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high-energy multimessenger landscape

Alves Batista et al. Front. Astron. Space. Sci. 6 (2019) 23. arXiv:1903.06714
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photopion production
P+Yog > p+mt

P+ Ybg = N+ 10" (similar for nuclei)

Bethe-Heitler pair production

nucleus(A,Z) + Yog = nucleus(A,”Z) + e~ + et

photodisintegration

nucleus(A, Z) + Ybg = nucleus(A-1,Z) + n

nucleus(A,Z) + Ybg = nucleus(A-1,Z-1) + p

nucleus(A,Z) + Yog — ...

nuclear decays

nucleus(A,Z) = nucleus(A-4,Z-2) + a

nucleus(A,Z) = nucleus(A,Z+1) + e- + ve
nucleus(A,Z) = nucleus(A,Z-1) + e*+ v,
nucleus(A,2)* = nucleus(A,Z) +y

nucleus-nucleus interactions

p+p ..+l + 1+t
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the multimessenger link: particle interactions and acceleration

particle acceleration

_________________________________ photopion production ~ decays
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nuclel TSVt
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nucleus(A, Z) + Yog = nucleus(A-1,Z-1) +p . .
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nucleus(A,Z) + Yog — ...
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neutrinos nucleus(A,Z) = nucleus(A,Z1) +e*+ve jnpverse Compton scattering
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photonuclear
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high-energy emission by galaxy clusters: particle acceleration
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high-energy emission by galaxy clusters: particle acceleration
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high-energy emission by galaxy clusters: particle acceleration
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high-energy emission by galaxy clusters: particle acceleration

1 km 1 AU 1 pc 1Kkpc Hubble horizon
1014 | | | ] | ]
-]
107 i
L- L1 kG
-1 G
10~ I
galaxy
clusters 1 uG
10_14 L1 nG
100 10° 1010 1015 1020 105
Robj [M]

shock acceleration

neutrino and gamma-ray

-

emission?

/

embedded cosmic
accelerators

Rafael Alves Batista | CRPropa Workshop | September 15, 2022 | Neutrinos and gamma rays from galaxy clusters



propagation of CRs in the intracluster medium
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Alves Batista, de Gouveia Dal Pino, Dolag, Hussain. Proceedings IAU 2018 FM8. arXiv:1811.03062
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Alves Batista, de Gouveia Dal Pino, Dolag, Hussain. Proceedings IAU 2018 FM8. arXiv:1811.03062
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cosmological MHD simulations
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Hussain, Alves Batista, de Gouveia Dal Pino, Dolag. MNRAS 507 (2021) 1762. arXiv:2101.07702
Hussain, Alves Batista, de Gouveia Dal Pino, Dolag. arXiv:2203.01260
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statistical properties of the galaxy clusters

10‘5§
107, —
_ 10—’
5 1078
(V)
S 107°
2 1010} —— M~ 105 M,
| ~ 1014 M,
— z=0.01 10_11§' I Z~1013 Z@
1.00¢ — z=0.9 Rciuster LKpC]
| — z=1.5 _
50.75- — z=5.0 10_5;_
< — 2z2=<5.0 1
S 0.50} -
0 10
(o]
0.25] i Q
‘ A ‘ @ 10-7
0.00} © s |
07 10 107 10 107
Mcluster [MG] 1012 10]_3 1014 1015

M cluster [M 0 ]

Rafael Alves Batista | CRPropa Workshop | September 15, 2022 | Neutrinos and gamma rays from galaxy clusters



statistical properties of the galaxy clusters

Hussain, Alves Batista, de Gouveia Dal Pino, Dolag. MNRAS 507 (2021) 1762. arXiv:2101.07702 10_55
Hussain, Alves Batista, de Gouveia Dal Pino, Dolag. arXiv:2203.01260 :
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the photon field in clusters
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neutrinos from individual clusters

Hussain, Alves Batista, de Gouveia Dal Pino, Dolag. MNRAS 507 (2021) 1762. arXiv:2101.07702
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the diffuse neutrino flux due to galaxy clusters

— total (this work) —-=- 10 Mgy <M < 10% Mg — total (this work) —--—- 10 Mgy <M < 10 Mg
o T M total (Fang & Olinto)  —.— 1012 My <M < 101* M o e total (Fang & Olinto) —.— 1022 M, <M <10 M,
W 10 [ e M > 10" M, 4 IceCube HESE (2015) L 10 [ e M > 1015 M, 4 IceCube HESE (2015)
0 - A _
T T
0 n
~ 1078 ~ 1078}
I | :
& &
O O
%) 1072 %) 109
Uy iy
S y S
= 1010 AR — 1010
N | a=1.5 AV N
Ly | 471 g Ly | ' ,~
. Emax=50 PeV L . Emax=scaled L J
— R .' _ I k. | R . — R _ _ I~y .
10 104 10+3 1014 10+° 10* 10/ 10 104 1043 1014 10+° 10+° 10*
E [eV] E [eV]
Iy 2/3 B G
B —78% 108 cluster cluster oV
max 1015M 10~ G

11 Rafael Alves Batista | CRPropa Workshop | September 15, 2022 | Neutrinos and gamma rays from galaxy clusters



the diffuse neutrino flux due to galaxy clusters

Hussain, Alves Batista, de Gouveia Dal Pino, Dolag. MNRAS 507 (2021) 1762. arXiv:2101.07702
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the diffuse neutrino flux due to galaxy clusters

-----------------------------------------
P

Hussain, Alves Batista, de Gouveia Dal Pino, Dolag. MNRAS 507 (2021) 1762. arXiv:2101.07702 ,
Fang and Olinto. Astrophys. J. 828 (2016) 37. arXiv:1607.00380 ' Hussain et al. 2021
Zandanel, Tamborra, Gabici, Ando. Astron. Astrophys. 578 (2015) A32. arXiv:1410.8697 :

' embedded source

Interactions: pp + py + EM
® IceCube 2022 (clusters) .~ Hussain et al. 2021 S a =[1.5,2.7]

- lceCube 2022 (diffuse) Fang and Olinto 2016 Ermax = [5, 500] PeV

Zandanel et al. 2015 source evolution = AGN, SFR, none
"‘ LCR = [0005,005] Ltot

) ] 4
-----------------------------------------

Fang and Olinto 2016

embedded source + accretion shocks

Interactions: pp
\ a =[1.5,2.0]
max = 50 PeV
Lcr = [0.005, 0.02] Liot

3 :
101013 014 e 1016 1017 1018 Zandanel et al. 2015
E [ev] faccretlo.n shocks
interactions: pp
a =[1.5,2.4]

B=0.5puG,1.0 uG,>> Bcms
LCR = [OOZ Ltot
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the diffuse neutrino flux due to galaxy clusters

-----------------------------------------
'

Hussain, Alves Batista, de Gouveia Dal Pino, Dolag. MNRAS 507 (2021) 1762. arXiv:2101.07702 ,
Fang and Olinto. Astrophys. J. 828 (2016) 37. arXiv:1607.00380 ' Hussain et al. 2021
Zandanel, Tamborra, Gabici, Ando. Astron. Astrophys. 578 (2015) A32. arXiv:1410.8697 :

' embedded source

Interactions: pp + py + EM
® IceCube 2022 (clusters) .~ Hussain et al. 2021 S a =[1.5,2.7]

- lceCube 2022 (diffuse) Fang and Olinto 2016 nax = [5, 500] PeV

Zandanel et al. 2015 source evolution = AGN, SFR, none
"‘ LCR = [0005,005] Ltot

) ] 4
-----------------------------------------

embedded source + accretion shocks

Interactions: pp
\ a =[1.5,2.0]
Emax = 50 PeV
Lcr = [0.005, 0.02] Liot

) N

3 |
101013 1(514 10'15 1016 1017 1018 Zandanel et al. 2015
E [ev] accretion shocks
B interactions: pp
clusters could account for up to 100% of the neutrino flux a =[1.5,24]
. . B=0.5 UG, 1.0 UG, >> Bcme
(depending on the choice of parameters) Lk = [0.02 Lio
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gamma rays from individual clusters
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gamma rays from individual clusters

Hussain, Alves Batista, de Gouveia Dal Pino, Dolag. arXiv:2203.01260
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the diffuse gamma-ray flux due to galaxy clusters
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the diffuse gamma-ray flux due to galaxy clusters

Hussain, Alves Batista, de Gouveia Dal Pino, Dolag. arXiv:2203.01260
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neutrinos and gamma rays from galaxy clusters: summary

contribution from clusters of galaxies to the DGRB and DvB
remain uncertain but may be sizeable
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