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GRB afterglows detected at VHE!
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Gamma-ray burst Very high energies
> 0.1 TeV photons
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GRB afterglows detected at VHE!
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GRB afterglows detected at VHE!
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GRB afterglows detected at VHE!
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GRB afterglows detected at VHE!
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« Single component?
* Flat power-law spectra
extending up to >TeV



GRB afterglows detected at VHE!
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GRB afterglows detected at VHE!
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What are GRB afterglows?
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remnant
[

afterglow

massive star core collapse
rotating

® |
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Why to care about GRB afterglows at VHE?
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Why to care about GRB afterglows at VHE?

Main observations: Interpretation:
photon spectra relativistic outflow
— non-thermal — relativistic shock
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Why to care about GRB afterglows at VHE?

Main observations: Interpretation:
photon spectra relativistic outflow
— non-thermal — relativistic shock

many assumptions

Non-thermal particle acceleration
at relativistic shocks
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Why to care about GRB afterglows at VHE?

Main observations: Interpretation:
photon spectra relativistic outflow
— non-thermal — relativistic shock
New observations Can test
at VHE many assumptions

Non-thermal particle acceleration
at relativistic shocks
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Why to care about GRB afterglows at VHE?

Main observations: Interpretation:
photon spectra relativistic outflow
— non-thermal — relativistic shock
New observations Can test
at VHE many assumptions

Non-thermal particle acceleration
at relativistic shocks

— “standard” model does not perform well
— we can learn something new!
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The “standard” model:
SSC radiation from a relativistic shock
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Radiation from a relativistic shock
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Radiation from a relativistic shock

ES = 10°*erg,n, = 1 cm™3
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Radiation from a relativistic shock
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Radiation from a relativistic shock

— quasi-steady state
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Radiation from a relativistic shock

electrons

— quasi-steady state
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Radiation from a relativistic shock

electrons photons
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Radiation from a relativistic shock

x Synchrotron self-Compton (SSC)

photons, Esource [€V]
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Time-dependent modelling:

t=1000s,z=0.1 SSC-scenario
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. . AM3
Time-dependent modelling: AM 7N\
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https://gitlab.desy.de/am3/am3
https://arxiv.org/abs/2312.13371

The SSC scenario

t=1000s,z=0.1
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Alternatives?
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Systematic parameter scan
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10—7_
EFg = const

— 108
T 107°- \/\
}:{ 10-10 -
X
O 10—11
LIL:I 10—12_
o10-13

10—14_

10_15 ' ! ' ' T T T T T T T T T T T T

10-3 10° 103 10° 10° 1012 101>
E [eV]

&
X
uva  M.Klinger-Plaisier, NOVA NW3, 16.10.24



Systematic parameter scan
{ robust data bands\
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Systematic parameter scan
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Systematic parameter scan

10-6 MK++ arXiv:2403.13902
— GRB 190114C
g 1077
~
20| = - MAGIC
- 110-180s
LL_ —
05 107°
7 10-10. GRB 190829A
p= 15.4-28.4ks v
% 10-11
E % H | | E | | S | | S | |
— 10—12:
L E
L 97.9-114.8ks
10—13
10-6 - 0.34-0.4ks GRB 221009A
.E. ]
T 107 - 0.91-0.96ks
@ 3.9-4,5ks A6kt - LHAASO
&o1079] P
W ] 21.6-22.1ks
10—10-: 21.1-23.4ks

102 103 10* 10° 10% 107 10% 10° 1010 101 1012 1013

&I

E [eV]

X
uva  M.Klinger-Plaisier, NOVA NW3, 16.10.24

spectral index

Y

~y
~y

2

2

2

2.1

2.2

30



Systematic parameter scan
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Beyond the SSC model?
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Beyond the SSC model?

x faster than Bohm acceleration: n «< 1

— 1 zone: violation of MHD conditions
Kumar++ MNRAS 427 (2012), Huang++ APJ 925 (2022)

— 2 zone: decouple acceleration zone from

radiation zone
Khangulyan++ APJ 947 (2021)

— extended electron synchrotron
component
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Extended Synchrotron Scenario

t=1000s,z=0.1
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https://gitlab.desy.de/am3/am3

Beyond the SSC model?

x faster than Bohm acceleration: n «< 1

— 1 zone: violation of MHD conditions
Kumar++ MNRAS 427 (2012), Huang++ APJ 925 (2022)

— 2 zone: decouple acceleration zone from radiation zone
Khangulyan++ APJ 947 (2021)

— extended electron synchrotron component

x Involve hadrons
— proton synchrotron as VHE (isravel++ ApJ 955 (2023), Cao++ arXiv:2310.08845)

X . . 35
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Proton synchrotron scenario

t=1000s,z=0.1
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Beyond the SSC model?

x faster than Bohm acceleration: n «< 1

— 1 zone: violation of MHD conditions
Kumar++ MNRAS 427 (2012), Huang++ APJ 925 (2022)

— 2 zone: decouple acceleration zone from radiation zone
Khangulyan++ APJ 947 (2021)

— extended electron synchrotron component

x INvVolve hadrons
—> proton synchrotron as VHE (isravel++ ApJ 955 (2023), Cao++ arXiv:2310.08845)
— pp-cascade: larger densities such as in molecular clouds
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pp-cascade scenario

t=1000s, z=0.1, Eyin iso = 9 X 10°3erg
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- flat VHE component (> 10 TeV) - inefficient
- fine-tuned baryonic loading (&./&, < 1)
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Beyond the SSC model?

x faster than Bohm acceleration: n «< 1

— 1 zone: violation of MHD conditions
Kumar++ MNRAS 427 (2012), Huang++ APJ 925 (2022)

— 2 zone: decouple acceleration zone from radiation zone
Khangulyan++ APJ 947 (2021)

— extended electron synchrotron component

x Involve hadrons
— proton synchrotron as VHE (isravel++ ApJ 955 (2023), Cao++ arXiv:2310.08845)
— pp-cascade: larger densities such as in molecular clouds
— py-cascade: Increase Injected power
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py-cascade scenario

t=1000s, z=0.1, Exin,iso = 4 X 10°%erg
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Summary

x GRB afterglows are an excellent opportunity to observe
relativistic shocks

x NOW observed at VHE

x Systematic scan of lepto-hadronic scenarios
— SSC: KN suppression
— extended syn: n « 1
— proton-syn: exponential cut-off
— pp-cascade: flat but inefficient
— py-cascade: extreme energy/density requirements
— no perfect fit yet! Multi-zone?
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Backup
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Large energy requirements?

x massive star collapse
— accreted mass M =~ 10M,
— &, = 10% converted to kinetic energy of outflow
— INto cone with opening angle 8 = 3°

= Epiniso = 1057e‘rg (101\1\{1@) (ggiln) (%0)2
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Time scales

SSC-scenario
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Time scales

extended-syn-scenario
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Time

scales

Proton-syn-scenario
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Time scales

pp-cascade-scenario
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Time

scales

py-cascade-scenario
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