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Y-RAY DM SEARCHES IN CLUSTERS
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* Largest gravitationally bound structures formed by gravitational
collapse

* Masses of order ~10%-10% Mg

* Components:

. , * Galaxies (~ 3% - 5%)
Baryonic Matter< * Intra Cluster Medium (~ 15% - 17%)
e  Dark Matter (~80%)

e Several in local Universe (z < 0.1)
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PREVIOUS y-RAY DM SEARCHES IN GALAXY CLUSTERS

* Galaxy clusters should shine brightly in the y-ray sky
* The search of diffuse y -rays from clusters has been going on for over two decades (either originated from DM
or/and CRs), but such signal has remained elusive

Tan & Colavicenzo 19

Reimer+03 Aleksic+12 [MAGIC Collab.] Griffin+14 |
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COSMIC-RAY INDUCED GAMMA-RAY EMISSION FROM LOCAL CLUSTERS

Search for cosmic-ray induced gamma-ray emission from local galaxy clusters using Fermi-LAT data

JPR, M. di Mauro, R. Adam, M. A. Sanchez-Conde, G. Zaharijas
In prep., [arXiv:25XX.XXXXX]

Explore the possible origin of the 2.5-3.00 o

hint found in our previous work:

1. Develop models for the expected CR- 15°

induced y-ray diffuse emission 150° 120° 90° 60°

OO

2. Combined analysis of the same sample -

of galaxy clusters:

* HIFLUGCS catalogue (Reiprich&Béhringer02)
e Clusters used in previous Fermi searches
* Maskof |b| <20 deg

-75°

30° 0° -30° SBY*TU0° -120° -150°

e 7<01 Sample of 48 local

e Separation of 2 deg to account for cluster extension
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Y-RAY SEARCHES IN CLUSTERS

* Components:
Chandra: NASA/CXC/SAO/Bulbul+14; XMM: ESA

. Dark Matter

, * Galaxies (~ 3% - 5%)
Baryonic Matter =—__ | Intra Cluster Medium (~ 15% - 17%)

* Even supposedly virialized objects, a lot of activity

* Merger events ) _ s
. Acceleration Y
* Feedback from galaxies and AGNs > mechanisms A é
* Magnetic fields l
*  Turbulence D |
Cosmic-rays (CRs)

Leptons
Diffuse synchrotron emission <« P

Hadrons NGC 1275 in Perseus Galaxy Cluster

A

y-rays
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CLUSTERS CR MODELLING

* Main emission process for y-rays at Fermi energies: CRp + picm — 70 — 0

1.

y-rays
Follow MIINOT [Adam+20] software: / \
* Hydrostatic equilibrium (+ second order corrections)
* Spherically symmetrical ICM <«—— CRp population
* Self-similar objects
L0 VIRGO
Proton number density n,(r) = ’ﬁne(r)‘ L E.
/lp N 1071 E l. 1
* From X-ray data for individual clusters c .
* General profile > 1072 \
Z ] ~
2 _ .2 (x/rc)_a 1 § 10_3_' —— Input model \\
Ghirardini+18 e (x) = nO(l + x2/r2)3B-al2 (1 4 x7 [r))ely = { === Fit model X
[1805.00042] ‘ B | — Catalog Rsoo
_ _ = 10-4 4 === Input thermodynamic Rsgg
x = R/Rsoo and Y = 3 ] === Fit thermodynamic Rsgog
. ] . ® ACCEPT data [Cavagnolo+09]
* Validated with ACCEPT data when available 10-5 — a - —
100 10* 102 103
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CLUSTERS CR MODELLING

* Main emission process for y-rays at Fermi energies: CRp + picm — 70 — 0

y-rays
* Follow MIINOT [Adam+20] software: / \

* Hydrostatic equilibrium (+ second order corrections)

* Spherically symmetrical ICM <«—— CRp population

* Self-similar objects

i, Lol VIRGO
2. Thermal gas/electron pressure profile Pgas(r) = P.(r) j
gas |
10°
* Probed by tSZ effect for individual clusters o '
: —~ =%
e General profile T 107 .\.
% 102 >~ ~
ArnGUd+10 P(x) X PO X = R/RSOO E 10—3 — |nput model X
[0910.1234] Psqg (cs00x)?[1 + (CSOOX)Q]I% 5 == = Fit model
E ]_0—4 — Catalog R500
=== |nput thermodynamic Rsgg
107> 4 ==~ Fit thermodynamic Rsqg
* Validated with ACCEPT data when available o6 ] ¢. ACCEPTdata [Clava'gnlolloﬂlt()'?]ll b
100 101! 102 103
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CLUSTERS CR MODELLING

3. CRp distribution

dNcr, E‘ ’ Normalized through
dEdV (E7 7') ACRp @ @ Ucr, (Rs00)
— Usn (R500)

* Allowed parameter
Photon spectrum 10-9 Photon profile

- space:
m— f)cg, = 1.5, acpp =2.3
. [CTAO Cons. 23] o 21,0 Gy 203
10—°4 - 10 m— ), = 0.5, Acrp =2.3 0.1
hll mm f)cr, = 0.0, Qcrp =2.3 g nCRp E [ ) ]
g 10_11 == Ncpp =1, Acrp =2.5
1 0—7 i ho) == Ncrp = i Qcrp = 2.7
Tm 1012 L N N NN [ ;JTA PSF (1 TeV)
= 500
N ! e QCR, S [27 3]
10_8 _;—; Ncrp = 1.5, Acrp = 2.3 —— g 1 0_13 ]
|| )cRp = 1.0, Qcrp = 2.3 = \/C: ___________________
| sazesica] ’7CRp=o-5r aCRp=2~3 E 10_14 5
10—9 [} v— Ncrp = 0.0, acrp=12.3 ~- % E,c, ° X500 ~Y 10_2
== nNcrp=1, Acrp=2.5 © 10-15 T ewememlsn
— Ncrp = 1, Qcrp = 2.7
10-10 CTA energy range o 10-16 i [Pinzke & Pfrommer 10]
102 10-' 10° 10! 102 103 10%* 105 10! 102 103 [Enflin+10]
energy (GeV) radius (kpc) [Bykov+19]
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CLUSTERS CR MODELLING

Baseline CR model X500 = 0.01, acr, = 2.3, ncr, = 0.75

Benchmarks: acgr, = 2.0,2.3,2.6,2.9; ncr, = 1.0

10—9<

10—11 J
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° ° ° * l o ! | ° .
L
ROI: Template
° o MapCube -1 GeV
» MapCube - 500 GeV -1 TeV
—— Fermi-LAT sens. 1 GeV (I, b) = (0, 0) deg
® ° ——~ Fermi-LAT sens. 1 GeV (I, b) = (45, 120) deg
o o * ° o
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FERMI-LAT ANALYSIS SET-UP

Baseline set-up

Years of Fermi data
Energy range [GeV]
Bins per decade
Region of Interest (ROI) [deg?]

Pixel size [deg]

Catalogue

16
0.5-1000
8
20x 20
0.08
4FGL-DR4

e Standard template Fermi analysis

¢ Combined likelihood:
+ log(L; (1, v4D5)) = 3_1og(Li; (pix, i, Diz)

* TS<25mm No signal

*  Will test different set-ups for energy range, Rol, IRFs and Background (BKG) models

* Background components:

* Individual point-sources from LAT (4FGL-DR4)

* Fermi bubbles
* Loop |+ Sun+ Moon
* |sotropic emission

* Galactic Interstellar Emission (IEM)

Divided in: Bremsstrahlung + 7% + Inverse Compton (CMB + starlight + Infrared)

Ackerman+17 [Fermi Collab.]

Judit Pérez Romero — TeVPA 2025
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TS

RECOVERY TESTS: DISCOVERY POTENTIAL

X500 =0.5%-1% —*> 7S~10

* Simulate Fermi data with injected signals and run analysis * Forsignal of:
® X500 =5% » TS ~200
10° 3
80 — AL060 o =390, E
17 500 «£70 -
— Coma 7
|l — 3
60 —— Virgo 102?
—— A3526 3
404 — Norm=3.2 ]
2 10%s
20 3
0 100 - PRELIMINARY
—20- ’
! . 10_1 T T T T T LI L] T ] T T ] T ri
10_3 103 10—1 160 101
Norm Norm
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TS FOR THE BASELINE MODEL

e Baseline CR model

40

Xs00 = 0.01, acr, = 2.3, ncr, = 0.75

—— A2029
—— NGC 4636
304 —— Al060
— A2147
— Coma
20 - —— NGC 5846
A3667
A3526

—10 -

_20 LEBLILILLLLLI | LELELLLLLLI |

PRELIMINARY

1073 102 10~

T T llllll| T T llllll| T ] IIlIlI| T T TTTINT
1 10° 101 102 103
Norm

Highest combined TS = 38 for X5, ~ 1%
Highest individual TS = 30 for Coma at X5y, ~ 3%

Other individual clusters peak at TS < 25 (not
significant)

12
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TS FOR THE BENCHMARK MODELS

60 —— NGC4636 60 — A2029 _
501~ A% crp= 2.0 50— Nocssss Acprp= 2.3 acr, = 2.0,2.3,2.6,2.9; ncr, = 1.0
404 ﬁfsoczsgsm 404 g;gg
304 mess 301 mose Acrp= 2.0 TS = 41
2 204 - ﬁgiﬁg 20 - o
= — ﬁc(]slclsgsu /ﬁ\ Xcrp= 2.3 T5=54
10 - _ 10 - AN
0 L 0 // { Acrp= 2.6 TS =56
-104 PRELIMINARY -101  PRELIMINARY \ \ Acrp= 2.9 7S=51
_20 LB RLLL | LB ALLL ] T Trrmm rriTnm T T rrrmn LENLBLRLLRLLI —20 LR | LA R | LI AR | LLRRLLL | T r T oo
103 1072 107! 10° 10! 102 10° 103 102 107! 10° 10! 102 103
60 60
o I— a26e7 Acpp=2.6 | 5ol — souis aen=29 | ° Inall cases, TScmpineq are dominated by
—— NGC5846 —— A3266 p
404 — Nocss13 404 — Nocae3s Coma (A1656)
—— NGC4636 —— NGC5813
— A2029 — A0401
30 A3266 301 NGC5846
— — — —_ ~ (0)
0 20 2;222 20 2;223 * TS=47 for aCRp = 2.6 and X500 2%
—— Al656 —— Al656
104 — A0119 ¥ 101
o oA * Next in contribution is A3667, but always
~10{ — PRELIMINARY ~10{  PRELIMINARY below T5 = 25
_20 LELBLLLALL | LR LLL | LI _20

TTT LELILELLLLI | T rrrrmg T LELLARLLI T IllIlII| T IIIIIII| T IIIIIII| T lllllll| T llllIlI[ T T TTTIT
1073 1072 1071 160 10! 102 103 1073 1072 1071 10° 10! 102 103

13
Norm , Judit PENOTRbmero — TeVPA 2025



* |f Coma is removed from the sample and the analysis:

TS FOR THE BENCHMARK MODELS

60

50 -

40 -

30

—10 -

—20

A3526
A3667

NGC5846
NGC5813
NGC4636

A2029
A3266
A1060
A0401
A0119

aCsz 26
No Coma

1073

102

1071

T T TTrTm]
10°
Norm

101

102

103

Combined TS no longer significant, even for the
best acgry

Individual clusters are also not significantly
detected

We will translate these results in the parameter
space of X550 - acrp to set constraints

Judit Pérez Romero — TeVPA 2025
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NULL HYPOTHESIS FOR TS DISTRIBUTION

Analysis of real data at
BUT )
* Ideal knowledge of BKGs — TS distribution described as y?/2 — low energies for
Chernoff 54 extended sources

|
B TS Histogram (Data) |
—— Chi-square PDF (df=1)
------ Best-fit

« Build TS distribution with 50000 random blank sky 100 4
directions

PRELIMINARY

101 ==+ TS of Coma ]
* Remove directions with |b|<20 deg I
* Farther than 2 deg from known sources 10-2 IF
* Limited to extension of sources and Rol o I
o 103 I |
* For each Rol, fit baseline model: I
1074 :
TS=38forComa wm P-Value=7e-6 o 43¢ [
(local) 107 I
I
40

=
(9]

Judit Pérez Romero — TeVPA 2025 75



THE CASE OF COMA CLUSTER

e Coma in the radio band:
* extended, non-thermal, radio halo for the

cluster core

e (diffuse radio relic at the virial radius

* Coma in the X-rays shows a complex morphology:
e sub-group connected to NGC 4839
e sub-structure between the center NGC 4839

* Several claims of a detection in the last years:

Xi+18
Adam+21

Baghmanyan+22

9yrs
12 yrs
12.3 yrs

TSpest = 22
stest = 34
TSbest = 52

29:00:00.0

XMM-Newton

Declination
28:00:00.0

20 arcmin
600 kpc

R 27:00:00.0

02:00.0

Radio Relic

13:00:00.0 58:00.0
Right ascension

12:56:00.0

z D, [Mpc] (1, b) [deg] Moo [Mgyn] Rso0 [kpc] (500 [deg] (500 [deg]
0.0231 100.7 (57.23, 87.99) 4.28¢e14 1138 0.65 0.99
[MCXC Catalogue]

[Mirakhor+23]

Chandra

Kelvin-Helmholtz Instabilities?

Cold Front
Leadlng Head
Outer Tail

35:00.0

27:30:00.0

Declination

/

25:00.0

5 arcmin Inner Tail

" 150 kpc kpc

58:00.0 50.0 40.0 30.0 20.0 10.0 12:57:00.0 50.0 40.0 30.0 56:20.0
Right ascension



THE CASE OF COMA CLUSTER

* In the 4FGL-DR4 catalogue:

4FGL J1256.9+2736

(RA, DEC) [deg]
(194.24, 27.61)

Offset [deg]

0.71

Detection significance
5.56

* Could the emission be from the point source?

Model TS coma TSacn TSext Extension [deg] | Position [deg]
Single PS 41.8 - - - -
PS + 4FGL 29.4 17.3 -- — -
Best benchmark 56.0 -- - - -
Best bench. + 4FGL 39.5 8.3 -- -
Best bench. + NGC 4839 41.8 5.7 -- -- -
Gaussian relocated 59.3 = 12.6 0.7940.17 0.59
Gauss. rel. + NGC 4839 37.7 10.2 5.0 0.321+0.12 0.05

Judit Pérez Romero — TeVPA 2025
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THE CASE OF COMA CLUSTER

* In the 4FGL-DR4 catalogue:

4FGL J1256.9+2736

(RA, DEC) [deg]
(194.24, 27.61)

Offset [deg]
0.71

Detection significance
5.56

* Could the emission be from the point source?

0.59 — Preference for

Model TScoma TSacn TSe: Extension [deg] | Position [deg]

Single PS 41.8 -- - - -

PS + 4FGL 29.4 17.3 -- —— -

Best benchmark 56.0 -- -- - -

Best bench. + 4FGL 39.5 8.3 -- --

Best bench. + NGC 4839 41.8 5.7 - -- --
Gaussian relocated 59.3 -- 12.6 0.79£0.17
Gauss. rel. + NGC 4839 37.7 10.2 5.0 0.3240.12

extended + PS

0.05 _ combined emission

Judit Pérez Romero — TeVPA 2025
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THE CASE OF COMA CLUSTER

* In the 4FGL-DR4 catalogue:

4FGL J1256.9+2736

(RA, DEC) [deg]
(194.24, 27.61)

Offset [deg]
0.71

Detection significance
5.56

* Could the emission be from the point source?

Even the lowest TS is
-

significant for Coma

0.59 — Preference for

Model TScoma TSacn TSe: Extension [deg] | Position [deg]
Single PS 41.8 -- - - -
PS + 4FGL 29.4 17.3 -- --
Best benchmark 56.0 -- -- - -
Best bench. + 4FGL 39.5 8.3 -- -
Best bench. + NGC 4839 41.8 5.7 - -- --
Gaussian relocated 59.3 -- 12.6 0.79£0.17
Gauss. rel. + NGC 4839 37.7 10.2 5.0 0.3240.12

extended + PS

0.05 _ combined emission

Judit Pérez Romero — TeVPA 2025
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SUMMARY AND FUTURE WORK

The detection of diffuse y-ray emission from galaxy clusters is a long awaited milestone
Several studies in the most recent years hint towards mild detections
Analyzed 16 years of Fermi-LAT data in the direction of 49 galaxy clusters searching for CR-induced y-ray emission

Build models for the induced CR emission for the selected sample on the basis of cluster self-similarity, defining
benchmark models to encapsulate the uncertainty in the CR population composition and spectra

For baseline model: TS;,mpined = 38 for Xspp = 1%, but highest TScompineq is reached for acg,= 2.6
The analysis is dominated by Coma, if removed, TS.,mpineqd = 20 for the best scenario
Computing the significance with the null TS distribution, Coma is still ~4o

The analysis including 4FGL source yields TScomq= 29.5 —59.3, with a preference for a diffuse + ps model

Judit Pérez Romero — TeVPA 2025 20
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FERMI-LAT PERFORMANCE
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10y Performance Capabilities

Instrument Response Functions (IRFs)

Diff. flux sensitivity ( PBR3_SOURCE_V3, 10 years, TS=25, > 10 photons per bin)

Sensitivity

P8R3_SOURCE_V3 acc.

weighted PSF

—
o
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Containment angle (°)
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I I |
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|

| I |
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Angular resolution

—=— Front 68%
—e— Back 68%

-+ - Back 95%
-» - Total 95%

45,120)
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10°
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10° 108
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https://www.slac.stanford.edu/exp/glast/groups/canda/lat Performance.htm

0 Energy (%/IeV)
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Y-RAY DM SEARCHES IN CLUSTERS

* Components:

° Da rk Matter ; IIIustrlsTNG f.i'mqlgti_qp *NG100-1,

*  Baryonic Matter

Very massive objects High DM density Closeby objects

N

J

-
Annihilation &

OE\VEI\M Expected y-ray emission from astrophysical processes

N

Best possible targets to consider—— ¢pm X Ppwm

Competitive to other prime targets

4 f {

D:ark matter density + shiocksting

https://www.t(\_g’_—proj'ect':Org/‘ » :
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CLUSTERS SAMPLE — FERMI-LAT (DM VALUES)

Cluster dy, My | c200 Ps Ty Rooo | Oz00 || 10810 Insn | 10839 Iiep | Buep | 10810 Jmax | Buax | logyg D TS
[Mpe] | [10™ M) [Me/kpe®] | [kpe] | [kpe] | [deg] || [GeVZem™5] | [GeVZem T [GeVZem—9) [GeV em—2|

A478 387.29 6.08 5.06 303795 345.37 | 1747.71 | 0.30 16.05 17.00 9.03 17.77 52.90 17.74 0.00
A399 320.39 4.03 5.14 314222 296.58 | 1523.16 | 0.31 16.02 17.00 9.54 17.76 54.90 17.72 5.69
A2065 325.13 4.73 5.10 309802 314.87 | 1607.11 | 0.33 16.08 17.05 9.46 17.82 55.00 17.78 4.94
Al1736 203.92 1.45 5.40 352863 200.77 | 1084.70 | 0.33 15.96 16.98 10.50 17.71 56.70 17.65 4.89
Al644 208.50 1.55 5.38 349910 205.81 | 1107.83 | 0.33 15.96 16.98 10.50 17.72 56.70 17.66 1.90
A401 339.38 5.92 5.06 304380 342.03 | 1732.25 | 0.34 16.14 17.11 9.34 17.88 54.90 17.84 8.07
A2029 348.92 6.59 5.05 302105 355.64 | 1795.26 | 0.34 16.16 17.13 9.21 17.90 54.40 17.86 0.26
Hydra-A || 240.76 2.60 5.24 328469 251.56 | 1317.25 | 0.35 16.06 17.07 10.20 17.82 57.70 17.76 3.74
ZwCl1215 || 339.38 6.54 5.05 302272 354.58 | 1790.34 | 0.35 16.18 17.15 9.32 17.92 55.00 17.88 0.00
MKW3S || 199.34 1.66 5.36 346794 211.39 | 1133.45 | 0.36 16.02 17.05 10.60 17.78 57.60 17.72 0.00
A133 254.68 3.35 5.18 319842 276.74 | 1432.35 | 0.36 16.12 17.12 10.10 17.88 57.70 17.83 2.46
A3158 263.99 3.97 5.14 314620 295.06 | 1516.19 | 0.37 16.16 17.16 9.99 17.92 57.70 17.87 5.39
A4059 203.92 2.19 5.28 334997 235.56 | 1244.13 | 0.38 16.12 17.14 10.50 17.89 58.90 17.83 0.06
Al1795 278.01 5.17 5.09 307558 325.36 | 1655.37 | 0.38 16.23 17.22 9.81 17.99 57.50 17.94 0.42
A2657 176.55 1.69 5.36 345942 212.97 | 1140.70 | 0.40 16.13 17.16 10.80 17.90 58.90 17.84 4.53
A2147 153.91 1.17 5.47 363492 184.45 | 1009.48 | 0.40 16.09 17.13 11.00 17.86 58.70 17.79 5.72
A3376 199.34 2.58 5.24 328779 250.74 | 1313.53 | 0.41 16.20 17.23 10.60 17.98 59.90 17.92 0.84
A3562 222.29 3.53 5.16 318132 282.44 | 1458.40 | 0.41 16.24 17.26 10.40 18.02 59.70 17.96 0.03
A85 250.04 5.09 5.09 307918 323.62 | 1647.33 | 0.42 16.30 17.31 10.10 18.07 59.00 18.03 0.31
A3391 236.13 4.51 5.11 311034 309.49 | 1582.37 | 0.43 16.29 17.30 10.30 18.07 59.90 18.02 0.11
A3667 250.04 5.30 5.08 306940 328.42 | 1669.45 | 0.43 16.31 17.32 10.10 18.09 59.50 18.04 13.31
A2052 153.91 1.63 5.37 347614 209.89 | 1126.58 | 0.45 16.22 17.26 11.00 18.00 60.10 17.93 0.03
2A0335 153.91 1.66 5.36 346659 211.64 | 1134.59 | 0.45 16.23 17.27 11.00 18.01 60.20 17.95 5.44
A2589 185.64 2.99 5.20 323540 265.28 | 1379.98 | 0.46 16.31 17.34 10.70 18.10 61.20 18.04 0.13
EX00422 || 172.01 2.49 5.25 330093 247.36 | 1298.09 | 0.47 16.30 17.33 10.80 18.09 61.30 18.02 0.18
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CLUSTERS SAMPLE — FERMI-LAT (DM VALUES)

Cluster dy, Moo €200 Ps Ts Raoo | Oa00 || logyo Jarsn | logio Jarep | Baep | logio Jarax | Barax logyo D TS
[Mpc] | [10™ M) [Ma/kpe?] | [kpe] |kpe] | [deg] || [GeVZem™®] | [GeVZem—?) [GeVZem ™3| [GeV em™2)

A576 167.47 2.37 5.26 331959 242.73 | 1276.91 | 047 16.31 17.34 10.90 18.09 61.30 18.03 0.99
A2063 153.91 1.97 5.31 339288 226.15 | 1201.08 | 0.48 16.29 17.34 11.00 18.08 61.00 18.01 944
A3558 213.09 4.89 5.10 308961 318.70 | 1624.70 | 0.48 16.41 17.42 10.30 18.19 60.90 18.14 0.35
A2142 411.48 28.03 4.97 291172 585.57 | 2908.46 | 0.48 16.66 17.57 8.15 18.38 51.70 18.36 0.00

All19 194.77 3.96 5.14 314731 294.64 | 1514.28 | 0.49 16.33 17.39 11.20 18.15 65.60 18.09 8.49
A2634 135.92 1.55 5.38 349762 206.07 | 1109.02 | 0.50 16.30 17.35 11.20 18.09 60.90 18.02 4.31
A2256 268.66 10.17 4.99 294929 415.33 | 2074.55 | 0.50 16.53 17.52 9.65 18.31 59.10 18.26 9.91

A496 144.90 2.56 5.24 329080 249.96 | 1309.96 | 0.55 16.45 17.49 11.10 18.25 63.50 18.18 0.00
A3266 263.99 13.44 4.97 292052 457.72 | 2276.43 | 0.55 16.67 17.65 9.57 18.44 59.60 18.40 8.19
A1367 95.81 0.88 5.57 379136 164.49 | 916.83 | 0.57 16.36 17.42 11.50 18.14 60.80 18.06 0.99
A4038 122.49 2.23 5.28 334336 237.08 | 1251.09 | 0.62 16.53 17.58 11.30 18.33 64.00 18.26 0.71
AT754 236.13 25.00 4.96 290649 564.09 | 2799.56 | 0.75 17.14 18.05 8.23 18.86 52.70 18.82 0.28
A2199 131.44 5.07 5.09 308030 323.08 | 1644.84 | 0.76 16.80 17.85 11.10 18.62 66.00 18.56 1.86
A3571 162.95 10.90 4.99 294084 425.60 | 2123.16 | 0.80 16.95 17.97 10.50 18.77 65.20 18.71 0.00

NGC 5044 38.81 0.41 5.88 428317 121.16 | 711.87 | 1.07 16.82 17.90 11.90 18.60 60.50 18.51 0.00
NGC 5813 27.55 0.27 6.06 460583 102.21 | 619.60 | 1.31 16.96 18.03 11.80 18.72 58.30 18.62 4.10
A1656-Coma 100.24 13.16 4.97 292223 454.37 | 2260.40 | 1.35 17.42 18.46 11.00 19.26 69.60 19.20 9.93
NGC 5846 26.25 0.38 5.91 434293 117.22 | 692.90 | 1.53 17.13 18.20 11.90 18.91 60.40 18.81 10.81
A1060-Hydra 47.51 297 5.20 323860 264.34 | 1375.66 | 1.70 17.43 18.51 12.00 19.27 70.00 19.19 5.41
A3526-Centaurus 43.16 2.27 5.27 333726 238.51 | 1257.60 | 1.70 17.41 18.49 12.10 19.25 69.20 19.16 15.62
NGC 1399-Fornax || 21.50 0.51 5.79 413641 131.82 | 762.97 | 2.05 17.41 18.50 12.20 19.21 62.60 19.11 4.01
M49 18.91 0.46 5.82 419644 127.27 | 741.24 | 2.26 17.49 18.57 12.10 19.28 62.00 19.18 0.00

NGC 4636 17.18 0.53 5.77 409991 134.72 | 776.79 | 2.61 17.63 18.71 12.20 19.43 63.00 19.33 13.09
VIRGO 15.46 5.60 5.07 305646 335.10 | 1700.27 | 6.32 18.65 19.74 12.30 20.52 74.80 20.44 1.05
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CR MODELLING: MINOT APPROACH

To compute the CR-induced y-ray flux: Where X are y-rays

dNx =f+°° dN FX(EX,ECRp)dEcRp. ;FX(EX,ECRP) number of secondary particles
dExdVdt Jg, dEcrpdVdt produced in a collision pert

energy of the produced particle
as a function of the initial energy
AN, 1 2 of the CRp (fit to collider data)
= Opp X VCcrp X Np X JCRpa

dEcrydVat /

proton-proton c (relativistic)
interaction cross

section

Assume n, follows the gas distribution, Ghirardini+18 [1805.00042] useed deprojection models
to extract n, from X-COP X-ray surface brightness data from various clusters, and fitted to a

ny(r) =
universal density profile model from Vilkhinin+06

»  (xfr)™ 1 where
0(1 + x2/r2)B-a/2 (1 + x7 [r))ely X = R/Rsgp and y = 3

n2(x) =n

For the rest of parameters, they provide a general fit, a fit for CC and NCC .



CR MODELLING: MINOT APPROACH

To compute the CR-induced y-ray flux:

-+00
d—EiAd/)‘(/ 5 = fE X dEiZCc;lV =y (Ex. Ecrp) dEcry. > Where X are y-rays
Fy (Ex,ECRp) number of secondary particles
produced in a collision pert
1 5 energy of the produced particle
dNcol = O X Voo X I X ] as a function of the initial energy
dECdeth/ pp 7 ke 7 T 7 TR, of the CRp (fit to collider data)

proton-proton
interaction cross
section

c (relativistic)

nCRp - [O, 1] Flat/ follows exactly gas density profile

dNG B p
2 Jer(KL E) = AcRAI(E) fo(r), — dEle{; (E,r) = Acr, X B x na.®  where

R Normalize Acz, With a
0

E»
@ 7 Usk@® = 47rf ucrr’dr. — ucr(r) = 3Pcr(r) =f EcrJcr(Ecr)dEcR, " value of X 5, ~ 1072
E,

_ Ucr(R)

Un(R)’ . :
\ R 3 3 2, ~ Generalized profile
Un(R) = 4”]; uthrzdr —» Unh = EngaskBT = EPgas — > Pu(n) = Hgas Arnaud+10 27



CR MODELLING: MINOT APPROACH

To compute the CR-induced y-ray flux:

dN *R AN
ST T d)‘(/dt = f T lethX (Ex, ECRp) dEcgp. » Where X are y -rays
X Ex p
FX(EX,ECRP) number of secondary particles
produced in a collision pert
1 ) energy of the produced particle
dN_ o1 ‘ : £ the initial
= 0oy X VeRe X Mg X JCRos as a function of the initial energy
dECRPdth/ PP P ° of the CRp (fit to collider data)

proton-proton
interaction cross
section

c (relativistic)

To model the CR-induced y-ray flux from a cluster we need:

° P.&n./P.& Tg/ Te & ne — kg To(r) = P(r)/n.(r) = kg Tgas(r)-

* Assume a value for Xsqp, @crp and ncgp X500 ~ 1072 ncr, € [0,1] acr, € [2,3]

* Self-similarity between clusters: CR populations have been accumulating in the cluster since beginning of formation
(CR are generated from propagation schocks from the mergers and turbulence), also we take the assumption of
hydrostatic equilibrium to have a mass proxy, even though we consider corrections for CC vs. NCC




CR MODELLING: PARAMETER SPACE

] [CTAO Cons. 23] . -4 Combined - Non Cool Core -+ Cool Core

2 x 1072

o=
g 0.9 _ :g%
- g
8' % ¥"_¥“ “"¥“"¥ _______ % ______ :F:F
: A O i
’-é | O .8 g 10_2 _ ¥¥ ; %¥ ¥¥$
Q 9 x 10-3
QL:n 6 8 x 103 %
~ o
e 7% 10°3
>§J 0.7 6 x 1073
@) I 3FIIF73
O\o Pure hadronic, best-fit (ncrp = 0.78) 0.6 o Tt T T
i Baseline (g = 1) [Fermi-LAT Coll.14]
i Ahnen et al. (2016), isobaric model )
107* 4 Ahnen et al. (2016), extended model 2 x 107
] T T 0.5
2.0 . . 2.6 2.8 3.0 E
Qdcrp v o T T e T F = ‘I‘? """""
S ______ - _ R P P —_—— —_—— ==
* Expected values from * Allowed values from X wz%i% %%% %
simulations: constraints: 213 % %
[Pinzke & Pfrommer 10] [ QﬂAG{ CL270'”C 1”6§ 4 o
. - 6x 1073
[EnBlin+10] (Fermi-LAT Coll 14] S LI E IS LN I
[BkaV+19] 22’3222243«282%%%55;5%(0@%?



SEARCH OF DIFFUSE CR-EMISSION WITH FERMI:

LAST RESULTS FROM FERMI

Unclassified

Cool Core
Non Cool Core

Fermi-LAT Coll. [1308.5654] Fy
are from [Pinzke & Pfrommer

2010]

Their results (26 Rols):
* global 7T5=7.3 (2.70) of the
scale factor for their full
sample (50 clusters)

* largest contributors are
A400, and less A1367 and

A3112
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Years of LAT data

Energy range

ROI
PS catalogue

Type of analysis

TS cluster ext only
TS PS only

TS cluster only as
PS

TS cluster ext + PS

Correlation

TS cluster as PS +
PS

9 yrs

200 MeV — 300 GeV
(100, 300, 500, 800 MeV)

12x12 deg”2
3FGL

Binned, norms + indeces
free (centers fix)

15-22 (aCRp 2.70-2.88)
25.3 (index 2.67)
14.3 (aCRp 339)

28 — 31 (idxs 2.80-
5.14/2.21-2.41)

28.9 (idxs 3.57/2.56)

12 yrs
200 MeV - 300 GeV

12x12 deg”2
4FGL-DR2

Binned, indeces fixed (PS
- 4FGL, coma - AcRrp 2.8,
centers fix)

11-34
25.61
17.54

26-36 (1-18/7-23)

Norm-norm: ~ -0.45

32.24

12.3 yrs
100 MeV -1 TeV

12x12 deg”2
4FGL-DR2

Binned, norms + indeces +
centers free

50-52 (acgrp 2.23)
29.8 (index 2.77)

16 yrs
500 (100) MeV — 1 TeV

20x20 deg"2
4FGL-DR4

Binned, norms + indeces free
(centers fix)

27 — 49 (depending on acgy)

(35-43/6-11)

Norm-norm: -(0.035 — 0.043)
Norm-index: -(0.015 — 0.018)
Index-norm: -(0.013 — 0.037)
Index-index: -(0.019 — 0.022)



DEC

THE CASE OF COMA CLUSTER

* Frist approach analysis: test the extension of the source using a disk or gaussian

Disk 48.68 6.75 0.41 +0.16 0.68
Gaussian 47.69 6.31 0.30 + 0.06 0.47

5
Cluster
. 4
35 35%
4
_I—
) fr
|
(]
30° A E 30° o I
) 3% £ 107°
U — (9]
lo & U n > I
g 8 E 3
= = =
o g w !
25° 9 Lﬁ 25° 2 E
3
L > W
1
10771
20° -4 20°
T T ! ! | 0 :
13"40m 13h40m 20m oo™ 12"h40m 20™ 103 104 105 106
RA Energy [MeV]
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SEARCH OF DIFFUSE CR-EMISSION WITH FERMI: COMA DETECTION

* Tests for different cases:

Coma cluster as point source without 4FGL source

Coma cluster as point source with 4FGL source

Coma cluster with CRs template without 4FGL source

Coma cluster with CRs template with 4FGL source

Coma cluster with CRs template with 4FGL source placed at the NED position of the AGN

Gaussian function for extension of Coma cluster and refitting localization and extension (no 4FGL source)
Gaussian function for extension of Coma cluster and refitting extension (no 4FGL source)

Gaussian function for extension of Coma cluster and refitting localization and extension (WITH 4FGL source)
Gaussian function for extension of Coma cluster and refitting extension (WITH 4FGL source)

10 10,11,12,13 as 6,7,8,9 but for a disk shape

[EEN

©0NDUAWN



Declination

COMA RADIO SOURCES

Due to the inconclusiveness of results, check if emission may come from Coma’s radio sources

Sources in the Coma field:

. https://arxiv.org/pdf/1002.0594

. https://arxiv.org/pdf/2203.01958

. https://articles.adsabs.harvard.edu/pdf/1975ApJ...199...10T
. https://articles.adsabs.harvard.edu/pdf/1977Ap)...217..944T
. https://arxiv.org/pdf/1208.0676

29:00:00.0

30°
500 kpc
Accretion relic
o I | L
30:00.0 - 'o } ¢ 29°
5C4.127 + & |
y . Halo front
X o X
sca11s o N ~
[ ] 3 5 E
28:00:00.0 O »ge i E
o / * /  Bridge g
[V} S b
@] Candidate » / Reélic >
remnant ’
-
30:00.0 27 \
1 Mpc
NAT-relic
connection
26°
27:00:00.0

| ol

— — ' — ; hogm hggm
04:00.0 02:00.0 13:00:00.0 58:00.0 12:56:00.0 13705 oo™ 12755 50™
Right ascension RA ( IC RS)


https://arxiv.org/pdf/1002.0594
https://arxiv.org/pdf/1002.0594
https://arxiv.org/pdf/2203.01958
https://arxiv.org/pdf/2203.01958
https://articles.adsabs.harvard.edu/pdf/1975ApJ...199...10T
https://articles.adsabs.harvard.edu/pdf/1975ApJ...199...10T
https://articles.adsabs.harvard.edu/pdf/1977ApJ...217..944T
https://articles.adsabs.harvard.edu/pdf/1977ApJ...217..944T
https://arxiv.org/pdf/1208.0676
https://arxiv.org/pdf/1208.0676

55 putative radio sources identified among the literature
14 of them have not been associated to any radio emission yet

COMA RADIO SOURCES

30° -

41 rest do have at least one measurement in one radio frequency:

6 liner AGNs (NGC 4874 - BCG)
3 QS0s

7 galaxies (towards cluster)

3 radio sources

5 radio galaxies (NGC 4869, NGC 4839)
1 BL Lac (Coma A)

1 Seyfert galaxy

9 emission-line galaxies

2 (-57) starburst galaxies

3 AGNs

1 galaxy

29° 1

DEC [deg]

27° 4

26° -

(\®]
o0
o)

1

13h06™ oo™ 12h54m
RA [h]

4 of them have measurements at 5 GHz core (mentioned above, & at 151 MHz)

26 have measurements at 151 MHz, 21 at 1.4 GHz, 15 at ~5 GHz

- 10%

103

102

[sr7']

10!

109

35



TARGET SELECTION

* Fermi-LAT does not have constraints on observation time m—) BT N6 # =5 e T = R ALY R-E I 5

* Selection criteria:
* Well-known M,,, from X-rays measurements )

— HIFLUGCS catalogue (Reiprich&Béhringer02)
Masses from Schellenberger&Reiprich17

(X-rays data from Chandra)

50 local clusters
f,21.7-101 erg st cm2
biased towards cool-cored clusters (Kdfer+19)

z<0.1 +

* Mask of |b| < 20 deg to avoid galactic diffuse emission
» Separation of at least 2 deg to account for cluster extension y

Y

* Local clusters

Clusters used in previous searches:
Ackermann+10 [Fermi-LAT Coll.]

Sample of 49 local Sdnchez-Conde+11
galaxy clusters Ackermann+14 [Fermi-LAT Coll.]

Judit Pérez Romero — ICRC 2025 36



DARK MATTER MODELLING

o

d® pas

Charbonnier+12,
Bonnivard+15, Hiitten+18

(E,l.0.s, AQ, z) =|—=[F, z) x| Astrophysical factor | ©CLUMP

d¢ /ﬁ\;

dE dE - °
Oo o https://clumpy.gitlab.io/CLUMPY/
DM-induced y-ray flux from Particle
an astrophysical object Physics Model

Cirelli+12 (EW corrections)

X SM
Annihilation J(l 0.s, ASD, Z / / ‘ dr ) ] X Mzooczoo >3<
AQ Jl.o.s DEarth X

SM

DM density profile
M.

D D(l.o.s, AQ, z :/ / 7“ AT e— 200 _x ..

a2/ ( ) AQ l.o.s ) Do DE rth

Judit Pérez Romero — ICRC 2025
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https://clumpy.gitlab.io/CLUMPY/

CLUSTERS DM MODELLING (I): MAIN HALO

Annihilation

J(l.0.5, A0, z) = /AQ/Z r)dr

DM density profile

D(l.o.s,AQ, z) = /AQ/Z r)dr

Decay

<

(.

State-of-the-art parametrization of the DM in galaxy clusters:
p(r) = & 2
(%) (1+7)

Navarro — Frenk — White (NFW)
Navarro+96, Navarro+97

Assume density profile

Pro)(r) = psm(r) + {Psubs (1) ——
e “Cuspy”-like profile

* To build the DM profile, we assume a concentration-mass

Sdnchez-Conde&Pradal4

2.0

1.5

° MultiDark
o Bolshoi
1.0 o Ishiyama+13
. Moore+01

] Colin+04

A VL=

IS Ishiyama 14
05 o Anderhalden & Diemand 13 — P12

Log;o €200

Diemand+05

Diemand+05 - Mo8

\ -5 0 5 10 15

Logio Mago [ Mp]
38
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CLUSTERS DM MODELLING (Il): SUBSTRUCTURES

* Galaxy clusters are the most massive objects today, large amount of substructure expected

* Inclusion through ppy, using state-of-the-art subhalo models

3
Do) = Pom(7) + (s )(r) v | AN )y (2m) (),
dVdeC to r) i ) ‘ ’ C)

(&

o

O
o
=

o

o

J

Y

* We define benchmark models to encapsulate the uncertainty on the expected substructure population:

No substructure considered m—)

Best guess —)
Educated upper bound —)

Model SRD a c(M)

MIN - = _

M min f sub

MED | VL-II (Diemand+08) | 1.9 | Moliné+17 | 107° M, | 0.18

MAX | Aquarius (Springer+08) | 2.0 | Moliné+17 | 107° M | 0.34

* Will reflect in different levels of contribution to the total J-factor

Judit Pérez Romero — ICRC 2025
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DM ANNIHILATION FLUXES OF THE SAMPLE

Z

0.00 0.02 0.04 0.06 0.08 121 B Annihilation MED
.
MIN 10 -
20 A +  MED
*
- ¢ MAX .
IE " » L 4 a 8
Q 19_ 'S . . %
L AL ., * R 2 6
8 * o %, o ® ® ¢ o
= 1841 *. : *"’s 0"”,0 PN 3+
: * ” * ' L 4 N 4 i
(e} L *x *
174 R T T
p— L] 2 -
‘ ' L o O R
161 : ’ 0- , , l i
0 100 200 300 400 17.0 17.5 18.0 182.5 By 19.0 19.5
d; [Mpc] J (ine) [GeV= cm™]
Cluster z Moy [10™ Mg] | Rago [kpc] | Oago [deg] | logio Jarrn [GeViem ™| log,o Juep [GeViem™] [ logyo Jyrax [GeViem™] | log,o D [GeV cm ™2
Virgo 0.0036 5.60 1700 6.32 18.65 19.74 20.52 20.44
NGC 4636 0.004 0.53 T 2.61 17.63 18.71 19.43 19.33
M49 0.0044 0.46 741 2.26 17.49 18.57 19.28 19.18
A1060-Hydra 0.011 2.97 1376 1.70 17.43 18.51 19.27 19.19
A1656-Coma 0.023 13.16 2260 1.35 17.42 18.46 19.26 19.20
NGC 1399-Fornax | 0.005 0.51 763 2.05 17.41 18.50 19.21 19.11
A3526-Centaurus 0.01 2.27 1258 1.70 17.41 18.49 19.25 19.16
AT54 0.053 25.00 2800 0.75 17.14 18.05 18.86 18.82
NGC 5813 0.0064 0.27 620 1.31 16.96 18.03 18.72 18.62
A3571 0.037 10.90 2123 0.80 16.95 17.97 18.77 18.71

Judit Pérez Romero — ICRC 2025
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TS OF THE BENCHMARK MODELS

35 35
—— A1656-Coma A3667 —— A1656-Coma
4 —-—- A2063 —-—- NGC4636 4 —--- A2063 ..
30— 2256 . Necseae 30 h2256 Individual TS
25 —-— A3526-Centaurus =—— Combined 254 - A3526-Centaurus
A3667
NGC4636
207 NGC5846 ; -
n e * Highest A3526-Centaurus — 7S = 15
137 * A1656-Coma— TS ~10 (Ackermann+17
10 [Fermi Collab.])
5_
0~ — E
10 Combined TS
—— Al656Coma 3 —— A1656-Coma .
A2063 304 ---- A2063 MIN No sig.
A2256 | T~ A2256
A3266 25 —— A3526-Centaurus
- A3526Centaurus 7 A3667 MED 1S =27
A3667 —-—- NGC4636
NGC4636 20+ —— NGC5846
NGC5846 2 Combined MAX 7S=23
Combined 15+
Decay 7“7 107 AN e DECAY 7S=128

102 103 104
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10724

{ov) [em3/s]

10—26

—

T[s

10—25

1025

TS VALUES INTERPRETED AS DM

my [GeV]

Decay 77

"0t

m, [GeV]

" 102

...... dSphs Di Mauro+21
GCE, Di Mauro+21

P |

Illlol T T IIIII:LO2 T T IIIII:[O3

my [GeV]

28.8 10723 5
26.7
24.6
L2255 10724 4
~ -
_ =
2 m
[s))
2048
)
Bad
~
S
163 10725 4
14.2
12.1
10.0 1026
298
27.6
254
b 23.2
3
2108 — 10254
I n ]
LY
&
1881 P
0
16.6
14.4
122
10.0
1024

Decay bb

IIII]i'02 T T T IIII]i03
my [GeV]
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4

2-ALog(L)

TS =

Not compatible with GC excess
Ruled out by dSphs

bb (40 - 60 GeV) "7 (8-20 GeV)

MED 2-4 x 102> cm3s? 8-20 x 1026 cm3st

MAX 4-9 x 1026 cm3s1 1-3x 1026 cm3s?

DECAY 5-8 x 10%* s 8-12 x10%*s

Ruled out by Isotropic y—ray

Background (IGRB) and GC
Blanco&Hooper18, Ando&Ishiwatals, Ackermann+12

[Fermi Collab.]
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NULL HYPOTHESIS FOR TS DISTRIBUTION

Analysis of real data at
BUT ‘
- Ideal knowledge of BKGs M TS distribution described as y2/2 n—) low energies for
Chernoff 54 extended sources
* Build TS distribution using 3100 random blank sky directions 103 = -
. — X1
* Remove directions with |b|<20 deg 1 —— best-fit
* Farther than 2 deg from known sources = T5 Cluster sgmple
* Limited to extension of sources and ROI 10_13
For each ROI, fit MED DM template and bb annihilation for
m,=50 GeV Z 107 3
Noorm (T'S) = 0.22 x (TS)—1.29—0.31log (T'S/2.55) 10_3;
TS =27 for MED ===y p —value = 3.1 x 103mmmp 2 70 .
10~ T
(local) 0 5 10 15 20 25 30

Judit Pérez Romero —
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DM CONSTRAINTS FROM COMBINED CLUSTERS ANALYSIS

The signal is not significant and if interpreted as DM, is not compatible with existing limits

* Annihilation 95% C.L Upper Limits

* Decay 95% C.L Lower Limits

10722; ; 1026

] Thermal —-— bb --- T*T" . ——= bb == TtT"

//// ‘
10_23 /’/,/‘/
e i Decay
L~ ’
./'/ ///
.~ e
10—24 ‘/‘/ -
/"/_ _________ PR b N -~
e 25 | s 1

_ PPt ~ 10 n - ¥
10_25: ’,/’/‘/‘ // \\\\ \-\_\. ///

é’/ 7 I/ \\\\ \~\. /

] AN N\, 4

: / I N N\, /

./ . \\ \. //

10-26 N \ / hS x.

‘\' \\\N ’z’,, \'\.\

MED
10_27 T T 1 T T T T 1 T T 1024 LR | T T T
101 102 103 104 10! 102 103 104
m, [GeV] m, [GeV]
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