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Astrophysical explosions
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Astrophysical outflows
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Astrophysical outflows
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Astrophysical outflows
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Astrophysical outflows

aware of outflow

. PhD Defence | Marc Klinger

outflow
faster than
speed of information
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Astrophysical outflows
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Astrophysical outflows

aware of outflow aware of outflow
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Astrophysical shocks shine too
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gamma-ray bursts (GRBs)
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Gamma-ray bursts (GRBs)

Observational picture

DESY. PhD Defence | Marc Klinger
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Gamma-ray bursts (GRBs)

Observational picture

« flashes of X/y-rays isotropically
distributed on sky

2. Fermi-LAT GRB Catalogue
[Ajello et al. Apd 878 52 (2019)]

DESY. PhD Defence | Marc Klinger 18



adapted from MAGIC Collab. Nature 575 (2019)

Gamma-ray bursts (GRBs) "} | GRB190114C
105 - ’{h | GBM (10-1,000 keV)
Observational picture aj . | MCAL (0.4-100 MeV)
M@q | LAT (0.1-1 GeV)
» flashes of X/y-rays isotropically 10517\ BAT
distributed on sky ~ \ =22=250 keX)
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« complex prompt phase and f?'E 10-8; E 1-10 keV)
smooth afterglow in the light curve O '
E ol | -+ XMM-Newton
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r i 1K
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Gamma-ray bursts (GRBs)

Kouveliotou et al. ApJ 413 (1993)

Observational picture . BATSE 4B Catalog

- flashes of X/y-rays isotropically
distributed on sky ) 60

 complex prompt phase and
smooth afterglow in the light curve
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.
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* duration: long vs. short
- 1x short - merger of 2 neutron stars

- many Iong % supernovae E ].]]“.”I L lll.ll“.J 1 ||]1||JI | l]l]ll]l L_11
0.00 0.0 0. 1, 0. 100, 000,
Tog [s]

duration

IIJIIIIIII]IIII

long
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Gamma-ray bursts (GRBs) ‘Modelling” paper
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Gamma-ray bursts (GRBs) ‘Modelling” paper
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Gamma-ray bursts (GRBs)

Observational picture

« flashes of X/y-rays isotropically
distributed on sky

My PhD:
e complex prompt phase and
smooth afterglow in the light curve Interpretation of the observed

power-law energy spectra of
the afterglows of long GRBs
with TeV detection

« duration: long vs. short
- 1x short - merger of 2 neutron stars
- many long — supernovae

 power-law energy spectra

* recently detected up to TeV y-rays

DESY. PhD Defence | Marc Klinger 23



Publications

1. |“Fitting MAGIC”|— Klinger et al. MNRAS 520 (2023)

2. |"Fitting LHAASO”|— Klinger et al. MNRAS 529L (2024)

3. ["AM?3”| = Klinger et al. ApJS 275 4 (2024)

4. |"Modelling”| — Klinger et al. subm. to ApJ (2024) [arXiv:2403.13902]

DESY. PhD Defence | Marc Klinger
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Long GRBs

massive, rotating star

images: DESY, Science Communication Lab

. PhD Defence | Marc Klinger
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Long GRBs

core collapse

images: DESY, Science Communication Lab

. PhD Defence | Marc Klinger

Lorentz factors up to few 100
~ quasi-isotropic outflow
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Long GRBs

core collapse

images: DESY, Science Communication Lab

DESY. PhD Defence | Marc Klinger
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Long GRBs

core collapse

images: DESY, Science Communication Lab

DESY. PhD Defence | Marc Klinger

outflow = blast wave
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Long GRBs

core collapse

images: DESY, Science Communication Lab

DESY. PhD Defence | Marc Klinger

outflow = blast wave

afterglow = radiation from
blast wave behind shock
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Long GRBs

7 afterglow = radiation from
blast wave behind shock

1

compressed into
pancake shape

Piran Rev. Mod. Phys. 76, 1143 (2005)

DESY. PhD Defence | Marc Klinger 30

core collapse
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Long GRB afterglow shocks shine

‘ﬁ

e >

o —

relativistic outflow
— relativistic shock

. PhD Defence | Marc Klinger

observations

— power-law

spectra
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Long GRB afterglow shocks shine
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relativistic outflow observations
— relativistic shock — power-law
spectra
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New observational
new tests of

window at TeV
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Long GRB afterglow shocks shine
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Long GRB afterglow shocks shine
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Long GRB afterglow shocks shine
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Long GRB afterglow shocks shine
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Energy conversion at the shock
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outflow

in this frame
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Energy conversion at the shock

//0 downstream @
Z Pa—

in this frame
(moving with the shock)

. PhD Defence | Marc Klinger

upstream

h
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Energy conversion at the shock

//0 downstream @
Z <« palq

. PhD Defence | Marc Klinger

upstream

— [, @

Kinetic energy/
ram pressure

u — 12 2
Pram — I‘u Pul

with p, = nym,,
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Energy conversion at the shock

//0 downstream @ upstream @
Z — ﬁd Fd — Fu

heat (isotropic)

slower outflow (anisotropic)

Kinetic energy/
ram pressure

u — 12 2
Pram — I‘u Pul

S
G z

. PhD Defence | Marc Klinger 40
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Energy conversion at the shock

//O downstream @ upstream @
Z — ﬁd Fd — Fu

heat (isotropic)

slower outflow (anisotropic)
Kinetic energy/
ram pressure

turbulent magnetic fields
Pram = F&puc2

< >
with p, = nymy,c?
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Energy conversion at the shock

//O downstream @ upstream @
Z — ﬁd Fd — Fu

heat (isotropic)

slower outflow (anisotropic)
Kinetic energy/
ram pressure

turbulent magnetic fields

u — 12 2
Pram — I‘u Pul

2

non-thermal particles Px

with p, = nymyc¢

. PhD Defence | Marc Klinger 42



Long GRB afterglow shocks shine
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Electron spectrum

=

continuous injection

DESY. PhD Defence | Marc Klinger

energy losses
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Electron spectrum

dne —Sii
< E Y
dE.dt €

=

>
E'nin Eénax log E,
continuous injection energy losses
— power-law
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Electron spectrum

dn, o ESini o
dE,dt ¢ 0g 74 radiation
T N\ adiabatic
+ \ expansion
> >
Etnin Eénax log E, log E,
continuous injection energy losses

DESY. PhD Defence | Marc Klinger



Electron spectrum

dne S
o< E,~"
deE,dt ¢

>
Emin  Eg™ log E,

continuous injection

DESY. PhD Defence | Marc Klinger

E&@ log E,
energy losses
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Electron spectrum

dn, P
< E Y
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\ +
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Emin  E&® log E, E"** log E,
continuous injection energy losses

$

steady-state

dN, dN,
dEe dEedt

DESY. PhD Defence | Marc Klinger
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Long GRB afterglow shocks shine
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Mapping to photon spectrum

" by ChatGPT

indirect observation through

SSC goggles!

invisible

DESY. PhD Defence | Marc Klinger 50



Mapping to photon spectrum

dN, synchrotron
dE,

Ee

A

electrons

invisible
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Mapping to photon spectrum

dN, synchrotron inverse Compton
dE,

Ee

A

electrons

invisible

DESY. PhD Defence | Marc Klinger 52



Mapping to photon spectrum

" by ChatGPT

indirect observation through

SSC goggles!

invisible
synchrotron self-Compton

DESY. PhD Defence | Marc Klinger 53



Mapping to photon spectrum

10>

] X-ray VHE
107° -
— 10_7 7 .
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Long GRB afterglow shocks shine
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Long GRB afterglow shocks shine
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time
dependent
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steady-state approximation?
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spectrum
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Steady-state approximation?

— solve set of coupled transport equations like

at"“li — Q + aE(Enl) — an; for species i

N

depend in general on E, t, n;

particle number density
2
i

oE oV

Tli(E, t) =

DESY. PhD Defence | Marc Klinger
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Steady-state approximation?

— solve set of coupled transport equations like

at"}i — Q + aE(Enl) — an; for species i

N

depend in general on E, t, n;

particle number density

2N.
i

oF oV — | developed a framework to perform
time-dependent modelling of GRB afterglows

Tli(E, t) =

DESY. PhD Defence | Marc Klinger 58



AM:? software  Astrophysical Multi-Messenger Modeling n

* improved™ original version of former group members

* major contributions to the publication team-effort

—

*co-implemented pp-interactions, made solver algorithm faster and more robust

“AM3” paper

DESY. PhD Defence | Marc Klinger

https://qitlab.desy.de/am3/am3
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https://gitlab.desy.de/am3/am3

AM:? software  Astrophysical Multi-Messenger Modeling ﬁ

* improved® original version of former group members

* major contributions to the publication team-effort

—

 AM? solves transport equations

— lepto-hadronic interactions
— fast, trackable, FAIR™ trendsetter
— applied to other source types

*co-implemented pp-interactions, made solver algorithm faster and more robust
**findable, accessible, interoperable, reusable

“AM3” paper

DESY. PhD Defence | Marc Klinger

https://gitlab.desy.de/am3/am3
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Time-dependent = quasi-steady state

“Modelling” paper

t=1000s, z=0.1 SSC-scenario

_5 —
10 X_ray VHE

EFe [erg/(cm?2s)]
o

10712 - Method:
1013 steady-state — accurate up tq a(_l_) factors
10-14 - - — — only good for intuition!
. ¢« == == {ime-depenaen
/
10_15 I T T T T — ' ' I ' ' I ' ' I ' ' T ' ! 1
103 10° 103 10° 10° 1012 101> 1018
E [eV]

DESY. PhD Defence | Marc Klinger
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Long GRB afterglow shocks shine
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Time-dependent quasi-steady state j
p q y “Modelling” paper &w)

. t=1000s,z=0.1 SSC-scenario
Y4ld vy (EBL,CMB)

Method:
= Stegdy-state
== == time-dependent

EFEe [erg/(cm?s)]

1073 10° 103 10° 10° 1012 101> 1018

' E [eV] '
typically absorbed during propagation

DESY. PhD Defence | Marc Klinger 63



Do the observations show the
two bumps of the 1-zone SSC model?



Observations

“Modelling” paper
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Observations

“Modelling” paper
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E [eV]

Swift satellite

data from:
MAGIC Nature 575 (2019)
Swift+Fermi ApJ 890 (2020)
MK++ MNRAS 520 (2023)
H.E.S.S. Science 372 (2021)
Zhang++ ApJL 956 (2023)
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MK++ MNRAS 529L (2024)
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Observations

106

“Modelling” paper

Fermi satellite
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Observations very-high energy
VHE (E, > 0.1 TeV)
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Observations

“Modelling” paper
106
i GRB 190114C
£ 1077
g
> -8 V
o 10
- 110-180s
L _
oy 107°
'NG' 10-10 GRB 190829A
£ ?
a 10—11_5
| - ]
212
L|L_u 10 -
W 1
10—13
10-6 | 0.34-0.4ks GRB 221009A
iy 1
?E 10—7-5 0.91-0.96ks
S 10- 3
@ ] 3.9-4.5ks A6k
L,"'_" 10_9-5 P
W _ 21.6-22.1ks
10—10—5 21.1-23.4ks

DESY. PhD Defence | Marc Klinger

E [eV]

102 103 104 10° 10° 107 108 10° 10° 10! 102 1013

- MAGIC

— H.E.S.S.

- LHAASO

Wy
jb o
single power-law

component up to TeV
energies?

69



SSC and ideas beyond

observations: o dust - Rary
something
close to

L:r /
) 103 10° 103 106 10°
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total

EFe [erg/(cm?2s)]
o

DESY. PhD Defence | Marc Klinger
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SSC and ideas beyond

107° - photoe
10—7 -
10—8 -
10—9 .
10—10 N
10711 4
10—12 .
10713 -
10—14 .

° SSC 10-15

LT 1073 100 103 106 10° 1012 101° 1018
i E [eV]

I— P .
\ t=1000s, z= 0.1, Exin iso = 4 X 10%3erg Extended-syn-scenario

total

observations:
something
close to

EFe [erg/(cm?2s)]

1073 1 d
y ust vy (EBL,CMB)
/ 1076 + photoel.

1077 1
1078 1
1079
1010 4
10-11
10-12
10-13

10-14 4

10—15
1073 109 103 106 10° 1012 1015 1018 1021

E [eV]

— faster than Bohm acceleration: n<k1 — needs careful justification!
e.g. Kumar++ MNRAS 427 (2012) , Khangulyan++ APJ 947 (2021), Huang++ APJ 925 (2022), Groslj++ ApJL 963 L44 (2024)

EFe [erg/(cm?2s)]

Extended syn

DESY. PhD Defence | Marc Klinger 7



Observations

statistical
preference for
- o e single component!
£
éiz H.E.S.S. Science 372 (2021) S>HESS.
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Observations

97.9-114.8ks

EFe [erg/cm?s]
= = =
2 2 3
5 =2 5

i
s
i
TN
o
N
- AN
SU)

GRB 190829A

10—13 ]

DESY. PhD Defence | Marc Klinger

statistical
preference for
single component!

W > X

— H.E.S.S.

Klein-Nishina
softening
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Observations

EFe [erg/cm?s]
= = =
2 2 3

l—l
o
©

GRB 190114C

“Fitting MAGIC” paper

DESY. PhD Defence | Marc Klinger
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MAGIC GRB 190114C “Fitting MAGIC” paper

67.71-110s 110-180s components of SSC
107° 3 m== SSC == SSC —== synchrotron
&= syn.only &= syn.only | | e inv. Compton

energy flux EFg [erg/cm?2s]

------
an
a®
-
L
*
“
.

Nal
XRT BAT BGO LAT . MAGIC

103 104 10° 10° 10/ 108 10° 101 10!t 10%?
energy E [eV]

— combined counts-level fit — statistical test of preference?

DESY. PhD Defence | Marc Klinger 75
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MAGIC GRB 190114C — preference for a 2. component?

Bayes factor for new component “Fitting MAGIC” paper
time after BAT trigger: 67.71-110s 110-180s

2 default 1 —— . —

_‘|C=) LAT time shift -5% A : . —

3 without LAT - = |- -

S floating norms 15% - — . —

'q':) without XRT - ﬁ‘ = % . \'ﬂ\ H %ﬁ\

Q- 5 4 3 2 -1 0 1 2 3 4 -5-4-3-2-10 1 2 3 4 5
10910(Zssc/Zsyn) l0910(Zssc/Zsyn)

— XRT/cross calibration drives new component!

no stable preference for either scenario!
— different from claim by MAGIC collaboration [MAGIC Nature 575 (2019)]

DESY. PhD Defence | Marc Klinger 76



GRB afterglow observations up to TeV energies

m 107 ~ GRB 190114C

% 1077 ?

210 “Fitting MAGIC” paper - MAGIC

L' 109 — inconclusive on syn vs. SSC

DESY. PhD Defence | Marc Klinger 77



GRB afterglow observations up to TeV energies

T T e LT D
O LHAASO Collab.
5 — Science 380 (2023)
5 -——AASO
" 171 =t PP
U] Flttlng LHAASO:J
W 013

E [eV]

DESY. PhD Defence | Marc Klinger
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LHAASO GRB 221009A

— power law with yr.yv = 2.2

— No softening

up to at least 10 TeV

(note z = 0.15 — EBL abs. > few TeV)

10°®

E?dN/dE (ergs cm? s
(e}

10—10

GRB 221009A

—®&— 230-300s: Intrinsic

—— 300-900s: Intrinsic

230-300s: Observed

300-900s: Observed

10—6_; e 0.34-0.4ks femlelelerlmialeaalnd)
_ 0.34-0.35ks Wi
¥ 1077 0.91-0.96ks %1 LHAASO Collab.
. 0.68-0.73ks | Science 380 (2023)
o 10_83 S
9 ] 3.9-45ks ,, =
W 1079 P el
W I 21.6-22.1ks
107105 21.1-23.4ks

DESY. PhD Defence | Marc Klinger

102 103 104 10° 10° 107 108 10° 10° 10! 102 1013

E [eV]
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LHAASO GRB 221009A

— power law with yroy = 2.2

— No softening up to at least 10 TeV

109 Klein-Nishina
(note z = 0.15 - EBL abs. > few TeV) .
softening
— in tension with SSC 0710
10_11 1 ] L1 1111 1 1 Ly gaaal
10—6_. ey 0.34-0.4ks GeEemmdttad 10_1 1E TeV 10
_ 0.34-0.35ks ' nergy (TeV)
,sé’ 10774 0.91-0.96k5'"—'------.....,_ O LHAASO Collab.
S : 0.68-0.73ks | Science 380 (2023)
O 10784 o T
Q ; 3.9-4.5ks | AT
W 10794 p— =T
w 21.6-22.1ks
10—10-g 21.1-23.4ks

102 103 104 10° 106 107 10%® 10° 10%° 10! 1012 1013
E [eV]
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107
G R B 22 1 0 O 9A B== best fit with 1o-band
------ ED
[syn only (Nic = 0)) absorbed S
? ,9? o L
LHAASO B o

( ) &
L
o
2 "
3 (SSC (Nic > 0))
= 107° |
>
2
9]
C
L

100 100 108 1

10 107  10%  10° 10 10U 1012
Ar energy [eV]

10-6] e 0.34-0.4ks GRB 221009A| | 9fter LHAASO (> 2 kS)Z

0.34-0.35ks - -
1o—7.; 0.91-0.06Ks e ......(?f?f_o_:gks . b . ht t GRB 4 | t |
r : 0.68-0.73ks 0.9-2N. I'Ig es N ga dcCliC p ane

o2 — problematic backgrounds (XRT, LAT)!
Fitting LHAASQO*

H Paper * power-law with spectral index y = 2.2
102 10° 10* 10° 1 2

E [eV] > consistent with LHAASO
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Observational summary

107°

EFe [erg/cm?s]

EFe [erg/cm?s]

— GRB 190114C
g0 e ?
> | P Ll R
Sue| T ﬂ | 5 MAGIC: A
Tl — inconclusive on syn vs. SSC
4w 10
Lo-10] GRB 190829A
E O Wk i v
10114 | I i AL LLLLL LLLLLLLY [T PPN pypun Sy
................................................................... % HIEISISII >
10_12'5 —
é 97.9-114.8ks |
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10—6_: ,,,,, e 0.34-0.4ks GRB 221009A preference aga st SSC
] 0.34-0.35ks
) I R e e —
107 0.91-0.96ks
10—8_; / T .
e N S LHAASO: R ? X
1 e ]
o] PLEP21ks B e N — in tension with SSC
10 3 21.1-23.4ks
102 103 104 10° 10° 107 108 10° 10%° 10!! 10!2 1013
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Observational summary

— data does
not favor

1-zone SSC
model

PhD Defence | Marc Klinger




SSC and ideas beyond advantages: limitations:

observations: SSC bright Klein-Nishina suppression
something

close to

DESY. PhD Defence | Marc Klinger 84



Observational summary

— data favors
single power-law



SSC and ideas beyond advantages: limitations:

observations: SSC bright Klein-Nishina suppression
something

close to

< Extended syn S{r‘ﬁ’;te n <« 1 (super Bohm)
\ .
" \ |

DESY. PhD Defence | Marc Klinger 86



SSC and ideas beyond advantages: limitations:

observations: SSC bright Klein-Nishina suppression
something O(\%
2\

I t
close to 6\60 o
Extended syn  gmpie 1 <« 1 (super Bohm)

— additional radiation channels!

electrons — systematic exploration needed!
+ protons

==l | “Modelling” paper

DESY. PhD Defence | Marc Klinger 87



Systematic parameter scan — selection

“Modelling” paper

1077 -
10781
10721
1010 1
1011 -
1012 -
1013 -
1014 -

EFe [erg/cm?s]

10—15

EFr = const

103 100

DESY. PhD Defence | Marc Klinger

| 103

B
E [eV]

| 1612'

| 1015

parameter set

.
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Systematic parameter scan — selection

10—14_

10—15

“Modelling” paper

Ve

robust data

N

X-ray

VHE
EFEr = const

NS AN

103 100

DESY. PhD Defence | Marc Klinger

| 163 |

105 10 102 10%

E [eV]



Systematic parameter scan — selection

“Modelling” paper

X-ray VHE

EFg = const m— = = = —
| selection criterion: |

I contained in box

10—3' | 100' | 163 - 1'06' | 1(')9' '1612' '1015
E [eV]
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SSC and ideas beyond advantages: limitations:

observations: SSC bright Klein-Nishina suppression
something 2
\(O
close to @)
bright
‘&; ﬂ Extended syn Sﬂ'ﬁme n < 1 (super Bohm)
| —
N ,ﬁ | \ Proton syn
electrons i ”
+ protons

9
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Proton synchrotron scenario

“Modelling” paper

A
105 t=1000s, z=0.1, Exn iso =4 X 10°°erg Proton-syn-scenario (,)

; dust X-ray VHE vy (EBL,CMB)
107° - photoel. r| 50 [cm™3
— 10_7- 2
— primary e protons n| 10
~n 1078 - e eg | 1071
= B
G 1077 —45
= e | 107
S 10—10 -
G 10711 - | 107 )Y
E_. 10-12 Etnin| 10%°
Ly 10—13 n 1
1014 Sinj 2
10—15
103 100 103 10° 10° 1012 101° 1018 102!

E [eV]

— fine-tuned exponential cut-off
see also: Isravel et al. ApJ 955 (2023), Cao et al. Sci. Adv. 9 (2023)
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Proton synchrotron scenario

“Modelling” paper

A
105 t=1000s, z=0.1, Exn iso =4 X 10°°erg Proton-syn-scenario (,)

dust X-ray VHE vy (EBL,CMB)
107° + photoel. r| 50 |cm™3
— 10_7 7 2
T e primary e protons n| 10
N 10 7 = " € 10—1
= B
(@) 10_9 . —
R € [1074>
S 10719 1 -3 | eV
T 10-11 - neutrinos € | 10
E—' 1012 4 Ei‘;'” 10190
10—13 |
1014 4 Sinj| 2
10—15 ‘ -
10~3 100 103 10° 10° 1012 1013 1018 1021

E [eV]

— fine-tuned exponential cut-off
see also: Isravel et al. ApJ 955 (2023), Cao et al. Sci. Adv. 9 (2023)
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SSC and ideas beyond

observations:

: S
something \(00
close to \GC’

%)

W=

electrons
+ protons

DESY. PhD Defence | Marc Klinger

ﬁ SSC
\ﬂ\ Extended syn
ﬁ Proton syn
ﬂ pp-cascade

advantages:

bright

bright
simple

bright

limitations:

Klein-Nishina suppression

n < 1 (super Bohm)

exponential cut-off
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pp-cascade scenario

“Modelling” paper

A
10-5 t=1000s, z=0.1, Eyn iso = 9 X 10°3erg pp-cascade-scenario (,)

dust vy (EBL,CMB)
—6

107° - photoel. r| 23 |em™3
— 10771 n | 103
0 -8 _
NE 10 £p 10—45
(@) 10_9 n 65
= . ~-10 €e |10
o 10 . - v
O 10-11 4 . pp casc. & | 10 e
= primary € neutrinos E | 1090
Lt" 10_12 - min
L ~13 n 3

10 .

10714 - ‘ py casc. Sinj | 2.1

10—15 _ : | . . (Sh

10~3 100 103 106 10° 1012 10%° 1018 1021

> pp o T DYy
— inefficient, but flat VHE component (> 10TeV)
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SSC and ideas beyond

observgtions: : SSC
something o0
close to \60\( |
%)
ﬂ Extended syn

ﬁ Proton syn

N
ﬂ pp-cascade
electrons |
ﬁ py-cascade

+ protons

DESY. PhD Defence | Marc Klinger

advantages:

bright

bright
simple

bright

extends
to >10TeV

limitations:

Klein-Nishina suppression

n < 1 (super Bohm)

exponential cut-off

inefficient
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py-cascade scenario

“Modelling” paper

71N
105 t=1000s, z=0.1, Eyn iso = 4 X 10°erg py-cascade-scenario (’)

; GllSes X-ray VHE vy (EBL,CMB)
—~6 -3
10_7 photoel. primary e ) neutrinos r 50 |cm
— 1077 - — PY casc. e=* n 103
n -8 _
NE 10 &EB 10_5
G 1077 ~45
S 10719 - 0 | eV
G 10711 - | 10
E-‘ 1012 - Ei‘;'” 1019 ’
10—13
10—14 / Sinj 2
10—15 X
10~3 100 103 106 10° 1012 1013 1018 1021

+ + + Elev]
S Py OS> Ut et -y

— extreme energy + density requirements
see also: Sahu et al. ApJ 929 70 (2022)
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SSC and ideas beyond

ﬁ SSC
ﬂ Extended syn
ﬁ Proton syn
ﬂ pp-cascade
% py-cascade

observations:
something O(\e’

I
close to 6\6

<

electrons
+ protons

advantages:

bright

bright
simple

bright

extends
to >10TeV

bright

limitations:

Klein-Nishina suppression

n < 1 (super Bohm)

exponential cut-off

inefficient

extreme energy + density

DESY. PhD Defence | Marc Kinger — NO scenario really convincing — multizone? o8



Summary

 Long GRB afterglows allow us to study the properties of relativistic shocks as

multi-messenger fireworks

* | developed a framework for time-dependent modelling of GRB afterglows

— publication of AM® — | “AM3” paper

— steady-state approximation is only good for intuition

» | performed model comparison at the counts-level

— GRB 190114C: inconclusive on 3” VS ik -

— GRB 221009A: with a single decaying component above x-rays —

“Fitting MAGIC” paper

‘Fitting LHAASQO” paper

» | systematically explored lepto-hadronic 1-zone scenarios which reproduce

extended flat power-law spectra -

“Modelling” paper

— SSC, Extended syn, Proton syn, pp-cascade, py-cascade — no convincing 1-zone scenario

DESY. PhD Defence | Marc Klinger
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