LeHaMoC : A Versatile and Efficient Time-Dependent Lepto-
Hadronic Code for Astrophysical Sources
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Introduction: AGN and Blazars

Credit: ESO/L. Calgada and

M. Kornmesser

AGN: Supermassive black holes at
the center of the galaxies which
produce non-stellar high luminosity
> Characteristics: High energy
emission, accretion disks and jets

radio X-ray gamma-ray VHE

Blazar: Subset of AGN whose

relativistic jet points fowards the

observer

> Characteristics: Extreme
variability, non-thermal radiation,
polarized emission, high energy
flares, doppler boosting effect 1 ¥/ schleicher etal. 2018
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Skymap of high energy neutrino point sources in the Northern Hemisphere
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Skymap of high energy neutrino point sources in the Northern Hemisphere

0 IceCube Collaboration
reported an excess 79
neutrino events
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Y—rays Motivation and aims
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P.Padovani et.al. 2021

> Association between AGN, bright
blazars and HE neutrinos

N kﬁédio eROSITA > Rapid increase in the amount of
multi-wavelength data of these
sources

Underscores the need for efficient
e - computational tools to analyze and
interpret this information

Max Planck Institute for Radio Astronomy
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LeHaMoC-Non thermal processes

Bethe-Heitler
Pair production

YY-> pair production
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The kinetic equation and challenges

* Particles occupy a region (spherical)
* Description of the numerical density of particles in time and energy
through partial differential equations

ON;(E,t N;(E,t
z(‘gt ’ ) fp a(.?E (b(E)NE(Eat)) ¢ i % = Qinj(Ea t) & Qemt(Ea t)
Energy gain-losses  Escape term Injection terms
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Dimitrakoudis et.al 2012



The kinetic equation and LeHaMoC
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Lepto-
Hadronic

Leptonic

LeHaMoC

-~ Versatility and speed advantage
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Comparison with the ATHEVA code (a fime-

dependent one-zone lepto-hadronic code)
Mastichiadis & Kirk 1995; Dimitrakoudis et. al. 2012

Key features of LeHaMoC

- Expansion of the source

v

1613 1618 1623 1628
v[Hz]

- Proton-proton interactions
ptp—ptp+a’
p+p—p+n+m’

p+p—+n+n+2w
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LeHaMoC results-Validation and Comparison

Comparison with the ATHEVA code Analytical model
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LeHaMoC results-Tllustrative Example 1: Blazar SED Fitting

LeHaMoC + emcee — Better understanding of the physics inside the emitting region

3HSP J095507.9+355101
Opt. X-rays y-rays --- Petropoulouetal.(2020) QOpt. X-rays y-rays
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Orange lines: Random sample of 100 points from the posterior distribution.

https://github.com/mariapetro/LeHaMoC 3¢

Stathopoulos et al. , A&A submitted, arXiv:2308.06174



LeHaMoC results-Tllustrative Example 2: NGC 1068 SED Fitting

— Total ~ — e*ICS " Fermi |

Source characteristics — w,+v, —— Disk-Corona ) [ MAGIC
Msmen ~ 1073 Msun — &* Syn B IceCube v, + v,
Rs-6 10 [cm] 104 i . |
Intrinsic X-ray luminosity ~ 10*[erg s]
Opaque in 0.1-10GeV (1,,>1) = R<100R
Conclusions 1043F -
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Stathopoulos et al. , A&A submitted,arXiv:2308.06174 1 O



LeHaMoC: Cosmic-ray acceleration in M87 current sheets (work in progress)

in collaboration with M.Petropoulou, D. Giannios and L.Sironi
Hakobyan et al. 2023

} <\ P |
ﬂecandary e*
svwcnoLro1 ﬂ ?

B~ 100G

secondary synchrotron

(~0.1eV)

accretion flow soft background
radiation ﬁO'ﬂ the disk
(~ 103 ev)

-
4

"/

acceF ratmg Efield
magnetic  (e* accelprated up to ~ 10° mc?)
reconnection
transient currant layer
w ~ 10r,

—_
w
et
-

Zhang H. et al. 2023

10?= T T |||||| T T T TTTTIT T T T |||||| LLE L
E —_— ey : =
C I trrv 1 ]
r tsyna Yh=ma? : 7
10°k — taces M=Mg7, Br=1, Aspin=1 E
: —— ta, R=51y ! 3
c == Hillas Criterion R=5r, : ]
L — | ]
I
10°k I 3
E 1 =
n I .
L 1 .
L I ]
1
104 L
F I 3
b 1 -
L I J
3 | | 1 :
1 1 L1 1 1 1 L1t 1 L1 111k [
ST 10° 1010 1011
Yo

10 12

11



Summary

J LeHaMoC: Versatile and efficient
humerical tool for calculating spectra
for high energy astrophysical sources

J The code's versatility and speed make
it well suited for analyzing GRB,
Blazars and other high-energy sources

Thank you!

https://github.com/mariapetro/LeHaMoC  »!s
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Stathopoulos et al. , A&A submitted, arXiv:2308.06174
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Kelner & Aharonian 2009

Kelner & Aharonian 2008

Kirk & Mastichiadis 1995
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Rybicki & Lightman 1985 \4)
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Parameters Test 1 Test 2 Test 3 Test 4
Ro [cm] 10" 10" 10" 106
By [G] 1 10 10 0.1
Vasle 0 0 0.1 0
Ye.min 1 - 10° 1091
Yamit & F . 10>
g T 100 104 10 10!
Y p.min o 1 = 100'1
Ypooft - 10° : 10°2
Vi - 10° - 107
5e 19 - 2.01 2.01
P - 1.9 - 2.01
Li,""_ lerg s7' 3.1-10% - 0% 37107
Ly lerg s7') . 1.1-10% g 2.8 - 104
Uex lerg s™'] . 3.6-1072 5 ;
emin lerg| . 8.2-1013 - -
e erg] - 82-108 - -
Photon Index - 2 - -

" Particle distribution is modeled as N;(y) =

Ky—,'n‘,-(,-'}"f'}‘;'_ml'r " f()r }’ E yf‘min'
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Introduction to the "emcee” Sampler: Exploring Posterior Distributions with MCMC

The “emcee” sampler is a Python package for
MCMC sampling.

It uses ensemble sampling with multiple walkers T the application we used 48 walkers thai
to explore the parameter space. are propagated 50,000 steps each and

Walkers propose new parameter sets based on dlsc.ar'd the f'r_'ST 5,000 steps of each
current positions, accepting or rejecting based on chain as burn-in.
data likelihood.

Through iterations, walkers converge towards
regions of higher posterior probability.

Samples generated by “emcee” provide estimates
of statistical properties (mean, median, etc.) for
inference and uncertainty quantification.
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LeHaMoC: Cosmic-ray acceleration in M87 current sheets (work in progress)

1V

- BE ol OR Acceleration timescale from 3D PIC:
Reconnection rate from 3D PIC: "'*« ¢ ' dy,.. ¢eE v, eq BJf.
Typical size of current sheets: ben (=10 " dt ~ me > - me s ’"f-"“ﬁimﬂ

In the MAD regime the dimensionless magnetic flux, threading the black hole
horizon takes the maximum value 50:

C MAD
P BH

— ‘PB” ~ Sﬂﬁft‘l'w'M

P~ =
cr M
= . = 1/2 M. e }—1;-’2
I By =101 Wl ) " (g
‘SPBHIT MT”_BDUL : (14 /(1 —ay))? <l
M =1 Mgpp =1 :DED e~ 1057 hMy [g/ 5]
L I"L':'
. . . ON d ) Ngps .
The electron distribution: Hﬂm . (f (":f)i"*’f-ree) L3 IE,;) = Qe,inj0(Y = Yinj)
’ Y Lesc\"Y

Identical power law indexes for electrons and protons in the free phase: 1.

Hillas criterion:

: 1/2 —1/2
HC qBolt 10171 (My)""Rme1 m,

Tt' mas T .
g myc? (1+ my m; 16
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