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AM:3 and Lepto-Hadronic
Gamma-ray Burst Afterglow
Spectra up to TeV Energies

where? — GRB afterglow

how? — relativistic shock,
but how exactly?
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AM:3 and Lepto-Hadronic
Gamma-ray Burst Afterglow
Spectra up to TeV Energies

mechanism? A

— focus of this talk
radiation w
*photons
non-thermal P

neutrinos

ions & electrons )
cosmic rays
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AM:3 and Lepto-Hadronic
Gamma-ray Burst Afterglow
Spectra up to TeV Energies

new constraining TeV spectral
iInstrument response (— GeV)

detection

fluxat gopservation
Earth
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AM:3 and Lepto-Hadronic
Gamma-ray Burst Afterglow
Spectra up to TeV Energies

new tests of

new constraining TeV spectra!
iInstrument response (— GeV)
acceleration radiation propagation detection

. —
particle & non-thermal Photons fluxat  gpservation

: neutrinos
energy  jons & electrons cosmic ravs Earth
eserv0|r (cosmic rays) y
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GRB afterglows detected at VHE!
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very early (~100s)

very close (z~0.08)

very bright (BOAT)
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GRB afterglows detected at VHE!

MK++ ApJ 977 (2024)

GRB 190114C
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GRB afterglows detected at VHE!

MK++ ApJ 977 (2024)

GRB 190114C

- MK++ MNRAS 520 (2023) - MAGIC

* Flat power-law spectra
extending up to >TeV
« Single component?
H.E.S.S. Science 372 (2021) —-H.E.SS. - No preference at
counts-level
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GRB afterglows detected at VHE!

MK++ ApJ 977 (2024)

GRB 190114C

- MK++ MNRAS 520 (2023) - MAGIC

Flat power-law spectra

extending up to >TeV

Single component?

H.E.S.S. Science 372 (2021) —-HESS. ° No preference at
counts-level

 How to interpret this?
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Long GRBs

core collapse

images: DESY, Science Communication Lab
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Lorentz factors up to few 100
~ quasi-isotropic outflow
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images: DESY, Science Communication Lab
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Long GRBs

core collapse

outflow = blast wave
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images: DESY, Science Communication Lab
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Long GRBs

core collapse

outflow = blast wave
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afterglow = radiation from
blast wave behind shock
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Long GRBs

7 afterglow = radiation from
blast wave behind shock

1

compressed into
images: DESY, Science Communication Lab pa n Ca ke S h a pe

i Piran Rev. Mod. Phys. 76, 1143 (2005)
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Pancake dynamics

energy conservation:
— sweeping up
— slowing down

power-law deceleration
(Blandford&McKee 1976)

— T(tgns) 100 (

M. Klinger-Plaisier, 26.02.2025, AM* & GRB afterglows
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Energy conversion at the shock

in shock rest frame

y downstream H
’ ,\ o0 0
S ekl

shock

heat (isotropic)
slower outflow (anisotropicv)k

turbulent magnetic fields (e5) € _

Kinetic energy/

non-thermal particles /

(power law: Sinj Emin: Emax, Ee/p) Ex =

& .
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upstream
" N

—T, =

ram pressure

u 172 2
Pram — Fu PuC

2

with p, = nymy,c
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Astrophysical Multi-Messenger Modeling (AM3)

— 1 homogeneous, isotropic fluid cell
— solve comoving transport equations for speciesi € [p,n, e, m, u,v,y]

.n; = Q + dg(En;) — an;

/ depend in general on E, t, n; A

particle number density

0%N;
(B0 =55y
x]

UA M. Klinger-Plaisier, 26.02.2025, AM* & GRB afterglows 20




AM:3 workflow

4 i ) s N
Coeefﬁggﬁﬁg tQh % o —_— evolve particle densities n;
(time scales) in time for small step

N\ J

based on current state
of system
_ y Y

&
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AM:3 workflow
-

~

estimate the
coefficients Q,E, a

(time scales)
based on current state

of system
N / Y,

]
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Estimate the coefficients

¢ e vy n P v y,i at

Injection Qe inj - Q2+ inj - Qp.inj - - —
ESC'rlpe Xe— osc Kot esc Xy esc Uy esc Xp esc Xy esc XYy esc X esc
Synchrotron E.'C—’SY EC+,SY . 8Y, Qv,8Y - Epsy = E,.sy Ersy
Inverse Compton Ec_,IC Ec+,IC 1, Q10 - Epic = E,.1c Exr1c

Pair annihilation Qe pair Qe+ pair (try pair — — - - -

Bethe-Heitler Q.- Bu Q.+ BH - - Ep,BH - — —
Photo-pion - - Oy pys Qyipy | Qnpys Qnipy | Wppys Qpopry - — Q. 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‘rr,ad, lor exp
Pion De(:ay - - - - - (21/,1r dec C\?[L,ﬂ' dec Qg r—dec
Muon Deca’y Qc_,u dec Qc+,u dec B B B CQV,H dec Xy, p—dec _

— see appendix of Klinger et al. 2024 ApJS 275 4 for details

&

UvA
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https://iopscience.iop.org/article/10.3847/1538-4365/ad725c

GRB afterglow example

proton-syn-scenario
t=1000s,B'=31G .
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GRB afterglow example

proton-syn-scenario
t=1000s,B'=31G

1013 7
12 _ .
1011 é)'/
1001 &/
10104 &/
10°15/
1084 /
1074/
r— 6 _,
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\I—' 105 |
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— Including photons



GRB afterglow example

proton-syn-scenario
t=1000s,B'=31G

1013 7
1012 _ U)./
101 B/
.
10104 &/
10°15/
1089 /
1074/
— 6 _,
2, 105 adiabatic
= 10° 7
1044 free streaming escape
10°1 protons p
102 -
Lot pairs e*
100 photons y
10—1 |
10_2 T T T T T T T T T T T T T T T T T T T T T T T T
1073 10° 103 10° 10° 1012 10%° 1018 1021

E'[eV] MK++ ApJ 977 (2024)
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same n

— including protons



GRB afterglow example

proton-syn-scenario
t=1000s,B'=31G

1013 -
1012 _ U)./
1011 B/
Ly
10104 &/
10°15/
1089 /
1074/
o : :
© 10°7 adiabatic — including muons
b 10%7 , and pions from
1044 free streaming escape
103 cascade
protons p
102 -
pairs e* >
10% - S
100 1 photons y D G
l1o-14 pions n* \5‘%
10-2 muons U~ p y
1073 109 103 10° 10° 1012 10%° 1018 1021
/
E'[eV] MK-++ ApJ 977 (2024)
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GRB afterglow example

proton-syn-scenario
t=1000s,B'=31G

1013 7
1012 _ U)./
1014 5/
.
10104 &/
10°15/
1089 /
1074/
— 6 _,
2, 105 adiabatic
= 10° 7
1044 free streaming escape
10°1 protons p
102 -
pairs e* >
10% - Sy
photons y <
100 - <
pions 1+ S
1071 Z
10_2 |mu'on'S uli T T T T T T T T T T *.!‘. T - T T T T T T T
1073 10° 103 10° 10° 1012 10%° 1018 1021
E' [eV]
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MK++ ApJ 977 (2024)

— effect on (quasi)
steady state < Q Xtyin



AM:3 workflow

fast solver combining
— tridiagonal matrix method
— semi-analytical approximations

-

~

evolve particle densities n;

&

In time for small step

J

— see Klinger et al. 2024 ApJS 275 4 for details (or my talk from last year)

M. Klinger-Plaisier, 26.02.2025, AM* & GRB afterglows
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Particle Densities — AM3 is trackable

comoving particle SEDs -
. gp comoving photon SED
100
1072 10-2 -
104 - 104 4
106 _ 106 -
m
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5 7] 5 |
5 o
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Trackable

N comoving particle SEDs comoving photon SED
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E2dn/dE [erg/cm?3]

10—14 4

10—16 .
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UvA
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10—12 4

Trackable

comoving particle SEDs
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100

l 1021

E?dn/dE [erg/cm3]

comoving photon SED

100
1072 1 syn.+IC
1074 -

10—6 4
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10—20
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Trackable

comoving particle SEDs

100

1072

1074 H

10°°

10-8

10—10

10—12
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UvA
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comoving photon SED
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Trackable - pair annihilation

comoving particle SEDs

100

protons

10—2 .

4
1071 electrons

1076 - pair annihilation cascade

10—8 4

10—10 4

10—12 .
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1020 T T T
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. 10,18 "

I 1621

E%dn/dE [erg/cm?]

100

comoving photon SED

10—2 |
10—4 |

10—6 |

=
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10—14 |
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=

N

1
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10720

primary e protons

pair annihilation cascade
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Trackable - photo-pion cascade: py -

N comoving particle SEDs comoving photon SED
0
protons 10
1072 10-2 4 i
_ primary e protons
1071 104 - neutral
_ electrons _ pion decay
107° 1 1076~
m
M g 10-8
§ 107 S _
o ]
3 . 10 — 1071047,
: 1077 A Wy ]
RS S
= S 107124
D 10712 O
(o] o 4
W W o1a -
» 10 charged pion
w0 Lo16 ] syn+IC
10716 1
10—18_
-18 | ]
10 10—20 — l/. ———
1073 10° 103 10  10° 10%2 105 108 102
—20 T T T T T T T T T T T T T T T T 1
0 103 10° 10° 1012 101 1018 102 E [eV]

E [eV]
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Trackable - photo-pion cascade: py - m - u

comoving particle SEDs

100
protons

10—2 .

4
1071 electrons
10—6 _
1078

10—10 4

10—12 .
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10—16 .

10—18 4

1020 T T T
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E [eV]

X
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I 1621
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comoving photon SED

100
Llo-2.

10—8 .

10—10 .
_!

10—12 ]
10—14 i
10—16 i

10—18 i

muon y
syn+lC 2 /

primary e

protons

neutral
pion decay

AW /
/7 /

10—20

1073

'/' |/" ' T ' ! T '/. ! T ' ! T ! ! T ! ! T ! T
100 103 106 109 1012 1015 1018 102!
E [eV]

36



Trackable - photo-pion cascade: py > m - u — e*

movin icle SED :
. comoving particle SEDs comoving photon SED
0
protons 10
1072 10-2 4 i
_ primary e protons
1071 electrons 107+ Reyitral
_ . pion decay
1076 1075 1
_ pions e
'E 10781 O 1078-
g 108 IS) ]
S , 5 .
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2 2
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Trackable - Bethe-Heitler : py —» peTe™

comoving particle SEDs

100

10—2 .

1074 A
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10—10 4
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comoving photon SED
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Trackable - proton-proton : pp > m - u - e*

N comoving particle SEDs comoving photon SED
0
protons 10
1072 102 - i
primary e protons
1074 10-4 - neutral
| electrons . pion decay
107° 10764 -
m
— & .
e 10-8- < 107°1
o O l
IS @ 10 |,/
2 10710 - |
= S 10724 #
,32310—12— S | pp 21T > U — e
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Which scenarios fit GRB afterglow observations?

MK++ ApJ 977 (2024)

GRB 190114C

| e L MAGIC

=
9
o
©

EFe [erg/cm?s]  EF, [erg/cm?s]

10-10 GRB 190829A
15.4-28.4ks v e,
10—11
% HIEISISI | \
107+ ‘
97.9-114.8ks j
1013 - & 7
10-6 = 0.34-0.4ks GRB 221009A
— ,
?E 107 0.91-0.96ks
o 108
W10 P
w : 21.6-22.1ks
10—10-5 21.1-23.4ks

102 103 10* 10° 105 107 108 10° 10° 10! 102 103

x E [eV]
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Systematic parameter scan - selection

MK++ ApJ 977 (2024)

10—7_
10—8_

EFr = const

m2s]

10721
< 107104
1011 -
1012 -
1013 -
1014 -
1015

EFe [erg
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1073 100 103

106 10°

E [eV]

| 1612'

| 1015

parameter set
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Systematic parameter scan - selection

MK++ ApJ 977 (2024)

robust data

v "\

10—7_
10—8_

X-ray

VHE
EFEr = const

m2s]

10721
< 107104
1011 -
1012 -
1013 -
1014 -
1015

EFe [erg

RN BN
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E [eV]

42



Systematic parameter scan - selection

MK++ ApJ 977 (2024)

10—7_
10—8_

EFr = const

m2s]

10721
< 107104
1011 -
1012 -
1013 -
1014 -
1015

EFe [erg

VHE

r———1

M. Klinger-Plaisier, 26.02.2025, AM* & GRB afterglows

1073 100 103

106 10°

E [eV]

| 1612'

| 1015

| selection criterion: |

contained in box
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Systematic parameter scan

MK++ ApJ 977 (2024)

— spectral index

1078

1079
10—10 "
10111
10—12 o
1013
10-14 -

10_15 X 3 T ) X T ' T T T T T T T T T T
10~ 10° 103 10° 10° 1012 10*°
E [eV]

EFe [erg/cm?s]
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Synchrotron-Self Compton (5SC) Scenario

MK++ ApJ 977 (2024)
Lo-5 t=1000s, z= 0.1, Ei,iso = 4 X 10°°erg SSC-scenario L )

dust
107° - photoel. r | 50

— 107 | n 1 |ecm™3
wn -8
~N 10 (\\ EB 10~4
5 1079 &
8 . Ee 10—15
~ 10—10 -
S & | o
2 10—11 -
10712 Efnin| 107 | eV
Wy 10—13 n 1

10_14 Sinj 2.3

10—15

103 109 103 10° 10° 1012 101> 1018 1021

E [eV]
o — Klein-Nishina suppression at VHE: 1) softening, 2) fine-tuned energy density

UA M. Klinger-Plaisier, 26.02.2025, AM®* & GRB afterglows 45



Extended Synchrotron Scenario

EFe [erg/(cm?s)]

M. Klinger-Plaisier, 26.02.2025, AM?* & GRB afterglows

10>

MK++ ApJ 977 (2024)
t=1000s, z=0.1, Eyin iso = 4 X 10°3erg Extended-syn-scenario L )

10—6 -
10—7 -
10—8 -
10—9 -

dust
photoel.

1073 100

I 50
n 1 |ecm™3
eg | 1073
€. 101>
Ep 0
e [10105] ev
n | 10~4
Sinj 2
103 10° 10° 1012 101> 1018 1021

E [eV]

n «< 1 (extremely fast acceleration) — effective multi-zone parameter?

— e.g., Khangulyan++ APJ 947 (2021) 46



Proton Synchrotron Scenario

MK++ ApJ 977 (2024)
: t=1000s, z=0.1, Eyin iso = 4 X 10°°erg Proton-syn-scenario & )

EFe [erg/(cm?2s)]

10~ Bl X-ray vy (EBL,CMB)
107° - photoel. r | s0
1077 - primary e protons n | 102 |em™
1078 A = eg | 1071
1072 - . |10-45
10-10 -
10711 - p | 1077
10-12 Eloin| 1090 [ eV
10-13 n 1
10-14 Sinj | 2
10-15 4— A
103 10° 103 10° 10° 1012 101> 1018 1021
E [eV]
— fine-tuned exponential cut-off see also: Isravel et al. ApJ 955 (2023),

M. Klinger-Plaisier, 26.02.2025, AM® & GRB afterglows Cao et al. Sci. Adv. 9 (2023) 47



Proton-Proton Cascade Scenario

MK++ ApJ 977 (2024)
10-5 t=1000s, z=0.1, Exin iso = 9 X 10°3erg pp-cascade-scenario L )

e dust vy (EBL,CMB)
107" 1 photoel. r | 23
— 1077 1 n 103 |cm™3
0 -8
NE 10 £p 10—4.5
G 10774 =615
— € |10
S 10710 - -
CILJ 1011 - . p% CascC. Ep 10
E L0-12 prlmarye [alio[I® Loutrinos E'. | 1090 |ev
Ly ~13 n 3
107> ~
10714 - H pail py casc. Sinj | 2.1
10—15 _ : | . . S
1073 10° 103 10° 10° 1012 101> 1018 1021
E [eV]
. — pp-interactions inefficient!
¥
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Proton-Photon Cascade Scenario

EFe [erg/(cm?2s)]

MK++ ApJ 977 (2024) ’A)
t=1000s, z=0.1, Eyin iso = 4 X 10°°erg py-cascade-scenario ‘)
107 dust  BEEN VAE vy (EBL,CMB)
107° - photoel. oHimbryle T r | 50
10~/ - — PY Casc. e* - 103 |cm™3
107891 R S gg | 107>
oo e [10°
10-11 - & | 10°
10-12 4 E...| 10°> |ev
10-13 n 1
10-14 ¥ Sinj 2
10—15 _
103 10° 103 10° 10° 1012 101> 1018 1041
E [eV]

— extreme energy + density requirements
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Large energy requirements of 10°”erg?

massive star collapse
—>accreted mass M =~ 10M,

— &rin = 10% converted to kinetic energy of outflow
— Iinto cone with opening angle 6 = 3°

= Exinjiso & 10°7erg (1011\\44@) (E;i;) (%0)2

— extreme, but not crazy!

]

UA M. Klinger-Plaisier, 26.02.2025, AM* & GRB afterglows



Scenarios

obsewgtlons: : 33C
something o0
close to QO\(

oN

Extended syn

\

Proton syn

pp-cascade

py-cascade

X
x]
M. Klinger-Plaisier, 26.02.2025, AM®* & GRB afterglows

advantages:

bright

bright
simple

bright

extends
to >10TeV

bright

limitations:

Klein-Nishina suppression

n < 1 (super Bohm)

exponential cut-off

inefficient

extreme energy + density

91



Scenarios

observations:

: S
e
@
Q‘: /

D 5
H®)

]

UvA

9
9
9
9
‘9

S M. Klinger-Plaisier, 26.02.2025, AM®* & GRB afterglows

— NO scenario really
convincing
— multi-zone?
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GRB afterglows to
power UHECRSs?

UHECRSs: E, > 10'%eV
— p-Syn, py-cascade

total energy?

— assume all UHECRSs powered by
GRB afterglows of same type

— atrate ~1 Gpc™3 yr~1

— total required power; ~1053 —2

Gpc3yr

— required energy per GRB:

EUHECRiso = 105387"g ~ gescfbolngkin,iso

— compatible with powering the
UHECRs

M. Klinger-Plaisier, 26.02.2025, AM* & GRB afterglows
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GRB afterglows to N Neutrmos?MK R
power UHECRs? R Sy |

10_3—5 "EErEn l__l_l__—l ______ .- !

"T‘_' IceCube
UHECRS Ep > 1018€V LE) ] (6= —23°)IceC(2gb:e(—)§)en2'
— p-syn, py-cascade 2 .
total energy? % 10-5-
— assume all UHECRs powered by S e,
GRB afterglows of same type g t
— at rate ~1 Gpc ™3 yr~1 3 107] I MO Vel
— total required power: ~1053 — = REOESIRG,
Gpciyr % 10_8'5 Proton-syn scenario
— required energy per GRB: i |
<

1071 pp-cascade scenario

EUHECR,iso ~ 10 erg = Eescfbolngkin,iso _
— compatible with powering the 10-10.

13l l “””I14I I H”“I15I I '”mll6l I .......17. I ”””I18I I ””“I19I a¢ 20
UHECRS 10 10 10 10 10 10 10 10
E, [eV]

rough estimate (tXE Fg) against optimistic scenarios
M. Klinger-Plaisier, 26.02.2025, AM* & GRB afterglows o4




https://am3.readthedocs.io/en/latest/ E"“ .HEl

Ta ke H O m e contact-am3@desy.de

AM?: astrophysical multi-messenger modelling [] v R
—[)faSt, mOdUIar, C++/Pyth0n, documented https://qitlab.desy.de/am3/am3
—> public: Klinger et al. ApJS 275 4 (2024)

//\\
AN
_’2)

New GRB afterglow MWL spectra up to TeV energies
—> challenge single zone models

—>even when including lepto-hadronic scenarios
« consistent with UHECR limits, low neutrino fluences

—time to depart towards multizone
—> Klinger et al. Apd 977 2 (2024)
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https://gitlab.desy.de/am3/am3

https://am3.readthedocs.io/en/latest/ E"“ .HEl

Ta ke H O m e contact-am3@desy.de

AM?: astrophysical multi-messenger modelling [] v R
—[)faSt, mOdUIar, C++/Pyth0n, documented https://qitlab.desy.de/am3/am3
—> public: Klinger et al. ApJS 275 4 (2024)

/ 7\\
7
14“\ AMm\

New GRB afterglow MWL spectra up to TeV energies
—> challenge single zone models
—>even when including lepto-hadronic scenarios
« consistent with UHECR limits, low neutrino fluences
—time to depart towards multizone
—> Klinger et al. Apd 977 2 (2024)

Thank you for your attention!

&
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X
x]
X
UvA

M. Klinger-Plaisier, 26.02.2025, AM®* & GRB afterglows

BACKUP

57



Time-dependent =~ quasi-steady state

t=1000s,z=0.1 MK++ ApJ 977 (2024) SSC-scenario

X-ray VHE

EFe [erg/(cm?s)]
=

A

&)

107 1 Method:
1013 steady-state — accurate up tq 0(_1) factors
10-14 - - — — only good for intuition!
. ¢/ == == time-dependen
/
10_15 I T T T T L ' ' I ' ' I ' ' I ' ' T ' y 1
103 10° 103 10° 10° 1012 101° 1018
E [eV]

UA M. Klinger-Plaisier, 26.02.2025, AM* & GRB afterglows

58



X
x]
X
UvA

M. Klinger-Plaisier, 26.02.2025, AM?* & GRB afterglows

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

EFe [erg/(cm?s)]

10—10
10—11
10—12
10—13
10—14 -
10—15 -
10—16 .
10—17 -
10—5 -
10—6 .
10—7 -
10—8 .

10—10 .
10—11 .
10—12 .
10—13
10—14 .

t=1000s,z=0.1

const. density profile
vy (EBL,CMB)

Proton-syn-scenario

m— Ssteady-state
== == time-dependent

-ray

pp-cascade-scenario

= steady-state
== == time-dependent

py-cascade-scenario

= steady-state
== == time-dependent

10%

1018

10° 102 1012 101

E [eV]

1073 100 103

(Y202) £16 rdy ++MW
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Time scales - SSC scenario

SSC-scenario

Lot3 t=1000s,B'=0.1G El E/Mex MK++ ApJ 977 (2024)
[ 4
1012 ] ./\Q(,)'
10114 /. »
N
1010 4 /&
9 |/ &
107 17N
— 108 -
n
— 107 -
g 6
10°9 adiabatic
105 .
104 { free streaming escape
10°1 pairs e*
2
131 photons y
10~3 100 103 10° 10° 1012 101> 1018 1021

X
x]
M. Klinger-Plaisier, 26.02.2025, AM* & GRB afterglows



Time scales - extended syn scenario

extended-syn-scenario

Lot t=1000s,B'=0.3G i EeX MK++ ApJ 977 (2024)
—— ~
1012 - /~/ S
w
1011 _l. (g}
1010 _ §
109 41
108 _
107 -
.2. 106 _
T : adiabatic
10° A
104 { free streaming escape
103 .
102 _
10" 1 pairs e+
1 0 4
10(_)1 photons y
1073 109 103 109 10° 1012 101° 1018 1021

E' [eV]

Uvh M. Klinger-Plaisier, 26.02.2025, AM* & GRB afterglows



Time scales - pp-cascade scenario

pp-cascade-scenario

o3 t=1000s,B'=0.8G L EMax/ EZ®  MK++ ApJ 977 (2024)
[ 4 Ce
w02 /& Py=pee (BF)
101t ¥ &
10 ] 0 z
10 (o§ P \%/:’.775.5/
10° A S VY
%) 77
108 - bYs
L
107 - 27
‘i 10° -
L: 105 1 adiabatic [
10* 4 free streaming escape o
3 - \s\ ‘00 ‘o‘
10 protons p “% & ~‘é§’f§
102 - : — ".(/\\ 20
101 - pairs e* A P i A\
100 photons y @c,(' N N
11| piens A X
10_2 |mu'or‘l'S IJli T T T T T T T T ! ! ‘1.“ ! "‘“‘ T T T T T T T
103 10° 103 10° 10° 1012 101° 1018 102!
& E' [eV]
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Time scales - py-cascade scenario

py-cascade-scenario

1013 t= 100.0 s,BB=1.0G . , Emax ENe MK++ApJ 977 (2024)
1012 - .{gf
o1 | A¥ ~PlE L.
10“’—,{%?
109 4"
108 -
107 -
‘v 10°4 adiabatic
+ 105 -
104 { free streaming escape
102 | protons p
181 : pairs e*
100 4 photons y
1o-1 - pions 1+
10-2 muons U=

103 100 103 10° 10°
/
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Evolve the particle densities

-1

N E i const
i
|
1

» log E

E
i
UA M. Klinger-Plaisier, 26.02.2025, AM* & GRB afterglows
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Evolve the particle densities

-1

N E i const
i
|
1

dynamical time
very large!
dt

» log E

E
i
UA M. Klinger-Plaisier, 26.02.2025, AM* & GRB afterglows
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Evolve the particle densities

es 1. Skip regime

n>0ande =07
2. Sink regime

yes 3. Advection regime
A> a?
100 A AL a? ~
A> _') (> A~ a) 4. Sink advection regime

\ : Courant

: yes 5. Tri-diagonal matrix regime
dt . T
I P N .

l
i fast matrix solver
1
1

matrix l
: » log E

L)’EI Emax
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Evolve the particle densities

€S 1. Skip regime fast semi-analytic

n>0ande=07? ' \

2. Sink regime

yes 3. Advection regime
A> a?
log TA AKLa? no
no 4. Sink advection regime
> —’) (A=a) g

\ : Courant

: yes 5. Tri-diagonal matrix regime
dt : T
Y L S e

\
i fast matrix solver
1
1

matrix ana. i
: » log E

o
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Evolve the particle densities
/trivial

€S 1. Skip regime fast semi-analytic

n>0ande=07? ' \

2. Sink regime

yes 3. Advection regime
A> a?
og A AKLa? no
no 4. Sink advection regime
A> —7 (mA=a) 9

\ : Courant
: yes 5. Tri-diagonal matrix regime
dt :
e e 1
i skip .
: fast matrix solver
1
|
matrix ana. i
: » log E
Emax — see appendix of arxiv:2312.13371 for details
X

8 M. Klinger-Plaisier, 26.02.2025, AM® & GRB afterglows 68


https://arxiv.org/abs/2312.13371

GRB afterglows detected at X-rays!

1076

i GRB 190114C
€ 1077

-8
5 10 Swift satellite
18]
L _
oy 107°
N? 10-10_; _ GRB 190829A
S o :

—-11
S0 I
Q el P e — _______
w”
. 10713+ ;

106 4 0.34-0.4ks GRB 221009A NASA
w ] 0.3-0.
p= 10773y | 0.91-0.9pks gl
9 E R 0.68-0.73ks 0_9_2?‘-
> 10‘8-; il =
9, : 3.9-4.5ks —— 4-6ks
w1070 | el
- | | 21.6-22.1ks |
10—10-E 21.1-23.4ks

102 103 10* 105 105 107 108 10° 10%° 10! 102 103
—

3 XRT BAT &V
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GRB afterglows detected at HE!

MK++ ApJ 977 (2024

&RB 190114C

"N

Fermi satellite

EFe [erg/cm?s]
2

&RB 190829A

EFe [erg/cm?3s]

AGILE GRID

EFe [erg/cm?3s]

102 103 10* 10° 10° 107 108 10° 10%° 10! 102 103

& GBM T T AT
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