamma astronomy:

Number of
known sources =
(radio) vs few thousafig

Generically speaking, for phenomena with connected radio-gamma production mechanisms, it is
simpler to catch the source with radio telescopes due to superior sensitivity and angular resolution

BUT
Synchrofron radiafion requires an additional player:
the magnetic field

Credit: Sky & Telescope / Gregg Dinderman
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dwart spheroidal galaxies - vadio projects

Single-dish
“Fermi-like” images

Spekken, Mason, Aguirre, Natarajan et al.

(Green Bank Telescope)

Interferometry

Higher sensitivity and angular resolution, no emission on very large scales
Regis, Richter, Colafrancesco, de Blok, Massardi, Profumo (ATCA)
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ATCA prolject

Observations of Carina, Fornax, Sculptor, Bootesll, Seguell, Hercules with ~ 50 udy sensitivity

Observed field plus
simulated dark matter

Observed field
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Magnelic field uncertainties

Magnetic field strength
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Spatial diffusion

MR+, MNRAS2015
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Bounds on WIMPs

MR+, JCAP2015
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diffusion scheme

DM profile

OPT
AVE
PES

BoY*

Bsrr,

loss-at-injection

D =3-10%% (E/GeV)"3 exp(r/r,) cm? /s
D =103 (E/GeV)"3 exp(r/r,) cm? /s

Einasto
NFW
Burkert

1 T 1 T T 11T T T T T T1TT] T T

ey 3 -1
Annihilation rate ov [cm s ]

95% C.L.

-32 ] Lol 1 Co ol 1 1

10 10° 10"

WIMP mass Mx [GeV]

Fermi Open Day — Round Table, ~ TORINO 04/09/2015

20
10 I

-

E|
I

-
-

=
I
I

e 3 -
Annihilation rate ov [cm™ s ]

959 CL.

' 10

WIMP mass MI [GeV]

Regis Marco



Prospects

MR+, JCAP2015
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Can Fermi-LAT detect DM in dSphs??

Given the current situation (no clear signal from dSphs),

the answer is probably NO.

Possible issues:
- beam (fo test DM extended emission againsft “point-like” background sources and
astrophysical sources in the dSph)
- stafistics (to gef specfrum at high energy and for detection in different targets),
unless massive dedicated observations..

For the next 5-8 years, shall we bef instead on radio (or X-rays) 7
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Galactic Center

The nucleus of our Galaxy is a very rich system (“starburst-like”), with higher supernova
rates, stronger magnetic fields, more intense radiation fields, and larger amounts of
dense molecular gas than in the Galactic disk.

LaRosa et al., 2005

Wide-Field Radio Image of the
Galactic Center
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1.0 - 3.16 GeV 0.316 - 1.0 GeV

3.16 - 10 GeV

Total Flux
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6C y=—vray ‘excess’

Daylan+ 2014
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10.0 x 104
8.0

6.0

4.0

2.0

0.0
7.5x104
6.0

4.5

3.0

15

0.0

gv=17x10"" em®/s x[(0.3GeV/em®)/pioca*
f I I [ I

{

301078 |

201076

101078

E® dAN/dE (GeV/cm?/s/sr)

|b| < 5 |l < 5°

NFW, 7=1.26 -

M =35.25 GeV
bb

-1.0107€
05 10

50 100

E, (GeV)

20.0x 105
16.0

12.0

8.0

[
9
o
1

4.0
0.0

dN/dE [1/cm®srs GeV]

107 =

1 GeV excess emission

cat E =2 GeV

Fo- oo o oo o 1o |

Hooper&Goodenough 2010

Boyarsky+ 2010
Hooper&=Slatyer 2013
Gordon+ 2013

Abazajian+ 2014
Daylan+ 2014

Calore+ 2014
Calorle+ 2014 1
Fermi coll. (preliminary)
contracted NFW ~ = 1.26

— = Fermi Bubbles (extrapolated)

- - HI + H2 (at z < 0.2 kpe) E

TORINO 04,/09/2015

Galactic latitude |b| [deg], at £ = 0°

Regis Marco



Radio bounds on DM af aC

Bringmann+ 2014

0.1

Observations on few arcsec
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Radio bounds on DM at 6C

B Cholis+ 2015 o L
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Radio bounds on DM af aC

Assuming a DM cuspy profile down to the sub-pc region, robust bounds can

be obtained if the ambient magnetic field will be found to be strong
(B> mG in the innermost region < 1 pc)

SKA (and precursors) surveys of
magnetar population — rofation and dispersion measures = estimates of B

Could you think about a radio test for the GC excess??

Which radio counterpart we should look for? Diffuse? Poinf-sources?

Interesting analogy: Fermi bubbles
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Radio counferpart ot Fermi bubbles

Carretti+, Nature2013

gamma-ray

S-PASS spur
mapped the polarized
radio emission of the enfire
southern sky with the
Parkes Radio
Telescope af a frequency ; 3!
of 2.3 GHz with 9 angular PR oy X

resolution. ' 4
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Angular
cross—correlations



Angular correlalions

Even if DM is too faint to detect the
emission from an individual halo, it is
fhe most numerous population in the

i X EG-MSII e '
Universe, which means that the e — —

DM “cumulative" signal or its

€102 “'|e 18 eseulo4 wolj

spatial coherence might be observable.

EG-MSII

-1.0

. 2.0

‘ ook at statistical correlations
in the unresolved extragalactic sky
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Cross correlation with

DM gravitational Tracers

Lensing potential or
number counts of galaxies
frace the DM density

'

Correlation with the
WIMP non-gravitational signal

Anqular power spectrum
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Observations

Measurement of cross-correlation between the dyr Fermi-LAT unresolved sky and
5 different galaxy cafalogues (Xia, Cuoco, Branchini, Viel, 2010)
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DM and cross corvvelation ot
Fermi—LAT with the 2MASS catalogue

(Fornengo&Reqis2013, Ando+2013, Ando2014, Reqis+2015, Cuoco+2015)

2MASS

/70000 galaxies with
mean redshiff z ~ 0.072

2MASS Redshiff Survey
“only” 43500 galaxies
but spectroscopic
redshift
(see Ando 2014)
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T —m _ Credit: 2MASS/UMass/I PAC-Caltech/NASAINSF
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DM interpretalion

MR+, PRL 2015
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The particle DM
signal can fit the
measured
cross-correlafion
between
Fermi-LAT and
2MASS
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D

M inTerpretaTion

MR+, PRL 2015

MR+, PRL 2015
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Disentanglement

from astrophusical backgrounds
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Disentanglement trom astrophysical backgrounds

We can exploit predicted differences in:

Window functions
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+ energy spectrum (in the usual way)
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3D power spectra
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Bounds on WIMPs

DM-only including astro sources
, , MR+, PRL 2019 o Xia+, 2015
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Future directions/questions

® Energy spectrum

* [ ow-z tomography

 Smaller scales

@ Beffter knowledge of astrophysical GLF at low z

» Lensing surveys: cleaner test, larger non-linear ferm (camera+ 2012, 2014)
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Future directions/questions

® Energy spectrum

* [ ow-z tomography

 Smaller scales

@ Beffter knowledge of astrophysical GLF at low z

» Lensing surveys: cleaner test, larger non-linear ferm (camera+ 2012, 2014)

MR+, PRL 2015

Is the DM interpretation

viable? .
l.e.is if Comparible with ofther é _____________ Thermal WIMP.
bounds (like dSphs)? T PN
HIGH .:||1|l]."-.| .
e

mpa GeV]
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Prospects tor DM detection/bounds
using cross—correlation with shear

Camera, Fornasa, Fornengo, MR, 2014
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First attempt of measurement

(of the cross-correlation between cosmic shear and the EGB)

Canada-France-Hawaii Lensing Survey (CFHTLenS) + Syr Fermi LAT data
(Shirasaki, Horiuchi, Yoshida, 2014)

CFHTLenS
surveyed four
separafed fields for a
fotal of
~150 sqg. deg.
with

11 gal/arcmin®

(DES — 5000 sqg.deg.)
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Cross correlation with CMB lensing

Fermi-LAT Oyr data

Planck 2015 data release
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Cross correlation with CMB lensing
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30 evidence

Fornengo, Peroffo, Regis, Camera
Apd 2010

Direct evidence of the
extragalactic origin of the
diffuse y-ray background
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Future observations

Gamma: Fermi-LAT Pass-8, GAMMA-400, HERD, DAMPE
Radio: SKA and its precursors (LOFAR, ASKAP)
X-rays: eROSITA, ATHENA, ..

Vikram+, 2015 (DES)
HE

Lensing and galaxy surveys: “| A .
HSC, DES, eBOSS, DESI, LSST, Euclid, .. o L

Fermi Open Day — Round Table, ~ TORINO 04/09/2015 Regis Marco



WTF?

(Where To Find dark matter?)

. MR+, 2014 Camera, Fornasa, Fornengo, MR, 2014
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Comparison with other methods

MR+ 2015
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J—tactor

Bonnivard et al., 2015
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Cross correlation with 2MASS:

predictions
Mam = 100 GeV, (ov) =3 x 10720 cm3 s71
bb annihilation channel
Ando, 2014
10° 2. GeV_ _o=10GeV - 10-50 GeV

— Dark matter 1

ﬂ |
,i)_ I —- Blazar
— —.- SFG
s 10'12 T T R T BT B
108 102 10° 10t 10% 10°
14 14
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Two—point statisTics

Anqular power spectrum of fluctuations

ol ( )E Q(F)—(Ig> 01 (T ( >Zf’frri ﬂf’?’riYFTra(F)
(i) RS ()=
1y) ]
CE o 2F—|— 1<w§£ aa‘frn m >

Correlation function

1 o0
= E; (204 1) Cy Py(cosb)
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Anqular power spectrum

General expression for the angular power spectrum:

Window function

= [ dx

3D power

//>

<f91(}( k) (X k') = (27)%8° (k — k' _ spectrum

FT of density field
of the source
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Cross correlation

The idea is fo have an accurate fracer of the DM distribution

(gravitational potential) in the Universe, to be used as a filter in

order to separafte the DM non-gravitational signal from ofher
astrophysical emissions.

Gravitational tracer

(“filter”)
R 4
(1) _ (1) (5)
CE /= 2F+ 1< Z aﬁ?’naﬁin >

m=—F \

Gamma-ray sky
(or X-ray, radio, ... sky)
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Window function

't weights the contribution af different redshifts.

Gravitational Non-gravitational (y-rays, X-rays, radio)
W_ lensing W__ annihilating DM
\/\/g # of galaxies W__ decaying DM

W___ asfrophysical non-thermal sources

asIro

Camera, Fornasa, Fomelnqo, MR, 2014

: T T T T T T T T | | T T T T T T T T | T T T T _]
10° _—?é —==eq, —
Ao .
Annihilating DM -
V ]
2 T ~ ,

I’LT(Eg Z) — (QDi\fpf-) (0a1}> (1 _l_ 2)3 AQ(Z) dj\a[E(l —|_ Z)] (_B—T[E(l—FZ)-_B] @ 1{)‘2_ --..._____g
47 2m3 dE = - \
Clumping factor (or flux multiplier): T F ‘1' ]
10 | —
920 Mumax dn 2 (x| M, 2 - o _ l
Ag(z) = <[_5M> :/ dM ——(M, z) [1 4 bsun (M, z)]/d‘qx[h(_:!—’) - Window functions A

PDM Miin dM PDM ] Lo T

0 1 2

redshift z
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Window

Camlera, IFolmlasla,lFcl)rr?er]wao,l/\/\lR,I 2'014

T T T T T T T 1 | ]
PR
10" ﬁe&r E
A |
= 10 .
— ]
V ]
—~ 2
~ 10 3 3
; - ]
D s ang _
N 10E DMN -
. C S | ]
c e | )
bl
10" & L E
- Window functions ]
1
'5 1 | 1 | 1 | | 1 | | | 1 | 1 | 11 1 1 | | | | 1 |
107 1 2

redshift z

DM and lensing probes
peaked af low z
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>

‘W2 /<1

H(z)

Camera, Fornasa, Fornengo, MR, 2014

I I e

100
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—— blazars
—— mAGN

vl bl
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Window functions

=

1

redshift z

2

Astrophysical sources
peaked at z > 0.5
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3D power spectrum

It can be obfained from:
- Simulations

- Halo model approach

(- Squeezed bispectrum?)

Halo model P;j(k) = P (k) + P2 (k)

i

. dn - .
Pi-;h(k) = /d:rn, dif:(khn) fi(k|m)

.- d ,\ J ,\ ._
Pié-h(k) — [ / dm, dibz-(:rm) fi_*(k|ml)] [ / dms dibj(m?) fi(klma)| P (k)
e Mo

my

Required ingredients:  Halo mass function dn/dm, Concentration of halos c¢(m),
DM distribution in halos (NFW., Einasto, Burkert, ...) and the same for subhalos, or B(x,m,z)

Critical point: extrapolation from the resolution of numerical simulafions down fo m

n
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3D power spectrum

Fermi Open Day — Round Table,

3

P[h Mpc |

Camera, Fornasa, Fornengo, MR, 2013

=
||||||I'1 ||||||||| ||||||||| |||||I'IT| |||||I'l1] ||||||IT! T T

T T r1r1rr1

Cross-correlation 3D
Power Spectrum

T ||I|I||] T II[HH[ T Illllll’ T T TTTTIT
Z=Oj

IIIII|,|,|,i Illllluj IIIIII|,|] Illllluj LALill

shear - decaying DM
—— shear - annthilating DM

—— shear - blazars

1 IIIIIIIJ 1 IIIIIII| | IIIIIII| | IIIIIIIl 11 1 110

0.01 0.1 | 10 100
k [h Mpc ]

TORINO 04,/09/2015
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What's *wrong® with y=vrays alone?

1{]§ T T T T TITT] T T T TTITT] |/ T |||g
- Auto-correlation y-rays o/ // - NEAR
l{)n = E > 1 GEV y > - \y/ — FUTURE
: ARt d :
B /) i
_ -1 = =
B 10 2 -
S :
~ B .
2w -
R
— 10°F E
10" E
1{)-5 | L1 1111 I 1 1 | I | | | | (NN I_
10 100 1000 10000

Multipole 1

Very difficult to extract a clear WIMP signature from the
extragalactic gamma-ray background alone.
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What's *wrong® with y=vrays alone?

]{)IE T T T TTTTT] T T T TTTTT] T T T 11
- Auto-correlation y-rays 3 . NEAR
10 E>1GeV = FUTURE
_— -1 = —]
2 10 2 E
(o = 3
< i
O 0k E
— - =
— r ]
+
= f .
— 10 E_ anm'm\auﬂ% _E
0 ETT E
1{]'5 } | | L1 1 111 I 1 1 L1 1111 | | | | |_
10 100 1000 10000
Multipole 1

Very difficult to extract a clear WIMP signature from the
extragalactic gamma-ray background alone.
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Example

WIMP model with m_ =100 GeV and <6 v> = 8x]1 02 cm®/s in bb

(such that the EGB is saturated at few GeV)

Camera, Fornasa, Fornengo, MR, 2013 Camera, Fornasa, Fornengo, MR, 2013

Lad

10 E T T T ITT11T] T T T TIIT] T T 107 F T T T T T T LI B I B I B —
- Auto-correlation 7y-rays . . shear - blazar , by, = b,(M(Ly,)} .
- - - L7
0L E>1GeV — N shear - ann. DM T d
10 = = -"//.---’
: : - T L
- : F, =210 cm~ s (E> 100 MeV) A
-1 . -4
—~ 107 E E — — =
(51 = i ct\ﬂl 0 F E>1Gev .
S ] < f - ]
U 10 2 E— _E U [ -
— = e —
L r . — | _
+ - - + -
= B T = 1T
— E 3 — 107F X o E
- : gzt — T
, ’ ] i
10 E ] - S Cross-correlatjon .
- ] = .. Fermi LAT - Euclid .
-5 ! | ! IR | L [ A | |
10 ] - | | | I | 1 | 1 L1 1.1 | 1
10 100 _ 1000 10000 10590 100 1000
Multipole 1 Multipole 1
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