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Definition of the UGRB

- What we resolve -

Let's start from the total y-ray emission

~80% Galactic diffuse emission

Py
CRs interact with the \n‘yi‘ﬁ\f © & JJY
interstellar radiation field \j/»'g \V:‘ @ Y ?/LL‘
/N Y
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Definition of the UGRB

’ - What we resolve -
Let’s switch off the Galaxy... Contribution of point sources




Definition of the UGRB

’ - What we resolve -
Contribution of point sources:

Névae, -
Super Nova Remnants Globular clusters
(SNRs) Pulsars ,
Star-formin regions Pulsar ?;Wﬁ)ebmae Binary systems




Definition of the UGRB

’ - What we resolve -
Contribution of point sources:

Flat Spectrum adio Quasars .
(FSRQs) Radio Galaxies

v , | Star formingalaxies
Misaligned active galactic nucle (SFG)

(mAGN)

Uncertain type Blazars (BCU)




A time-dependent component

Extragalactic: 783

Fermi 2-year catalog: 2FGL
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A time-dependent component

Extragalactic: 1684

Fermi 4-year catalog: 3FGL
3033 sources

Galactic: 340

Non-associated: 1010
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no association SNR »  Blazar s Galaxy
pulsar Globular Cluster o mMAGN ¢ Starburst galaxy
PWN




A time-dependent component

Extragalactic: 2901

Fermi 8-year src list: FL8Y
9924 sources

Galactic: 491
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© no association SNR Star-forming region s Galaxy
pulsar Globular Cluster »  Blazar ¢ Starburst galaxy
PWN Binary o mMAGN




The UGRB

, -Why-

Let’s switch off the resolved point-like sources....

to she light on

to determine its exotic physics
exact b
composition to constrain the faint (WIMP-like DM)

end of the luminosity
functions
10




The UGRB

- How to study -

Michela Negro - VHEPU 2018

Real Data

-2e- —2c—1gp-1 !
Measurements: 207 [cm s 'sr'] 2e-07

* Mean intensity flux

* Intensity fluctuations amplitude ~ Characterization: | |
» Photon statistics » Cross-correlation technique

11
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UGRB measurements

- The Intensity Spectrum -

Michela Negro - VHEPU 2018

\_| - “2_ —
> = 10 - power law fit 777 galactic diffuse % - —e— LAT data (P7REP_IGRB_LO)
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UGRB measurements

- The Intensity Spectrum -

Michela Negro - VHEPU 2018

: o2 o e e J Source detection
(Y? v'-:' E _ I\Bliliza?irgsnf::i\"gztsa(ll.)i(i:;j:o etal. 2014) E E threShOId
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U o el q8 characteristic of a population
S 1 (inferred from resolved part)
o) -
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- 10 10° 10* 10° 10°
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o UGRB astrophysical contributors: 1023
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€ 1025
e
MS Pulsars >
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o I l . c p L e — Abdo etal. 20100  ===--- Ackermann et al. (2015) sensitivity reach
10~%7 ~———  Abazajian et al. (2012) Ajello et al. (2015)

I - - t ------ Calore et al. (2012) MAGIC Segue 1
u p p e r I m I S ———  Bringmann et al. (2014) H.E.S.S. Galactic Center halo

o8l T Di Mauro & Donato (2015) Fermi LAT dwarf Spheroidals
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UGRB measurements
- The photon count PDF -

Statistical tool: 1-point photon count probability distribution function (1pPDF)
N num. of pixels

Npix with k photons

Probability of counting k photons in a certain pixel: Pr =
A possible method to calculate p«: generating function P(t) P(t) = Z D t"

Discriminate a Poisson PDF from a non-Poissonian PDF:

Diffuse or SFG-like AGN-like

(numerous and faint objects) (rare and bright objects)
N 4 — Isotropic

= = (alactic diffuse
=== Point sources




UGRB measurements
- The photon count PDF -

Statistical tool: 1-point photon count probability distribution function ( 1pPDF)
N num. of pixels

Npix with k photons

Probability of counting k photons in a certain pixel: Pr =
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A possible method to calculate pk: generating function P(t) P(t) = Z Dt”
k=0

Point sources generating function:
© @)

k-photon pixel counts, £>1.0 GeV
! ror T ! ' ! L |

TT0Z "DBOH 39 AGUSAIOW |

S(t) = exXp [ Z (a:mtm — xm) ] 105; o « « Pixel counts |
m—1 | — Mode
a4l olnt sources B
Galactic diffuse generating function: al -~ Isotropic contribution
1 piz i - - Galactic diffuse ]
B 103 e 2L =741 |
) = N 2 o (ncat =mpou) o
p= - _ ‘ . |
. : : “ 102 L--" : s =0.17£0.02
Isotropic generating function: = BN ! Zisogg.:;zl '
. “ \\ 'f.;-:‘ Qa1 ZY-
I(t) = €Xp (xz’sot - xiso) 10* — ; K "
i ; VT
ootal:  P(t) = S(t)G()I(t) | R
100 2
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UGRB measurements
- The photon count PDF -

Point sources contribution to the total EGB intensity:

Michela Negro - VHEPU 2018

— N
> > 0o
G — Q. dN sm
ST 1p PDF results Tm = 4pm/ ds dS (5) € °
e m
NS O < - 0 :
A a Q S % 140 mm Malyshev and Hogg 2011
SIS 52 Zeclin et al. 2016 Zechlin et al. 2016
L T 8 A ~ DiMauro et al. 2018 . — . . :
> e ] o Lisanti et al. 2017 (5.0 - 10.4 GeV, [b[ >30" | &== 1pPDF fit
<R 25 e '
. e oo x .>. 1 - FSRQS
c > > < o " --- BLLacs
3 4 I
— LI ~ O X q |
g S ©O D . R qb,)o I
N JoShs! TE 7 i
=T I WL g - 5 !
O00'Se 0N ~ g I
oON N~ 2 5 |
o S - S o~ !
Al S < '
S O © O 60 1 =
C + ~
C £ L~ O U
v O ¥
E calc § g 40 11 months
..—I ..—l
N~ — .~ O
SO = 84 months
— O U
a3l w—
100 10! 102 103

Energy [GeV]
Unresolved point sources contribution:

source detection threshold: catalog-dependent

Sy
Nunres — —dS
o do_

-_characteristic of a population
(inferred from resolved part)
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UGRB measurements
- The Anisotropy Spectrum -

2-point correlation function (ACF): the excess probability, above the
expectation from a random distribution, of finding an object in a volume dV at a
separation r.

dP =n [1 H&(r)] dV

e.g: ¢ =0 for a random field

Lol » , . -.. - .
&, . A 7/n=number density
. w'ot 2/ dV =volume
r = separation

]
|
—

In terms of density fluctuation at the position x: ~ §(x)

§(r) = (d(x) 6(x+1)),,

For a spherical surface geometry it is convenient to use the Legendre transform:
the angular power spectrum (APS), C;:

ACF(0) = % i 1®P cos(

18
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UGRB measurements
- The Anisotropy Spectrum -

> S Opeosto)

¢B)] Physical 1500 O Harmonic

space 0~ —; space

Signal at 0 Flat APS

separation N
angle M
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UGRB measurements
- The Anisotropy Spectrum -

Michela Negro - VHEPU 2018

10716 -
:>> : Bmm M. Ackermann et al. 2012 22 months (Pass 6)
% 1-50 GeV (4 bins)
N
N T 2FGL mask (plus [b|<30)
S % 17 _
E 5107 155 < ¢< 504
> o
o | ~
> £
& < Ackermann et al. 2012
(0 3'10'17: T T T T ]
- O 1n- : DATA X | ]
o =< 10 18-5 & g DATA/CLEANED o §
® L') 7 :ﬁ 2.10—17:_ E( E
N N = : e
4 g ‘;w : X
7 = § 110 7— B i =
PO * i
@ 1077 3 J T a % Jf
< | 5o S
S § 10-20GeV |
& e ) ————rry e , N —-1-107"E . . . . 3
&) 1 O 0 1 0 1 1 0 2 1 0 3 100 20%/[u1ﬁp01e3100 400 500
7 Energy [GeV]
<

Single power-law withindex [’ = 2.40 + 0.07

One or more populations of point-like sources can contribute
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> UGRB measurements
: |
& - The Anisotropy Spectrum -
: 0% 107 Energy bin [1.04-1.38] GeV
L S I I AR R || I
>| 10716 - 85' | —m}- I gg
o S N ] B M. Ackermann et al. 2012 61_ | | i3
o § é ‘_| M. Fornasa et al. 2016 5 + | T | &
N AN 52 | S e %ﬂr ! o
< | g %0 = ;’; oF +_ Aol ' = i
S |8g8 ; S Ik
«e O . [m s o _ A 8/ i
£1:28 7 i B v-seicherie N N N I R
(1] % >.2l \.—-! ot'_: -10: | f’oi?s%nilar?flitl(lwith cIeaTning)l | I..l E. Gl_\\
E Nn é E E 1(I\)llzultipole 1o
SO S %)
gt /1) i 82 months (Pass 7)
- NN 4 .
e ] & 0.5-500 GeV (13 bins)
— N
& P | 3FGL mask (plus |b|<30)
P~
1 b 50<¢<700
S 20 SUNE— - .
2 L 10° 101 102 103
XY T O Energy [GeV]
v S Fornasa et al. 2016
g Two power laws: o = 3.27 + 0.7 B=2.2440.04 W -
Hints of two populations contributing: cross-correlations e

between energy bins

Energy [GeV]

El X E1 — 01131 i
Eo x By — 01232
By x By = Cp < \/ citcz
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UGRB measurements
- The Anisotropy Spectrum -

Michela Negro - VHEPU 2018

100 10! 102 103
Energy [GeV]

—1.00
0.72 2.44 8.21 27.66 93.13 313.59

Energy; [GeV]

10716 ,
B M. Ackermann et al. 2012 8 years (Pass 8) ,
j 0 M. Fornasa et al. 2016 0.5-1000 GeV (12 bInS)
- -- +  PRELIMINARY gy FL8Y + 3FHL mask (+ GP mask)
7; 1077 50 < ¢ < émax (E)
S r
8 ) 1018 : 1.50
O (3 ] 1.00
£ t < |
Q 4 8
S = = 050 .
Q w 3 €
'>’\ 10-19.: E 0.00
N ]
O
c —0.50
£
=
<))
[N
o

I"iatz?f‘_"’er laws 9514016 S=182+0.12

Low energy High energy S w
component: component: g
mAGN / SFG/ ? ~100% Blazars
| — — | — — 100 070
22 10° 10! 10?
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UGRB measurements

- Towards a joint interpretation -

UGRB measurements with Fermi-LAT data

[ Spectrum [ 1p PDF © Autocorrelation

Zeclin et al. 2016

CKer
B _ ______________

10t 1 10t 102  10°
Energy range considered [GeV]
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Years of mission considered

UGRB measurements

- Towards a joint interpretation -

UGRB measurements with Fermi-LAT data

[ Spectrum = 1p PDF - Autocorrelation

Zeclin et al. 2016

1pPDF measurement Updated Intensity spectrum
below 1 GeV is missing measurement is needed

Ackermann et al. 2014

I SQ mo.- . _ --------------

Ackermann et al. 2012

[ h:aze,g's """""""""""""""""""""""""""""""""""""""""""
Abdo et al. 2010 Malyshev 2011
_i&_m-:::::::::: .- -----.C
1071 10° 10! 102 103

Energy range considered [GeV]
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UGRB characterisation
via cross-correlation

25



UGRB characterisation

Cross-correlation with with independent probes
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N
=
A.
1]
=
>
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o
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o
0
4
L, i o
_q:, Population a: na, dV1 Population b: ny, dV>
9

=

2-point cross-correlation function (CCF):

dP = n,ny [1 —I-] dV1dV5
fab — <5 5b X + )>

Cross-correlation angular power spectrum:

CCF(® (g Z 26+ égab Pylcos(0)]
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UGRB characterisation
- UGRB X galaxy catalogs -

Michela Negro - VHEPU 2018
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Xia et al. 2015, _arXiv:1503.05918v1
Cuoco et al. 2017, arXiv:1709.01940v1

UGRB characterisation

- UGRB X galaxy catalogs -

[Cuoco et al. 2017]

NVSS

NVSS

WISExSuperCOSMOS

2MPZ
SDSS DR12
SDSS DR6 QSO

o
T

o
I
[ |

10°CCF(8) [(ecm™2%s7'sr™")]
|

— —

o o
A A
nN -

E2Cy/AE [GeV(em™s 'sr™)sr]
5
&

Cross APS

—

o
L
'S

1 1 0
Energy [GeV]

———“

10"%x dC,/dz [(cm™%s7'sr™")]sr
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Investigated surveys with spectral (E) and tomographic (z) approach:
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UGRB characterisation
- UGRB X galaxy catalogs -

cross-correlations between UGRB and several galaxy catalogs
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10.3 0 |GEEEEEEEEEEEEEE (1.0 - 10.0) GeV
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>
S
q—
(o))
i
S
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S
N~
—i
>
.;I
IR T 10.0 - 500.0) Ge

T 430 —— o NVSS radio srcs
i 'EI 4.0 o R GG LR I (100 - 500.0) GeV (Cuoco et al. 2017)
N~ — 3804 B o - 10.0) Gev o SDSS QSO DRG
My © 364 (Cuoco et al. 2017)
8 % 350 F--------------- I 100 500.0) GeV: - - - - - - 0 10.0) Gev WI x CO

: B " (Cuoco et al. 2017)
— WV 320 G- 2.0 - 10.0) Gev N RGE
= 3.0 o {5 -G .0 - 500.0) v (Cuoco et al. 2017)
4_, .
v 2.7 0 F-oomem o I 0 - 10.0) GeV SDSS Main Galaxy
o — (Cuoco et al. 2017)
o 2.4 o - 0 - 100) Gev
O
S5 220 4----------------- I (10 0 - 500.0) GeV
1 2.0 c N 00 500.0)GeV- - - - -~ - - - - - - - oo 1 0 - 10.0) Gev

1.6 0
130 4------- ] 10-0- 560:0) GeV = = = = = == === = - — - - - —mmm oo 1 0 - 500.0) Gev
1

”10‘1 | | 'lllllltl)o | | ------101
Redshift range considered

Signal significantly varies with energy and redshift: UGRB produced by different types of sources
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UGRB characterisation
- UGRB X galaxy clusters -

Galaxy clusters are produced by
hierarchical structure formation:
tracers of Large Sale Structures (LSS)

« production of y-rays!

Cross-correlation signal between Galaxy
clusters and y-rays is expected!
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UGRB characterisation
- UGRB X galaxy clusters -

Investigated surveys with spectral and tomographic approach:

[Branchini et al. 2017]
« WHL12

: ;eIdMakI;PZer Phenomenological model:
+ Planc -
Cé'yc) _ Clh _I_AQhOgh

1-halo term 2-halo term

TT— | —

spacial correlation

halo-halo CI”ster'n
within a single halo ustering

Branchini et al. 228, 8 2017

o 10°E U - 10'85 RRRRLY AL B AL B
ﬁ:i 10_9i small-scales : felﬁnMcfoeﬁxm)—f ﬁi F 2-halo 1=80 1
N = WHLI2 (x0.1) ] e 107 TT - E
:m 10" o 1, 3 :m ol T e T _
X s 0.030 counts/pixel IE 10-11;_ T—;;—i i _: IE 10 T T 1 T?
.. ; % T I—i;—t:iij § ; 10" Ve e 1 —
Branchini et al. 2017 o w0 L4 - O T
Q T ] Q ook i T i T3
= etk . 4 Pt g e | +=
g 10"“2— # i - _ g 10"k T .
- S - E 8 i |« PlanckSZ (x 10)
>30' Slgnal! Q 10‘5;— _: NQ“ 10" i e redMaPPer =
%Y | - —4— _ o f = WHLI2 (x 0.1)
(up to 50) P P e i
Energy [GeV] Energv [GeV
Small scales: Large scales:
hard+soft component, mMAGN / SFG / ? hard power law, Blazars ?
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UGRB characterisation
- UGRB X galaxy clusters -

cross-correlations between UGRB and several galaxy cluster catalogs
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5.0 0 +——— (1.0 - 10.0) GeV
440 F--------mmmmmm - N (1.0 - 10.0) GeV
— 370 R (1.0 - 10.
5 370 e HSC clusters
—_ (Hashimoto et al. 2018)
© redMaPPer clusters
C (Branchini et al. 2017)
% WHL12 clusters
(Branchini et al. 2017)
PSZ2 clusters
230 F------------mmmmmeemeo] (1.0 - 100.0) GeV (BranChini et al. 2017)
1.60 4 (1.0 - 100.0) GeV

I10‘l | | | | - .160
Redshift range considered
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| UGRB characterisation

- UGRB X cosmic shear -

S STRONG

—

Gravitational lensing: =~ - |
® WEAK

l

» Small effects: magnifications and distortions
» Tracer of the mass distribution at large scales

Cosmic shear: statistical measurement of the distortion of images due to the weak lensing

P
, & ‘W \ ‘\ Hp: galaxies are intrinsically randomly oriented
\./ ‘ @ 4
I‘ / / ;
e AR T ‘L
:.' <9 . Measure the net ellipticity e*ceedlng the Poisson Noise
3] '.\' N #
‘ ‘ X / o Infer the strength of the tidal gravitational field
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UGRB characterisation

- UGRB X cosmic shear -

It is possible to produce cosmic shear maps to cross-correlate with gamma-ray maps
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_ st 1t 1v approach (proposed by Camera et al. 2013/2015):
§oopTs Cwww, |5 * CFHTLenS +RCSLenS [Troster et al. 2017]

S e Bt - KiDs [Troster etal. 2017

o ©  + Subaru Hyper Suprime-Cam [Shirasaki et al. 2018]
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Until now: no signal detected!
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UGRB characterisation
- UGRB X CMB lensing potential -

[Fornengo et al. 2015]:
Cross-correlation of Lensing potential of the CMB and y-ray field to investigate the LSS

Fornengo et al. 2015, arXiv
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UGRB characterisation
- UGRB XCMB -

Sachs-Wolfe effect:
contributes to Cosmic Microwave Background (CMB) anisotropy:
; photons from the CMB are gravitationally redshifted

INTEGRATED SACHS-WOLFE EFFECT (ISW)
(between last scattering surface and Earth)

e —— B

When the Universe is dark energy dominated
potential wells or hills evolve significantly

Sachs, R.K. and Wolfe 1967, ApJ, 147, 73
Xia et al. 2011, arXiv:1103.4861vZ2

[Xia et al. 2011]:
Searched for signature of ISW in cross-correlation
between WMAP7-CMB and 21-mo y-ray data

... but no signal detected!

t1 > to 2 >t

‘V‘MI‘“%

interesting to update this measurement!
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UGRB characterisation

Most recent results of cross-correlations between UGRB and LSS tracers

(1.0 - 10.0) GeV

----- 1 (1.0 - 10.0) GeV

NVSS radio srcs
(Cuoco et al. 2017)

SDSS QSO DR6

(1.0 - 10.0) GeV
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%;93 ””””””””””””””””””””””””””””””””” P (1.0 %10.0) Gev (Cuoco et al. 2017)
. g:gg :::::::::::::::::::—(10,0,.,500,0),Gev ,,,,,,,,,, I (1.0 - 10.0) GeV 2MASS
b (Cuoco et al. 2017)
I 320 rrenome e meo e men oo (1.0 - 10.0) GeV SDSS Main Galaxy
g (0.5 lO)Ge\_(lO 500.0) GeV ] (CUOCO et aI. 2017)
o e SGIuGRCU LR LEEEEE R ERER s I (1.0 - 10.0) GeV CMB lensing
= . (Fornengo et al. 2015)
- (1.0 - 10. IR .
L N (10.0 - 500.0) GeV (1.0 - 100.0) Gey — Weak lensing
N (10-0- = 500:0)- GV~ - - -~ - -~~~ I (1.0 - 10.0) GeV (Troster et al. 2017)
« HSC clusters
e R T W VA — 1500 8 cey 7-10.2) Gev (Hashimoto et al. 2018)
- redMaPPer clusters
““““““““““““““““““ i ' ' [ (1.0 - 500.0) GeV (Branchini et al. 2017)
WHL12 clusters
- (Branchini et al. 2017)
PSZ2 clusters
- (Branchini et al. 2017)
fffffffffffffffffffffffffff 1 (0.5 - 500.0) GeV
1071 10° 10!

Redshift range considered
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Summary
Unresolved Gamma-Ray Background (UGRB)

To unvell its exact composition
To study source population properties below the instrumental detection threshold
Important to keep its estimation up-to-date
To give limits on mass and cross-section of DM (as a WIMP)

Measurements:
Intensity spectrum (should be updated)
Autocorrelation anisotropy (new results public soon)
Photon count PDF (interesting to extend below 1 GeV) 1
2
<

why?

Characterisation via cross-correlations:

with galaxy catalogs (strong signal)
with galaxy clusters (strong signal)

with weak lensing of cosmic shear (no signal) hOW?

with lensing of the CMB (weak signal) /

with CMB (no signal, should be updated) 2 \
[

Beyond the resolved components
Time and analysis-dependent
Mostly extragalactic
Likely unresolved point sources (astrophysical or exotic)
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y High Energy Phenomena in the Universe
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A time-dependent component
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UGRB measurements

- The Intensity Spectrum -
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UGRB measurements

- The Intensity Spectrum -

UGRB spectrum in a wider frame

COB
CIB

Michela Negro - VHEPU 2018
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UGRB measurements
- The Anisotropy Spectrum -
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UGRB measurements

- Cross-correlations -
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UGRB characterisation
- UGRB X galaxy clusters -

* Subaru Hyper Suprime-Cam (HSC) [Hashimoto et al. 2018]

XMM

decl. [deg.]
1[107 fcm?/s/sr]
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UGRB characterisation

- UGRB X galaxy clusters -

+ Cross with galaxy groups to constrain DM properties [Lisanti et al. 2017]
List of the brightest extragalactic dark matter targets in the nearby Universe (z 0.03)

DarkSky-400 galaxy counts

J-factor map
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