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Synchrotron spectrum

Briggs et al. 1999
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Synchrotron spectrum:
fast cooling (yc < ym)
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Synchrotron spectrum
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Internal shock model

The jet is assumed to be weakly magnetized at large distance and the prompt emission
is emitted above the photosphere by shock accelerated electrons.

g >r,
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Modeling:

1. dynamics of internal shocks

2. radiative processes in the shocked medium

3. observed spectra and time profiles

Bosnjak, Daigne & Dubus 2009
Daigne, Bosnjak & Dubus 2011
Bosnjak & Daigne 2014
Daigne & Bosnjak 2024
Rudolph, Bosnjak, Palladino, Sadeh, Winter 2022
Rudolph, Petropoulou, Bosnjak, Winter 2023
Rudolph, Petropoulou, Winter, Bosnjak 2023



Internal shock model

Ejection time / Total duration
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Internal shock model

Daigne & Mochkovitch 2000: the simplified approach for dynamics has been confirmed by
comparison with a full hydrodynamical calculation

Single pulse burst (10 s):
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Internal shock model

Physical conditions in the shocked medium: Lorentz factor I'”,

comoving density p*, comoving specific energy density £*
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Dissipated energy Is distributed between protons, electrons (fraction ee) and
magnetic field (fraction «g)



Internal shock model

Physical conditions in the shocked medium: Lorentz factor I'”,

comoving density p*, comoving specific energy density £*
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Internal shock model

Physical conditions in the shocked medium: Lorentz factor I'”,

comoving density p*, comoving specific energy density £*
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Internal shock model

Physical conditions in the shocked medium: Lorentz factor I'”,

comoving density p*, comoving specific energy density £*
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Internal shock model

Physical conditions in the shocked medium: Lorentz factor I'”,

comoving density p*, comoving specific energy density £*
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Internal shock model

Physical conditions in the shocked medium: Lorentz factor I'”,

comoving density p*, comoving specific energy density £*
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Internal shock model
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Internal shock model

SR-0S SR-LS
Strong (engine) ramp-up,

no stochasticity
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Internal shock model

Assumption: instantaneous shock acceleration

Adiabatic cooling timescale: t'ex =R /I™c (comoving frame)
Radiative timescale: t rad

trad << tex high radiative efficiency

Electron and photon distributions evolve strongly with time!

The present version of the code follows the time evolution of the electron density
and the photon density including the following processes:

adiabatic cooling (spherical expansion)

syn chrotron. - Not included:
) * emission from secondary leptons
inverse Compton * IC in optically thick regime (Comptonisation)

synchrotron self-absorption
vy annihilation

dl’”,
syn+ic + dt,

ad )n'(r'e »t')H

an' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' '
PHOTONS: atvv =fn (F e 9t )})Synﬂ'c (r e )dr e_cn an (r e 9t )Uabs (F e ,'V)dr e_cn Vj;'>(mec2)2 n V'(t )GW ('V,'V )d’V
h*v

an'(r, ) = - 0 dr”,
ELECTRONS: A e’ or" (dt'




Radiative processes

Radiation: the time evolution of electrons and photons Iin the comoving
frame Is solved (time-dependent radiative code)
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Radiative processes

Radiation: the time evolution of electrons and photons Iin the comoving
frame Is solved (time-dependent radiative code)
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Radiative processes

Radiation: the time evolution of electrons and photons Iin the comoving
frame Is solved (time-dependent radiative code)
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Radiative processes

Radiation: the time evolution of electrons and photons Iin the comoving
frame Is solved (time-dependent radiative code)
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Radiative processes

Radiation: the time evolution of electrons and photons Iin the comoving
frame Is solved (time-dependent radiative code)
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Radiative processes

Radiation: the time evolution of electrons and photons Iin the comoving
frame Is solved (time-dependent radiative code)
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Radiative processes

Radiation: the time evolution of electrons and photons Iin the comoving
frame Is solved (time-dependent radiative code)
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Radiative processes

Radiation: the time evolution of electrons and photons Iin the comoving
frame Is solved (time-dependent radiative code)
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Internal shock model

Radiation: the time evolution of electrons and photons Iin the comoving
frame Is solved (time-dependent radiative code)
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Internal shock model

Radiation: the time evolution of electrons and photons Iin the comoving
frame Is solved (time-dependent radiative code)
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This calculation is done at all times along the propagation of each shock wave
All the contributions are added together to produce a synthetic gamma-ray burst

(spectrum+lightcurve)



Observed spectra and time profiles

The observed spectra and the light curves are computed from the comoving
emission by integration over equal-arrival time surfaces.
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Observed spectra and time profiles

The observed spectra and the light curves are computed from the comoving
emission by integration over equal-arrival time surfaces.
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Steep low-energy slopes
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Steep low-energy slopes
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Inverse Compton scatterings in Klein-Nishina regime have an impact on the synchrotron slope



Radiative models
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Results: time-resolved spectra and light curves

Case Dynamics Microphysics [Spec. @ max.| Spectro-temporal properties
Ej@CtiOIl Ekin,iso I'(r) r 4 € P Ep,obs a 7./7q a(W(E)) 6 (HIC) x (HIC)
[erg] [keV]
A E = cst 1.00 x 105 smooth 340 [3.00 x 10~ 1/3 25| 731 -1.5 |038 0.29 228 216
3.40 x 1073 270 731  -1.5 {0.39 0.30 2.15 1.97
varying 744 —-1.4 1031 0.28 2.23 1.55
varying 271 744 -14 1030 0.29 2.12 148
4.00 x 107 2.1/ 912 -1.2 [041 0.14 / /
8.80 x 107 231 666 —1.1 046 0.18 / /
B E = cst 1.00 x 105 smooth 340 [1.00 x 103 103 2.5| 642 -1.1 |043 023 / /
1.10 x 1072 271 619 —-1.1 [0.54 0.24 0.97  0.89
1.15% 1072 29| 630 -1.1 [{0.54 0.27 1.23 1.05
1.20 x 1073 3.1 619 —-1.1 [0.54 0.27 1.31 1.07
1.23x 1073 3.3 619 —-1.1 [0.54 0.28 1.32  1.06
varying 679 —-1.1 [0.33 0.24 0.96 0.80
varying 271 679 -1.1 {032 0.27 1.27  0.97
1.50 x 10> 360 | varying 691 —-1.1 [0.37 0.24 / /
1.50 x 10°* 360 | varying 271 679 —-1.1 [0.36 0.26 0.92 0.78
5.85x 10°* sharp 2.00 x 1073 744  —-1.2 [0.68 0.18 / /
5.85 x 10°3 sharp varying 772 -1.1 [0.04 0.25 / /
M = cst 1.85 x 10°* 6.00 x 107 679 —-1.1 [0.75 0.16 0.13  0.17
M = cst 1.85 x 10> varying 630 -1.1 [0.60 0.16 / /
C E = cst 1.00 x 10 smooth 1020(1.00 x 10~ 10! 2.5| 164 —-0.7 {055 0.11 / /

Bosnjak & Daigne 2014



Results: time-resolved spectra and light curves

Photon flux [ph/cm?/s]
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Low-luminosity gamma-ray bursts

B R L 555 5 5 o 5 B S D B B B S D S B D o 5D S B S S D b .
: LL GRBs are fainter about four orders of magnitude ( L = 1049 erg/s) from the commonly:
. observed long GRBs '
: relatively soft ( E, = 100 keV)

not highly beamed (e.g. Soderberg 2006)

low Lorentz factors (I" = 50 ) (e.g. Cano et al. 2017)

: in some cases exhibit substantially longer durations (up to several 103 s)

-----------------------------------------------------------------------------------------------------------------

LL GRBs have been proposed as sources of cosmic rays and neutrinos (e.g. Murase
et al. 2006; 2008, Zhang et al. 2018; Boncioli et al. 2019; Samuelsson et al. 2020):

they are likely to have a much higher event rate in the local universe + heavy nuclei
much easily survive inside the sources due to their lower radiation luminosity

_44__ ||||||||||||| :

| * B Chapman+2007 .
—_ R TR - - ¥ Soderberg+2006 b
2 ML e, Q Lugiaow
ER! b4 o Vandomans2i0 ]
s BE Lt : Their low luminosity limits the detection to a
5 50 ey . distance of ~ 100 Mpc, but LL GRBs are much
= I 3 i .
S sf e ] more common than long GRBs (Liang et al.
z | e -
5 sl o 1 2007).
2 saf _

I - ]

-56 [ ol
46 48 50 52 54

Pescalli et al. 2015
Log(L) [erg/s]



counts /s

Low-luminosity gamma-ray bursts

GRB 980425 GRB100316D GRB120714B

L L | 3 EéATSE L‘AD ; L B 0.1 FT T T T T T
o TV - GRB100316d 1 [ GRB120714b7
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Kaneko et al. 2006

1 I 1 1 1 1 l 1

0 100
t(s) t(s)

Swift BAT archive; swift.gsfc.nasa.gov

Model inputs:

GRB 980425 GRB 100316D GRB 120714B
Observed  E, iso (erg) 1.6 - 104 3.9-10% 5.9-10%
0. Too (s) 35 1300 159
Epeak (keV) 122 30 101
0. z 0.0085 0.059 0.3984
sp-GRB ul-GRB hl-GRB
0. Input Tinitial, max, 40, 10 40, 10 80, 20
Dinitial, min
021 =+ GRB-SP, GRB-HL Lying (ergs™!)  2.5.10% 5.8-10% 3.10%
«  GRB-UL Nehelis 1000 1000 1000
feng (5) 40 1000 130

0.5 1.0

Rinitial/t
initial/teng C Rudolph 2022 Rudolph, Bosnjak, Palladino, Sadeh, Winter 2022


http://swift.gsfc.nasa.gov

vF, [erg cm™2]

vF, [erg cm™2]

Low-luminosity GRBs: results
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Low-luminosity GRBs: results
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Maximal energies of cosmic-ray nuclei

GRB - sp
. I R otpea
The maximal energies are calculated for each Lg1,_Rmine_Ronetpea Rmaxt 1011 photpea
o ¢ c 3 -1 _ -3 |
collision using the simulated photon spectra €8=3x107 | £B=3x107 |
and parameters of the jet evolution. = 1010) N S 101
@) N @)
O o O
—_— ! — Fe —_
S | — Si &
. . . £ | € ]
The acceleration rate is balanced with the W 10% ;| — o[ 10°
energy losses (photo-hadronic cooling, photo- .
108 108

disintegration cooling, synchrotron and 101 165 | 1o'14é o 1075
cm

adiabatic cooling) with NeuCosmA code )

(Biehl et al 2018).

Rphot peak

Iron nuclei (protons) can reach energies up
to = 1011 GeV (100 GeV).

Emax [GeV]

High eg yields higher maximal energies.

-----------------------------------------------------------------------------------------------------------

A LL GRB can either have a leptonic inverse Compton VHE component in the
photon spectrum (for low eg) or accelerate cosmic rays to highest energies

(for high ).

-----------------------------------------------------------------------------------------------------------

Rudolph, Bosnjak, Palladino, Sadeh, Winter 2022
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Rudolph, Petropoulou, ZB, Winter 2023

LeptO-hadrOn IC mOdel Rudolph, Petropoulou, Winter, ZB 2023

AM3 time-rependent code (Gao et al. 2017) following the coupled evolution of
photons, electrons, positrons, muons, pions, p, n, and v

All relevant nonthermal processes included: synchrotron emission, SSA, IC scatterings,
photopair and photopion production, yy-annihilation, adiabatic cooling & escape

Fireball Parameters and Fiducial Microphysics Parameters Used for the Modeling of Two Energetic GRB Prototypes

Parameter Symbol SPgs4 MPgsa s (0tyyr = 1.13 8) MPgsss (0t = 0.11 8)
Number of initial shells N 1000 1297 1297
Engine active time feng 5s 34 34s
Number of collisions Neont 999 1139 1139
Total energy in nonthermal electrons E°Nr 1.3 x 10> erg 3.5 x 10 erg 3.5 x 10°* erg
Average collision radius (Rcon) 1.9 x 10'° cm 2.4 x 10'° cm 2.4 x 10" cm
Overall dissipation efficiency € 7.8% 2.98 % 2.98 %
Power-law index of nonthermal electrons De 2.5 3.0 3.0
Power-law index of nonthermal protons Dp 2.0 2.0 2.0
Minimum Lorentz factor of nonthermal protons ’Y;,min 10 10 10
Relative fraction of energy transferred to thermal particles SfrH/e = €TH /€e 0 0 0
SYN-dominated model
Relative fraction of energy transferred to magnetic field fo/e = €B/€e 1 1 1
Relative fraction of energy transferred to protons Jore = ep/ee {0, 10, 30, 100} {0, 3, 10, 30} {0, 0.3, 1, 3}
Normalization for number fraction of accelerated electrons Coe [107%] 18.7 21.6 119.7
Minimum Lorentz factor of nonthermal electrons Ye. min [10%] 1.2 1.5 0.2
IC-dominated model

Relative fraction of energy transferred to magnetic field JfBje = €B /€e 1073 1073
Relative fraction of energy transferred to protons Jore =6 /€e {0, 10, 30, 100} {0, 3, 10, 30}
Normalization for number fraction of accelerated electrons Coe (1074 33 3.8
Minimum Lorentz factor of nonthermal electrons 72’ min 6.5 8.6

O OE M O N N W W S O M N M M S S M B M B B M M BN M BN M M M M M W W W W W e e e e W ~

Exin,ini = € 'Egiss = € '(EN7 + EpXnr + Es + Eryy
= e 'ENr( + Jfose T Ise T frye)s

o EEEEE S EE ==,
- mEmmm =

fB/e — 6B/ee



Lepto-hadronic model

Rudolph, Petropoulou, ZB, Winter 2023
Rudolph, Petropoulou, Winter, /B 2023

AMS3 time-rependent code (Gao et al. 2017) following the coupled evolution of
photons, electrons, positrons, muons, pions, p, n, and v

[SYN-dominated (Ieptonic)]

=
o
o

0 T. 6 12 18
Tobs [S]

GBM LAT

--= total
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. . _
102 102 106 1010 1014
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[ SYN-dominated (fye = 30))

--=- photons total
—-= p total
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Lepto-hadronic model

Rudolph, Petropoulou, ZB, Winter 2023
Rudolph, Petropoulou, Winter, /B 2023

AMS3 time-rependent code (Gao et al. 2017) following the coupled evolution of

photons, electrons, positrons, muons, pions, p, n, and v

SPes4 SYN-dominated

GBM LAT —-:= neutrinos
-4 | P .
— 10 ; ;o
T | ;o\
{ 0'.. . g \
107> / / N, \
1 .: o“ / / E \ )
. ; . L4 N\

------ leptonic
If — foe=10

For the chosen baryonic loading,
the SYN emission of secondary
pairs from yy annihilation follows

I/

Ne' < ye 3 distribution

— a pbroad flat spectrum
dominating over all other hadronic-
related contributions.

The injection rate of pairs from

yy annihilation is high, because of
the high luminosity of VHE photons.
These photons are mainly produced
from 70 decays!



TeV observations: GRB 221009A

First GRB seen by an

extensive air shower detector
(LHAASO collaboration, Science 2023)

"-U)
TeV light curve: a rise to peak E
o
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c
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5
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6
1x10° - - —— KW G2 (80-320 keV)
KW Z (16.5-22 MeV), x75
8x10° - —— ART-XC, X35
j:’ 6x10° [
©
€ 4x10°
>
o
o 5
2x10" - J‘J{ |
0 — : ' : : 1 : 1
%\ 3000 -~ —— -
< 2000 —— -
[} +
Y1000 F —e— —o— _
0 | ——t | | |
'f e e —o— o
2k ~ -
3k _._'_._ B _
210 220 230 | 240 | 250 | 260 | 270

T-T, (s)

280

800

600

400

200

Frederiks et al. 2023: Konus-WIND and ART-XC (4- 30 keV) observations

First time detection of the
afterglow onset?
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I'ini for R17

Lepto-hadronic model: GRB 221009A

Rudolph, Petropoulou, ZB, Winter 2023
Rudolph, Petropoulou, Winter, ZB 2023

Multi-messenger model for the prompt emission of GRB 221009A: the varying physical
conditions in the outflow and the UHECR feedback on both the photon and neutrino emissions

taken into account.
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GRB prompt emission from the synchrotron radiation of relativistic electrons
in a decaying magnetic field

» Motivation

The theoretically predicted synchrotron spectrum leads to a slope F, ¢ v-1/2 below 100 keV, which is in
contradiction to the much harder spectra observed during the prompt GRB emission.

Sari, Piran & Narayan 1998

’

ve,0 VYm 1 Synchrotron
) ! spectrum:
-2/3\ 312 + fast cooling

N

<

density

photon flux

I‘;c,O rm
: i ).
electron LF

I'm: minimum Lorentz factor at injection

frequency

I'c0: radiative timescale = dynamical timescale

A possible solution proposed by Daigne et al. 2011; Beniamini & Piran 2013: in the marginally fast cooling
regime (I'co = (0.1 - 1) I'n, ), where the cooling break is very close to the peak frequency, the intermediate

portion of the spectrum (slope = -3/2) disappears and the slope -2/3 is recovered (still with a high radiative
efficiency)

trad () tayn’ trad (I'm) I LR R RN .

“~ - -



GRB prompt emission from the synchrotron radiation of relativistic electrons
in a decaying magnetic field

> Motivation
Marginally fast cooling can naturally emerge if electrons are radiating in a magnetic

field decaying on a timescale tg’,

-----------------------------------------------------------------

----------------------------------------------------------------

— electrons having y = I', will still experience a magnetic field B’ and the peak +

high-enegy part of the synchrotron spectrum will not be affected

— electrons with Lorentz factors I'co < y < I', will lose their energy more slowly than
expected because they will encounter a lower magnetic field when they start to travel
outside the initial acceleration site. The cooling break will increase to:

Ve = Vo (t'dyn/ t'B) 2

This allows to naturally tend towards the marginally fast cooling regime, even when
I'co/I'm << 1.The radiative efficiency will remain high as long as t'sy, (I'm) << t'g

so the final condition becomes:

-----------------------------------

’

----------------------------------



Radiative models

Radiating electrons probe the magnetic

field on >> scale than in the PIC simulations

A hierarchy of scales: t'sce (Fm) < t'rag (Fm) < tdyn, but - when they are in fast cooling - on
o a much smaller scale than the
> the magnetic field may decay on a length scale much shorter (magneto-) hydrodynamical scale.

than the shocked region scale t'qyn (e.g. Keshet et al. 2009).
Prompt emission models: Pe'er & Zhang 2006; Derishev 2007; Zhao et al. 2014;

Uhm & Zhang 2014; Geng et al. 2018 (much larger scales for B’ decay)

Afterglow modelling: Gruzinov 2001; Rossi & Rees 2003: Lemoine 2013
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Radiative model: exponential decay of the magnetic field

> The magnetic field decay:: B'(t) = Bo' et/t’

Electrons radiate efficiently only

above an effective Lorentz factor:

rc,eff = FC,O (t,dyn /t,B)

which leads to an increase of the
cooling break frequency by a

factor (tayn'/ts")?

For an extreme decay, we expect
a slow cooling spectrum even for

Fm > FC,O
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Summary

Internal shock model combining dynamical simualtions that follow the physical
conditions (LF, density and energy density) in the shocked regions, and a time-dependent
radiative code to compute the emission from shock-accelerated electrons and protons,

including the most relevant processes can successfully reproduce many features of
the prompt GRB emission.

We modelled low-luminosity GRBs, and investigated the effect of hadronic processes
on the energetic GRBs observed by LAT. The low-energy spectral slopes may serve
as indicator for the baryonic loading.

When the characteristic decay length of the magnetic field (B oc et/tg’) is significantly
shorter than the dynamical scale (tg'/t4,n” ~ 0.01, 0.001) , the low energy prompt GRB

synchrotron spectrum becomes significantly harder. The regime of marginally fast cooling
is naturally achieved.



The emitted spectrum in the comoving frame
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Spectral evolution in the internal shock model: steep low energy slopes
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: Case B: a single pulse burst with a low magnetic field. The main spectral peak:
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Photon flux [ph/cm?/s]

irEffect of a decaying magnetic field in the internal shock model:
5 reference case B with tg/tayn = 10-3.
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