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Motivation

High-energy diffuse fluxes are comparable
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CRs, neutrinos and gamma rays have common origin?
Single class of astrophysical sources can produce them?
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MHD Simulations of Galaxy Clusters hosting AGN

MHD simulation provides the background environment of galaxy clusters across redshift

MHD SLOW simulation: cross identified
local galaxy clusters within 500 Mpc density (g/cm?)
Dolag et al. 2023 s10er0a g 2%
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SLOW Sim.: Magnetic-field, Gas density, Bremsstrahlung radiation

Background photo fields: CMB, EBL, and Radio background CR trajectories inside a Cluster

thick line = 106 eV
thin line = 1017 eV

Monte-Carlo code: CRPropa3
Cosmic Ray Propagation
(Hadronic and leptonic)

Interactions: photohadronic,
photonuclear, hadronuclear, and
electromagnetic cascade

Low energy (<10!7eV) CRs: Diffusive

High Energy (> 10'7eV) CRs:
Semi-diffusive or Ballistic

M~ 105 M,

Computationally very expensive: Tackled with Al/ML . .
MHD + Monte Carlo simulations

Hussain et al. Nat. Commun.
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Gamm rays and neutrino from individual clusters
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Parameters:
Index=2.0-2.5

Epax = 1016 — 1017 eV
XCR - ECR/ Ethermal =0.01
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Galaxy Clusters (GC):
within 500 Mpc & M > 10 Mg,

GC contribution to diffuse
Gamma-ray background is limited

GC contribution to diffuse
Neutrino background is comparable
with the IceCube upper limits
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High Energy Multi-messengers

101

—— v: cluster —— CR: proton < Fermi-LAT
---- Y: cosmogenic Auger H+ HAWC
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Perseus like source
within 100 Mpc

Spectral index 2.3 &
Emax =1el7 eV
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Future Observations — CTASouth  mEE y:0.5%Lc | CASA-MIA
2 —— CTA-North Bl v:0.1%Lc
10 ——- LHAASO -4 Fermi-LAT
----- HAWC -+ HAWC-DGRB

Comparing with sensitivities
Of gamma-ray observatories
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Multi-Messenger Testing: Facilities like POEMMA can determine if cluster-center
AGNs generate detectable high-energy gamma-ray and neutrino signatures.
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Thanks

Saqib Hussain (sagib.hussain@ung.si)



Galaxy cluster

A3667 (SPT-CL J2012-5649) z=0.0556
Gamma-ray detection by Fermi-LAT with high
significance

Focusing this source
Distinguishing between central source
Outskirt admission.

A3667

z=0.0556

R200

0.00001 0.00003  0.00006 0.00013 0.00027  0.00055 0.00111 0.00223 0.00446

Extremely long gas filament discovered in X-rays
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leptonic
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Gamma-ray cascading
through extragalatic medium

Fermi Telescope

\ atmospheric cascade



Currently Working...........

CURRENT STATE OF THE FIELD THIS PROJECT

Fragmented approaches with limited predictive power A unified predictive framework

BNS / NSBH mergers

Fragmented modelling £ /\ <
bifisrntcommwiliasandhosls X Lack of a unified u t/ )  Observationally motivated ==

studying separate aspects. physical picture. = merger systems.
¥
Single-messenger focus / t Relativistk.: outflows
0 o @ Most studies consider one messenger X Limited connection .é’ iﬁ?{;;’;‘:jgrgﬁsc;:;%x:'&

at a time (y-rays, neutrinos or cosmic rays). between messengers.

A 4 /
Event-by-event studies » Bow) ‘J. Particle acceleration [ O

i ; J Shocks, magnetic fields,
Focus on individual mergers X No l";kt.to COSTIC s o’ tiibulance.
(e.g., GW170817). Ropuations. 3 Unified,
5 — Fo Monte Carlo transport + Al predlctlw.a
oo = Large t.he'oretlcal uncertafmtles % Degeneracies lead to Particle transport, radiation, understanding
a °00 y Magnetic fields, ba.ryo‘n loading, Portrionis Al-assisted parameter exploration. of high-energy
jet structure and viewing angle i ; L 2 .
are poorly constrained Interpretations: Multi 5 L cosmic
0 o @ ultimessenger signals messengers
y-rays, neutrinos and cosmic rays.
2 Limited predictive power 3 Difficult toidssess ¥ from compact-
" II Uncertain forecasts for current detectability and Population synthesis — Predictions object mergers
and future observatories. guide observations. : o ; ) Observationally motivated populations =
- and forecasts for current & future facilities.
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@ This project will connect relativistic outflows, particle acceleration and multimessenger emission to merger populations,
delivering robust predictions for the high-energy universe and guiding current and next-generation observatories.

Actively seeking postdoctoral opportunities and collaborative projects in multimessenger astronomy.
Email: saqgib.hussain@ung.si
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