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Typical multi-messenger astrophysics challenge
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Typical multi-messenger astrophysics challenge
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Typical multi-messenger astrophysics challenge

original GCN Notice Fri 22 Sep 17 20:55:13 UT

m  refined best-fit direction IC170922A
= |C170922A 50% - area: 0.15 square degrees
IC170922A 90% - area: 0.97 square degrees

10
6.6°

spatial/temporal coincidences
e.g. blazars, tidal disruption events (TDE)

.}
TXS 0506+056.

Declination

™S osos«m
T—

Fermi-LAT Counts/Pixel
Declination
MAGIC significance [o]

TN
S
MAGIC PSF

78.4° 78.0° 77.6° 77.2° 76.8° 76.4°

78.4° 78.0° 77.6° 77.2° 76.8° 76.4°

Right Ascension Right Ascension
a . N
] UVW2 (193 .nm) U (346 nm)
1 + UVM2 (225 nm) t g@464nm) |
~ ¥ UVW1 (260-nm) $ r6s8nm) - 10*
o 1077 + Tane H F <
% ] T : i <
s ] - fa : I ©
+ ; <a
g ] o i, :Q L} 10% 2
~ iy 4 . (] E =
S —12 [ + H £
w107 o ! YN """"'t . LR S B Hi
[} ¢ ‘:. H : + [

-
-

A ST flux at detection

b _0 . ’ " ; Earth e

- 4
;(n E + L ARTR < i3 =~ .
e e o K - observation
g 10_(3; i : §1042 “,
uwe ] t
1 ¢ 0.3-10keV (XRT) i
ot ] % 0.3-10 keV (XMM) : 3 104

T T T T T

0 50 100 150 200
Time since discovery (d)

AM? | M.Klinger | 14.10.2024 5



Typical multi-messenger astrophysics challenge
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Typical multi-messenger astrophysics challenge
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Typical multi-messenger astrophysics challenge
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The task

— in the comoving frame
— homogeneous/isotropic
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The task

— in the comoving frame
— homogeneous/isotropic

injection of

relativistic particles/
target photon fields

AM? | M.Klinger | 14.10.2024

expansion

12



The task

— in the comoving frame
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The task

— in the comoving frame
— homogeneous/isotropic

injection of
relativistic particles/
target photon fields

escape/advection

expansion

— solve transport egs.
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The workflow
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The workflow
Gstimate the coefficients\
Q, E, a (time scales)
based on current state

S of system )
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Estimate the coefficients

¢ e vy n P v /Li at

Injection Qe inj - Q- .inj - Qp.inj - - ~
ESC'rlpe Xe— osc Xt esc Xy esc Uy esc Xp esc Xy esc XYy esc X esc
Synchrotron E. sy EC+’SY y 8Y, Q~,8Y - Epsy — E,sy Ersy
Inverse Compton Ec_,IC Ec+,IC 1, Q10 - Epic - E,.1c Exr1c

Pair annihilation Qe pair Qe+ pair Uy pair — - - - -

Bethe-Heitler Q.- Bu Q.+ BH - - Ep,BH - — —
Photo-pion — — Oy pys Qypy | Wnpys Qnpy | Oppys Qp.py - - Qr,py
Proton-proton — - Q~.pp - E'p,pp - — Qr.pp

Adiabatic/Expansion EC_,ad, Mo oxp EC+,ad, Qe oxp oy exp Ep,ad, Oy exp Ol oxp Xy oxp E#,ad, Qs exp E,,,ad, lor exp
Pion De(:ay - - - - - C}?u,'n dec Q[l.,ﬂ' dec Qg r—dec
Muon Decay Qc_,u dec Qc"‘,u dec B B B QV’N dec Qp,p—dec _

— see appendix of arxiv:2312.13371 for details
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https://arxiv.org/abs/2312.13371

Estimate the coefficients: GRB example
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Estimate the coefficients: GRB example

proton-syn-scenario
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Estimate the coefficients: GRB example

proton-syn-scenario
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Estimate the coefficients: GRB example

proton-syn-scenario

Lot3 t=1000s,B'=31G E . Emax Epe
7
1012 _ U)./.
101 B/
* .

10101 &/ S ‘
100457 0 NN 2\ N, T
1089 /

1074/
| e | 6 _I,
2, 105 adiabatic
= 10° -
1044 free streaming escape
10°1 protons p
102 -
pairs e* >
10%- photons y &
2
100 - <
pions r* S
1071 - . %
10-2 muons U= y y
1073 10° 103 10° 10° 1012 10%° 1018 1021
/
E' [eV] MK++ arXiv:2403.13902

AM? | M.Klinger | 14.10.2024



Estimate the coefficients: GRB example

proton-syn-scenario
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The workflow
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Evolve the particle densities

log T
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const

» log E
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Evolve the particle densities
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Evolve the particle densities

es 1. Skip regime

n>0and e =07 ] ]
2. Sink regime
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Evolve the particle densities

€S 1. Skip regime fast semi-analytic
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Evolve the particle densities
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Fast

» steady state in 1-10 seconds
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computational cost per step

Fast
evolve photon - -

» steady state in 1-10 seconds pass coeff, photon | 1l

calc. coeff. photon A -
evolve pairs | -

¢ Speed Opt|m|zat|0ns pass coeff. pairs | —-rs

calc. coeff. pairs | g
— pre-calculated/tabulated/simplified kernels evolve neutrino 4 T
pass coeff. neutrino —e-
(cut to relevant energy ranges) calc. coeff. neutrino - ~
. evolve muon - T
~40 switches allow to select for relevant processes pass coeff. muon { ——=-
calc. coeff. muon T

monitor computational cost evolve pion 1 -
pass coeff. pion Tt

speed optimized solver calc. coeff. pion - -
evolve neutron A —-

compiled (C++) pass coeff. neutron 1 —
evolve proton - -

adjustable energy grid pass coeff. proton - —-
calc. coeff. proton/neutron - -
photons -> had. grid - >

ol

1072 107! 100 10!
time in ms
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Trackable

» possibility to co-evolve components to track contributions

— which components dominate photon spectra at which energies?
— which neutrinos come from pp/py?
— which processes contribute how much to electrons/positrons?

* no real slow down

» great intuition!
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Trackable
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Trackable

particle SEDs
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Trackable

100 particle SEDs " photon SED
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Trackable
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Trackable — pair annihilation
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Trackable — photo-pion cascade: py - &
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Trackable — photo-pion cascade: py - T - u

particle SEDs
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E?dn/dE [erg/cm?3]

Trackable — photo-pion cascade: py > m — u — e*
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E?dn/dE [erg/cm?3]

Trackable — Bethe-Heitler : py —» pe*e™
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E?dn/dE [erg/cm?3]

Trackable — proton-proton : pp > w > u - e*
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E?dn/dE [erg/cm?3]

Trackable — neutrinos
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Trackable — neutrino flavours
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Now public! arxiv:2312.13371
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ABSTRACT

We present the AM? (“Astrophysical Multi-Messenger Modeling”) software, which has been success-
fully used in the past to simulate the multi-messenger emission, including neutrinos, from active galactic
nuclei, including the blazar sub-class, gamma-ray bursts, and tidal disruption events. AM?® is a doc-
umented state-of-the-art open source software * that efficiently solves the coupled integro-differential
equations for the spectral and temporal evolution of the relevant particle densities (photons, electrons,
positrons, protons, neutrons, pions, muons, and neutrinos). AM? includes all relevant non-thermal
processes (synchrotron, inverse Compton scattering, photon-photon annihilation, proton-proton and
proton-photon pion production, and photo-pair production). The software self-consistently calculates
the full cascade of primary and secondary particles, outperforming simple test-particle approaches, and
allows for non-linear feedback and predictions in the time domain. It also allows to track separately
the contributions of different radiative processes to the overall photon and neutrino spectra, includ-
ing the different hadronic interaction channels. With its efficient hybrid solver combining analytical
and numerical techniques, AM?® combines efficiency and accuracy at a user-adjustable level. We de-
scribe the technical details of the numerical framework and present examples of applications to various
astrophysical environments.

Keywords: numerical methods — neutrino astronomy — gamma-ray astronomy — radiative processes
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https://am3.readthedocs.io/en/latest/

# AM3 documentation

)

Installation
Overview of AM3
List of switches
Simple example

Example 2: Blazar simulation including
external fields

Example 3: Tidal disruption event (TDE)
simulation

Running AM? with Docker

Running AM? with the native C++

@ / Welcome to the AM?® (Astrophysical Multi-Messenger Modeling) Software!  View page source

Welcome to the AM? (Astrophysical Multi-
Messenger Modeling) Software!

Overview

AM? is a software package for simulating lepto-hadronic interactions in astrophysical environments.
It solves the time-dependent partial differential equations for the energy spectra of electrons,
positrons, protons, neutrons, photons, neutrinos as well as charged secondaries (pions and muons),
immersed in an isotropic magnetic field. Crucially, it accounts for the fact that photons and charged
secondaries emitted in electromagnetic and hadronic interactions feed back into the interaction
rates in a time-dependent manner, therefore grasping non-linear effects including electromagnetic
cascades.

AM? is the most computationally efficient among the state-of-the-art multi-messenger simulation
tools (see Cerruti et al 2021). This makes it possible to use AM® to scan vast source parameter scans
and fit the observational data. At the time of its first public release, AM® has been extensively used
in studies of blazars, gamma-ray bursts and tidal disruption events.

With this open-source release, we are making AM? available with all its current features. The solver
consists of a C++ library that can be compiled and deployed directly. Alternatively, we provide
Python users with an interface that allows to compile a shared library exposing all the AM® high-
level functions to Python3. This means you can run simulations with AM® in pure Python without
any loss of efficiency.
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E I. .

https://qgitlab.desy.de/am3/am3

elcome to the AM® (Astrophysical Multi-Messenger Modeling) Software!
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 collaborators welcome!
« C++ AND python3 (same user interface names)

 Docker

AM? | M.Klinger | 14.10.2024 48


mailto:contact-am3@desy.de
https://arxiv.org/abs/2312.13371
https://am3.readthedocs.io/en/latest/
https://gitlab.desy.de/am3/am3

Tested

« Blazars - Gao++17,19; Rodrigues++19,21,24; Fichet de Clairfontaine++23

« TDEs —» Yuan++23,24a/b

 GRB prompt emission —» Rudolph++22,23a/b/c

 GRB afterglows — Klinger++24
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« solve transport equations - time dependent!

« for protons, electrons, photons
+ pions, muons, neutrinos

« Syn, IC, pair-prod., py, pp, Bethe-Heitler, decays,..

AM? | M.Klinger | 14.10.2024 51



Summary
AM:? - public!
« solve transport equations - time dependent!

« for protons, electrons, photons
+ pions, muons, neutrinos

A

o)

Simulation time on single CPU [s]

« Syn, IC, pair-prod., py, pp, Bethe-Heitler, decays,..

« speed optimized (steady state in ~10s)
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« solve transport equations - time dependent!

« for protons, electrons, photons
+ pions, muons, neutrinos

Simulation time on single CPU [s]

« Syn, IC, pair-prod., py, pp, Bethe-Heitler, decays,..

« speed optimized (steady state in ~10s)

« component tracking
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» speed optimized (steady state in ~10s)

« component tracking o]
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« public including documentation!
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Estimating the time scales / source terms

process: a — b (e.g. synchrotron)

convolution radiation kernel convolution radiation kernel

Qa—>b (Eb: t) = fdlnEana(Ea) Ra—>b(Ear Eb) aaﬁb(Ea’ t) = fdlnEbnb (Eb) Ra—>b(Ea» Eb)

process: a + b - ¢ + d (e.g. inverse Compton)

convolution convolution

Qa,b—>c(Ec» t) = f dlnEana(Ea)f dInEyny (Ep) Ra,b—>c(Ea» Ey,E.)

C do b
Ra,b—>C(Ea' Eb) EC) — Ef d,l,l, (1 o ,Lt) dlgcdﬂc (Eai Eb’ EC' ,Ll)
radiation kernel angle average cross section

convolution convolution

A poc(Eq,t) = J dinEcn (Eo) [ dInEyny, (Ep) Rap—c(Eq Ep, E¢)
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