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THEGAMMARAYSKY

What the Human

Eye Can See https:// www.ctao.ord emissionto-discoveryscienceé
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A Gammarays travel in straight lines
allowingto determinetheir origin

s , ; ‘s ES A COriginated from non-thermal processes
GALLONK[ded) . - e . I Sk ; dueto extremelyviolentphenomena

A Gammaraysources
A Galactic
A Extragalactic
A Exotic(?)
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https://fermi.gsfc.nasa.gov/

THEGAMMARAYSKYBACKGROUNDS

A Differenttechniquesfor gammaray detection, wide energyrange
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Tocer e D1t
(ee* tracksfrom the gammaray) P
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Calorimeter m———) | Energy|

ISO roplc y-ray packgroun

Anti-coincidenceadetector m—) Bagkgrp unc
rejection localised sources Galactic diffuse emission (IGRB)
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https://www.ctao.org/emission-to-discovery/science/

THEGAMMARAYSKYBACKGROUNDS

A Differenttechniquesfor gammaray detection, wide energyrange ) .
Wavelength :
inMetres 10> 10 1 10" 102 10° 10" 10° 10° 1107 10° 10° 110™ 10" 110 10" 10™ 107 10" 107 10" 10" 10° 107
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ImagingAir Cherenkovelescopedl ACTS

A Groundbasedtelescopes

A Detectsecondanyproductsfrom the interaction
betweenthe gammaray andthe atmosphere

A Protonsalsoproduce airshowers upto 10% larger
than rate of gammarays

l

4 10 nanosecond snapshot

[ Irreducible CRackground ] 0:1 km? “light poo", a few photons per m?

inherentto eachlACTs Credit CTAO/ES
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THEGAMMARAYSKYBACKGROUNDS

A Differenttechniquesfor gammaray detection, wide energyrange
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THEGAMMARAYSKYFAINTSOURCES

A These backgrounds hinder the detection of faint garmaasources
A Faint sources enclose a lot of new physics information:

DarkMatter (DM)

DMpE@@e{rd\/\/\[ GammarayS] I

Pieri+09

Cosmiaay (CRproduction& populations STEra

. . .. ] NASA/CXC/SAO/Bulbul+14; XM
A Particlesn the vicinity of violent phenomenaare accelerated ESA

© L@ " Galaxyclusters

n
SN \/ ﬁ A DMdominated
\g}g\, f L nO . — A CRp OUIati ons
/A\p

Inverse Compton (IC) .

15t SMASHiniVorkshop NGC 1275 in Perseus Galax



ML TODETECFAINTGAMMARAYSOURCES

What the Human

Eye Can See
[
Wavelength } ) ) i . . ; . . . . ) ) ) ) ) . ) ) ) )
. st 10° 10 1 10" 10?7 10° 10" 10° 10° 107 10% 10° 10 10" 10" 10" 10™ 10™ 10" 107 10® 10® 10 10*
in Metres PR I I ) ) I ] I I l l I I I I I I 1 1 ] I I I 1 >
I{‘3 I? I 6 | s Iz. 1 1 l: ] | | | | | i 1 | | | | | | I
Electron 07 107 10° 10° 10" 10° 107 10" + 10 10° 10° 10" 10° 10° 10" 10° 10° 10° 10" 10” 10° 10" 10”
Volts (eV) : : : :

Longterm problem for robustly detect faint sources
(lower the detection threshold)

1. Use Machine Learning (ML) techniques to improve the efficiency of the
analysis and fully exploit the data

Cherenkov Telescope
Array Observatory (CTAOQ)

N
[ FermiLAT | ..

2. Use the most complete and statd-the-art datasets m—— ———————————)
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ML TODETECFAINTGAMMARAYSOURCES

A Standard gammaay analysis

Modelsfor thesignal+background+ Likelihoodfitting m—) A

AutoSourcelD

Lackof knowledgeof backgrounds
can introducestrongbiases

(ASID) [Panes+21]

https://www.nikhef.nl/%7 EEscaron/autosourceid/

Training & test: mockermiLAT data

24
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A CNN pipelindasedon U-Net
algorithms

A Goal detectand classifypoint-like
sources
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fras
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[S]
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1. Detection U-NET 4clustering
algorithm (k-means CentroidNET)
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2. ClassificationdeepNNTto classify
different sourcegfrom energy

featureg


https://www.nikhef.nl/~Escaron/autosourceid/

ML TODETECFAINTGAMMARAYSOURCES

| Localization | + | Detection(flux) |

AutoSourcelD - Light (ASID-L)([Stoppa+22]
https://github.com/FiorenSt/AutoSourceHRight . N

ASIDenhancedwith a Laplaciarof Gaussian
filter appliedto opticaldata

+
LoG(x, y: 2)_ 1 ) x2+y2 _xziz,z Lol [Panes 21]
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https://github.com/FiorenSt/AutoSourceID-Light

ML TODETECFAINTGAMMARAYSOURCES

AutoSourcelD  (ASID) [Panes+21]

https://www.nikhef.nl/%7 EEscaron/autosourceid/

CurrentASID work in progres$ | s  F|uxprediction |

]

RealFermiLAT data
. . —6 - |b| <20° Sources %
~ 10°x 10° Patches Resolution: ~ 0.1 10 x 10 Pixels Ib| > =20° Sources e
*
=7 ,ﬂr"’
—_ »
1. Multi-Input U-Net &t _a s
2. Laplacian of N 4
Gaussian =
> R
PRELIMINAR = ~10
&
(Lat, Lon), Pixel Probability ~11
*
Courtesyof S.Bhattacharyya 12 o PRELIMINARY|

-12 -11 -10 -9 -8 -7 -6
True Ph. Flux (10")[%]
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ML TODETECFAINTGAMMARAYSOURCEEXTAO

A Futureof IACTdor very-highenergygammaray astronomy
A 2 arrays NorthernArray(La PalmaSpain andSouthernArray (Paranal Chile)
A Firsttelescopealreadyin operations

Preliminary Performance Capabilities of the Alpha Configurgtion
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https://www.ctao.org/for-scientists/performance/

ML TODETECFAINTGAMMARAYSOURCEEXTAO

A UseASID +ASID- L to aid in the detection of faint gamrmay sources in CTAO data

lHow’?

A Extend the reach okSID to:
A Simulated (but realisticf TACdata

A Detection ofextendedsources memsmsssm——) | hegalacticplaneisthe perfectenvironmentfor test!

A Detection ofoverlappingsources 0 , [Dtultexmsey .
Excess counts (0.07-200 TeV) B |

[CTAO Cons. 2

Latitude [deg]

0 -10 -20 -30 —40 -50 —-60 =70 —-80 -90
Longitude [deg]
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ML TODETECFAINTGAMMARAYSOURCEEXTAO

A Start testingASID with:

A SimulatedCTAGdata =)  Toymodelfor the galacticplanesources
A Pointlike sources

10/ PRELIMINARY
Log counts with predictions Predicted mask :
1.0
0.8
0.8
0.6
06 —
©
o
(s
0.4
0.4
! —e— Log counts
: -==-' Flux at 90% recall: 2.01 x 1074 [cm~2 s71]
: —e— Sqrt counts
0.2 0.21 Flux at 90% recall: 3.04 x 1074 [cm~2 s71]
® . —e— Counts
i -==- Flux at 90% recall: 3.29 x 10~ [cm~2 s71]
: —— Gammapy-TS: 2.06 x 10714 [cm~2 s71)
! —— Sub-halo sensitivity from [9]
0.0 0.01 - GPS Sensitivity
1
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SUMMARWMND FUTURWORK

A CTAOwill improve sensitivity of current IACTs~O(l), boosting the chancesfor discoveryof faint and still
undetectedsources

A Faint sourceshold plenty of interesting physics from unveilingthe fundamental nature of DM to a better
understandingpf CRacceleratiorand productionmechanism

A Gammaray data hasto deal with irreducible backgrounds GDE& IGRB(FermiLAT)and atmosphericCRBKG
(IACT} obstructingthe analysis

A ML @pecificallyU-NETarchitecturelike ASID) has showits potentialto detect point-like sourcesin (simplified
gammaray data, obtainingcomparableresultsasthe standardlikelihoodanalyses

A Next stepmsssp  CTAiUlationof the galacticplane

A AdaptASID to simplifiedCTAO datesssp Seeresultsat Zojaw 2 1 I @&IO Q &

A Explorethe potential of the LoGfilter to detect extendedsourcesand characterizeextensionsn realistic
CTAGsimulations(overlappingsource$

A Testother possibilitiesto detect sourceextension(opendiscussiot)

15t SMASHingVorkshop 14
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BACKUP MATERIAL
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DARKMATTEREVIDENCE

Galactic scales Galaxy cluster scales Cosmological scales

km/
Ve observed %_/_}
,_,i—’i"?/

100 - ‘(R‘/‘/‘/H
gt . i :
_ . expected
_/’m“‘\\\ from
5 P \“‘“~-~ luminous disk

10 R (kpc)

M33 rotation curve -
[Planck Website

[Bergstrom 00
A Rotational curves A Peculiar velocity flows A Cosmic Microwave Background
A Velocity dispersion A Mass tracers (Xays, (CMB) anisotropies
SunyaeygZeldovich A Large Scale Structure (LSS)

strong&weaklensing)

A Dynamical systems
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UNVEILINGHENATURBDFDARKMATTERTHROUGKAMMARAYS

A There is a large variety of objects that are heavily dominated by DM
A High DM density
A Massive nearby objects
A Low astrophysical background

Milky Way Halo

Dark satellites Nearby galaxies

Galactic Centex

Galaxy Clusters

Dwarf satellites
[Pieri+09]
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GAMMARAY FROMGALAXXYLUSTERS

A Largest gravitationally bound structures formed by gravitational collapse
A Masses of order ~26-10'5 M, lustrisTNGsimulations TNGLOAL, hitps://www g projectord. - -
A Components: N E5 8

A Standard Matter< A Galaxies (3%5%)
A Dark Matter (~80%) A Intra Clu(?(tj/lr) Medium (15%17%) R

N i L e,

A Several irclosebyUniverse

A Even supposedly stable objects, a lot of activity (magnetic fige s
U dzNb dzf SYOS Y2uA2yaXo

These processes act as acceleration mechanisms for
the ICM producing cosmic rays (CRS)

A CR. + Mag fields — Yx_raysradio A CR,, + ICM — ° @

-ZD?&rk matter density +-_"sh_ééiki-ﬁn'dér




GAMMARAY FROMGALAXXYLUSTERS

A Galaxyclustersshouldshinebrightlyin the gammaray sky
A Thissearchhasbeengoingon for overtwo decadegeither from DM or/and CR}, but signalhasremainedelusive

Reimer+03
Aharonian+08 [HESS Collab.]
Ackermann+10 [FerriiAT Collab.]

gfgg'eiﬁg [MAGIC Collab ] [Adam+21]c FermiLAT data of the Coma cluster | Hintsof signal | | |
=0 B Res. w/o&lustear!m Res. w/ plustegrloo

Colafrancesco+10
32° ’ B

Han+12¢ Various clusterdhint
# !
20000 ‘P 200 _ -'
30°{ . J‘ L
R __J

Ando & Nagai 12
30° 4 -i
18000

200

Huang+12
Aleksic+12 [MAGIC Collab.] - - 100

Arlen+12 [VERITAS Collab.]

Nezri+12

Abramowski+12 [HESS Collab.]

Cirelli+12

Hektor+12 Various clusters3.6,

Huber+13

Prokhorov &hurazovi4 ¢ Various clusters}-5,
Ackermann+14 [FerriiAT Collabd Various clusters?.4,
Griffin+14

Zandanel Ando 14

Ackermann+1%FermiLAT Collab¢ Virgo clusterhint
Ahnen+16 [MAGIC Collab.]

Ackermann+16 [FeratiAT Collabd Coma clusterint
Xi+18¢ Coma clusterint

Aleksic+18 [MAGIC Collab.] =
Lisanti+18 Galaxy clusters are amongst the most promising examples for
Colavizenzo+18Various clusters3.5-3.8, 5 .

Tan &Colavicenz49 detection of faint gammaray sources

Adam+21c Coma cluster4.9-5.8,

ThorpeMorgan+21

di Mauro, JPR + 28Various clusters2.53.0,

28°

28° vjhk

Dec. (degrees)
ounts (data)
o
Counts (excess)

16000 / - @
© 26 ] - L [—1000 >go ] e . | - —100

24° 240

€ -300

12000 2201 ! Y . - 22°4 F
200° 195° 190° 200° 195° 190°
R.A. (degrees) R.A. (degrees)

R.A. (degrees)
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A Different DM candidates:

A

A
A
A

DM CANDIDATEWIMPS

Weakly Interacting Massive Particl

S

Nonbaryonic | keV | GevY | TeV

1022 eV Axion-like

10" GeV

Electrically neutral |:I 4 \ I I:-’*
Nonrelativistic &colissionless

L d L d
_ Fuzzy DM Sterile neutrinos | WIMPs PBHs
Longlived
S SRR Freezeout
occor | A Only interact via weak nuclear force with SM
piY3 A Produced as a thermal relic
.*E lo-'r;_ Increasing <o,v> _,
5 oo f
A S S .
§ ionf WIMP miracle
£ o
Z o B T TP
D ol ; —27 . 3.1
gF O B2 — 107*'cm”s
: o [t : X < ov >
10_2“1 1Io o ‘1I(|JO 0 ”1‘000

x=m/T (time -)
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DM CANDIDATEWIMPS

A Different DM candidates: Weakly Interacting Massive Patrticles
A Nonbaryonic 102 eV Ao lile | keV | GeV | TeV 10" GeV
A Electrically neutral [I / / \ I I:-’*
A Nonvrelativistic &colissionless ¥ N
Fuzzy DM Sterile neutrinos | WIMPs PBHs
A Longlived

A Only interact via weak nuclear force with SM
A Produced as a thermal relic

G m
A The search for the WIMP /Y
310
o . W/Z/ . . ;
A Annihilation/Decay Indirect detection m— ———) WNPDarkX ; . ThisA-ray emission
. _ _ Matter Particles s allows to perform
A Collision > Direct detection RAEIEES . " i{‘ Indirect DM Searches

A Production

v

Colliders detection &, Newrinos with current telescopes

+afew p/p, did
Anti-matter
22



INDIRECGAMMARAYWIMP DMSEARCHES

A DM-induced gammaay flux from an astrophysical object

dd d
dlD;M (E,l.0.5,AQ, z) = d—g E, z) x| Astrophysical facto
Particle

Physics Model

Annihilation
X sMm
do < ov >
T (E.2) =
)}( TR 87rm2DM@ \ 5
X SM =
2
SM / :
-
X d 1 N
""" —gb(E, z) =
N dF 47rmDM'rDM E

102 - (EW corrections)

10 -

[—
TTTTTTT T 1T

1071 -

" [Cirelli+12] Mpy = 1000 GeV

10—2 11 L [ | L1 L punl L1 111l

10> 10* 1073

1072

x=K/Mpy

| A DM mass
- A Interaction

channel
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INDIRECGAMMARAYWIMP DMSEARCHES

A DM production at sourceCirelli+12EW corrections)

A
A
A

includes electroweak radiation effects, specially important for the fluxarid & for energies aroundnp,,

s-wave nonrelativistic DMDM annihilation/decay

annihilation/decay into primary channel + photon radiation of quarks and leptons, as well as photon branching into gepidnor |
pairs

gammaray fluxes only include prompt emission and not the secondary radiation (e.g. Inverse Compton)

TTIT T TTTTI T \HIHI: :HCi‘rélll‘illl‘Z‘ FTTTTT T TTTTT T T TTTTIT T III\IH:
gammar_ay _ Mpy = 100 GeV o[ Mpy = 1000 GeV N
prompt emission 4107 £
i L : ----------- q
2 : f — b
o - i il
Z 1 1 o t
g F 'E _ - — W
~ v e z
1071 Py 107 0 — h
E . B THE
oy . i‘ : T S \ .l‘
10—2 1 I IR NI R S SRR Lot I WY 10—2 L L Ll Lol Lo Ll Ll ] emmmmmmm—- ;y
10° 10 102 102 107! 1 10 10* 102 10 107! 1

JC:K/MDM X:K/MDM 24



INDIRECGAMMARAYWIMP DMSEARCHES

A DM-induced gammaay flux from an astrophysical object

[Cirelli+12] dq)DM dgb
(EW corrections) = (E,l.0.5,AQ, 2) = ¥ FE, z) x| Astrophysical factof
Particle Quantifies the
Physics Model significance of the
signal

X SM MZOOC:S()()
Annihilation J(l.o.s, AQ), z :/ / .’r dr | —J
X>:)< (Lo.s, AL, 2) AQ Jios ) D arin

SM

DM density profile

, M
Decay "< D(l.o.s,AQ, z) = fAQ /lo Sfr)d'r m— D D%%i)h
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MAINUNCERTAINTQF DMDENSITPROFILES

A To model the DM density profile in the objects, we split the contributions:

(Pro)(r) = Pam(r) + {Psubs)(r) —— Subhalgpopulation (if any)

l
/ I Main hanI \

A Cuspyike, A Coredlike,
from N-body simulations phenomenologically motivated

pnew (1) = (TL) (fo_l_ 5)2 PEin(T) = Ps €XP (—2 Ki)a — 1]) PBur(T) — (7“ n T,Sc(?;,gz n Tg)

A Fit the profiles either:
A Rotational curves (spiral galaxies, dwarf irregular galaxies)
A Velocity dispersion measurementsSph$ "
A Normalize to the measured mass (galaxy clusters> M, = /O B p(r)r?drdQ

26



DM MODELLINGSUBSTRUCTURE

A Galaxy clusters are the most massive objects today, large amount of substructure expected
A Inclusion through pyusing stateof-the-art subhalomodels

o) (1) = Psm(F) +[(Osups (1) e— &°N _ Ntt@r).
dVdMdc \dV

DM subhaloprofile: NFW

(]

O
M)-M,c) O@o

0

pr) = i =p

SubhaloRadial Distribution SubhaloMass Functior] SubhaloConcentratioaMass relation
(SRD) (SHMF) (C200-M200)
VLII dN/dm = A/M(m/M)™ ¢ 100 f; _: OHOU Dependence on
pVEH(R) = ot (B) (R/Bo) / [M(m/A) L T ; L. Lizi: thesubhalo
(1 I R%) ' | =1.9 L H] e - ] position
Vialactea | [Springel+08] § e | 2 200 (200, Toub)
10 |- \;l:l :7:7 "w“";"i iyt .3,z:«ti. 1 sub = Reun/ R
Anti-biased relation | =20 0 cog 2 NN T ,b/ A
[Diemand+08] [Diemand+08] T S S [Moling+17]
E 16-5 | | 1cl>° B 165 | | ‘1010‘ - ‘1015

Mao0 [h"Mg] 27



ML TODETECFAINTGAMMARAYSOURCEXTAO

A Future oflmagingAtmosphericCherenkovlelescopes$or VHE gammaay astronomy
A 2 arrays NorthernArray(La PalmaSpain andSouthernArray (Parana) Chile) CTAD

A FirstLSTalreadyin operations
https://www.cta-observatory.org/

LST1 LST4 QTAO North 38ug 2024

Oct 2018 Mar 2025 . A

LST2 [N LST3
Nov 2025 Aug 2025

SS9 MST LST
Energy range

Courtesyof M. Teshima )
5-300TeV 150 Ge\t5TeV 20-150 GeV 20 Get 300TeV

Dy=4.3m  Dy=115m Dy = 23m
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https://www.cta-observatory.org/
https://www.cta-observatory.org/project/technology/

E2 x Flux Sensitivity (erg cm? s

CTAOPERFORMANCE

Preliminary Performance Capabilities of the Alpha Configurgtion

CcCTNADO

https://www.ctao.org/for-scientists/performance/

https:/finww cta-observatory .org/science/cta-performance (prod5, v0.1)

1 ¥ 1 IIIIII 1 1 1 IIIIII 1 1 1 IIIIII 1 1 1 IIIIII 1 0-25— I I Illllll I I Illllll I | Illllll I I IIIIHI I—
10710 —e— CTAO Northern Array — § B —— CTAOQ Northern Array ]
= —s— CTAO Southern Array = E& 0.2 ]
ias 15 c [ %, j
10711 — ‘-_ —] ?._ c L .‘./,9 ]
E 3 3¢ 2 0151 -
— ‘ = 438 =
— il ‘_ W a T E (@] B N
- Yoo e S b g L ]
| o i o ¥ 15 o - .
10*12 — - - h NS _.t““‘-s-. .—.—__ "§ E 01_ ]
E —— '~'i -~ o -t == =l E % g) ~ =1
[ == == =l - '8| c B 7]
B =.=I'—o—- -—.—-* o 18 = : :
. B e e —_— 7 :% 0.05H ]
10 Y E . gy g R — L i
S Sensitivity 3% | Angular resolution ]
— Differential flux sensitivity (50 h) — L .
[ 1 1111111 1 L1 1 1111 1 L1l | Ll - O Lol L vl Ll Lol 1
—2 1 2 ) -1 2
10 10 1 10 10 10 10 1 10 10
Reconstructed Gamma-ray Energy ER (TeV) Reconstructed Gamma-ray Energy ER (TeV)

CTAO will have superb capabilities for Dby searches



https://www.ctao.org/for-scientists/performance/

CTAO DMANALYSIROADMAP

Total DMinduced #-rays Total CRnduceds-rays

14.0

Arays from AGNs

_7 .
—12

1495 1500 1505 151.0 1515 1520

GLON [deg]

Use as BKG

J

BKG

Gammaray sources in aj .
standard galaxy cluster:j:
(Perseuglusten
Our signal Use as BKG
Aa || SC: If no signal
R T | Observation —g
CTA IRF< Simulation found
1000 rv rv.or ien
000 performance/

Constraints on DM models

dcbfm” Kov > dN
dE Sﬂmi dE
d@feca’y B 1 dN
dE 4nm, 7, dE

X J
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|

|
&)

|
=

@«
n
L

CTAQANALYSIGONFIGURATIONEMPLATEITTING

A Includes all expected gamnray sources: Target + Astrophysical Backgrounds (BKG) + BKG from Instrument Respon

Function (IRFs)

T T T T T T
149.5 1500 1505 151.0 1515 152. 44 4 48

GLON [deg] D!

Target BKG BKG BKG
emission astrophysical astrophysical [from IRFs]
emission emission /

5 52
EC [deg]

\

GLAT [deg]
|

0 5 .0 1505 ISL
GLON [deg]

A Considers the different morphologies of each emission

A Allows to check correlations between components

A Historically used ifrermiLAT analysis and in a recent CTA analfsisaryya20[CTA ConB

\

Most realistic physical
scenario

Stateof-the-art analysis
pipeline
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CTAQANALYSIGONFIGURATIONEMPLATEITTING

A Includes all expected gamnray sources: Target + Astrophysical Backgrounds (BKG) +
BKG from Instrument Response Function (IRFS)

T T T T
1505 151.0 1515 152

1495 150.0 :
GLON [deg] DEC [deg]

Target BKG
emission astrophysical
emission

1505 151.0
GLON [deg]

BKG

astrophysical

emission

\

GLAT [deg]
| |

\

500 1505 151
GLON [deg]

BKG
[from IRFs] J

A Use likelihood ratio test to fit the models to the simulated data:

InL(6) ZM 0) — d;In(M;(6)) L (AX”?)

[

Poissoniariikelihood for each parameter

TS =2 log

Lnull (Ax = U D)

|

A TS<25== No signal

Most realistic physical
scenario
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CHARACTERISTICESIMULATION®OF/ [ | { ¢ SAMMARAYEMISSION

DM Annihilation (thermal crossection) CR baseline model
DM Decay{ = 1G's EBL
A Input models: y-K ) + NGC1275 + ,
m = 10TeV Dominguez+11
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Prospects for gamma-ray observations of the Perseus galaxy cluster with the
Cherenkov Telescope Array

The CTAO Consortium (corresponding authors - alphabetical: R. Adam, M. Htten,
JPR, M. A. Sanchez-Conde, S. Herndndez Cadena)

JCAP10(2024)004, [arXiv:2309.03712]
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