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Relativistic Shock Studies from/with 
Multiple Perspectives/Probes
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The acceleration of cosmic rays up to 1020 eV force attention to be focused on
relativistic outflows of extremely energetic explosive astrophysical events 
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Stellar Core Collapse 
(Long GRB
Progenitor)

Binary NS Mergers 
(Short GRB Progenitor)

Credit: NASA

GRB Progenitors

However: 
Nature Ast. Vol 5,
pg 911–916 (2021)
”Short” Core collapse GRB

“Long” Neutron Star Merger GRB 
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M ↭ 8M→

Around 0.1% of core 
collapse SN GRB

https://www.nature.com/natastron
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Relativistic Jet EmissionHead On

Side On

Beamed relativistic jet

Isotropic sub-relativistic 
outflow

Non-thermal emission from 
relativistic jet observed:

• head on is bright & evolves 
rapidly (temporal 
compression)

• side on is dim & evolves 
slowly

The nature of the environment 
surrounding the progenitor plays 
an important role in the jet’s 
evolution

The jet actually possesses a 
velocity structure (not single 
valued) which can be probed by 
side on observations  

Neutron Star 
Merger GRB

Core collapse 
GRB
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Effective Area of Gamma-Ray Instruments

Instead, the Earth’s atmosphere itself can be used as 
part of the particle detector (providing a transparent 
target material). For ground-based gamma-ray 

telescopes, this allows an effective area of 105 m2 to be 
achieved! Good for tracking evolution

Fermi-LAT has a 1 m2 effective area…..so a large flux is 
needed for a reasonable detection rate to be achieved-
good for initial detection, but not for tracking 
evolution

4

NOTE- effective area is a “macroscopic cross-section” 
for a particle detector
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Non-Thermal GRB Jet Signatures
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[HESS Coll. Nature 2019] 

Time after collapse event

Prompt Photon emission Afterglow Photon emission

Neutrinos? (although neutrinos detected from core-collapse for SN 1987A)

Gravitational Waves?

(Head On)
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Non-Thermal GRB Jet Signatures

Prompt Photon emission

Afterglow Photon emission

Gravitational Waves

(Side On)

Next generation instruments (CTAO) 
will have 10x improved sensitivity, so 
probing the very high energy 
emission for side on GRB jets is more 
promissing
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The Failure to Efficiently Detect Side On GRB Jets

Neutron Star Merger GRB Core Collapse GRB

Head On

Side On (1)

Non-Thermal Jet Emission 

….Very High Energy Non-Thermal Emission

Neutron Star Merger GRB Core Collapse GRB

Head On

Side On

• GW instruments and new transient detector facilities offer new 
opportunities for probing side on GRBs

(3σ)

(CTA?)
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GRB Jet Energy Spectrum- General Finding from 
Observations Over the Last 5 Years

Andrew Taylor

(Head On)
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A Cosmic Lab for Studying 
Relativistic Shocks?

Why should we consider GRB jet afterglows as good test labs for relativistic shocks? 

• The energy injection time is well defined

• The energy injection period is relatively short in duration

• The external medium at late times should be rather simple in structure

Questions we may try to ask for these systems:

• What is the particle acceleration rate in the shock? 

• What is the downstream magnetisation fraction?

• What fraction of the upstream KE goes into a non-thermal particle population?



GRB Jets: Natures Machines for Converting 
Outflow Motion into Gamma-Rays

Andrew Taylor 10

(upstream)(downstream)

�

• Total energy in gamma-rays observed up to 1% of the Gravitational 
binding energy budget limit

• Extremely efficient emitters in terms of converting kinetic energy flux 
into accelerated particles, into radiation
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[shock frame]
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GRB Jet Model Parameters
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For a hydrodynamic relativistic shock

Scattering rate dictates
acceleration rate

[shock frame]
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GRB Jet Model Parameters
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1. ε- key parameters which we 
don’t apriori know, but which we 
may probe with observations
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tscat = ⌘
Rlar

c

Scattering rate dictates
acceleration rate

2. η- key parameter which 
again we don’t apriori know, 
but which we may probe 
with observations 

3. Eiso and n collectively dictate 
how Γ evolves in space
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Example Afterglow GRB SED Model (SSC)

[Klinger et al. MNRAS 520 (2023)] 

Photon energy spectrum

However, not all parameters are physically reasonable 

Note that the thermal particle component is set to 0, seemingly unphysical

The scattering efficiency η=1 is at the extreme limit of what is possible 
(Bohm limit)
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Alternative 1-Zone Scenarios?

Each scenario here requires 
rather extreme parameter values 
(see box) 

Before raising the number of 
degrees of freedom, other 
parts of parameter space 
should first be explored

[Klinger et al., arxiv:2403.13902
[Khangulyan et al., Ap. J. 914 (2021)]
[Isravel et al., Ap. J 955 (2023)] 



synchrotron
inverse Compton 
scattering

photons can 
escape from box

electrons drive 
expansion of box

shock injects 
relativistic particles

𝜕!𝑁",$% = 𝜕"
𝐸

𝜏&'((𝐸, 𝑡)
+

𝐸
𝜏)*(𝐸, 𝑡)

+
𝐸

𝜏+,)(𝑡)
𝑁",$% + 𝑄)(- 𝐸, 𝑡 −

𝑁",$%
𝜏.. 𝐸, 𝑡

+ 𝑄.+ 𝐸, 𝑡

𝜕!𝑁",/ = −
𝑁",/
𝜏$&0(𝑡)

+ 𝑄&'( 𝐸, 𝑡 + 𝑄)* 𝐸, 𝑡 + 𝑄.. 𝐸, 𝑡 −
𝑁",/

𝜏.+(𝐸, 𝑡)

injection 𝑄

escape 𝜏$&0

turbulent magnetic 
fields 𝐵

𝑒!𝑒" → 𝛾𝛾

𝛾𝛾 → 𝑒!𝑒"

electron number

photon number

Fast Coupled Differential 
Equation Solver

Note the absence of spatial information in these transport equations
[Diagram + plot Courtesy of M. Klinger]
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Add Neutrino Flux Plot to Slide

Testing the pγ Scenario with 
Future Neutrino Detectors

[Klinger et al., arxiv:2403.13902]
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Small Scales: particle in cell (PIC) simulations

Large Scales: magnetohydrodynamics (MHD) simulations

Theoretical Studies to Predict the 
Magnetisation and Scattering Rate
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ωB → 10→3
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ωB → 10→3
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ω → 105

[Zhang et al 2009 ApJ 692 L40]
[Khangulyan et al., Ap. J. 914 (2021)]

[Karol et al 2023 ApJ 959 (2023) 2, 119]



Conclusions
u GRB jets offer a test lab for probing relativistic shocks.

u We are now (since 2018) starting to probe the very high energy (TeV) gamma-ray 

emission from GRB jets orientated head on.

u Progress on probing GRB jets side on is proving challenging (yet to be achieved in 

very high energy gamma-rays).

u The emission process responsible for the TeV gamma-ray emission is unclear: 5 

potential mechanisms along with testable predictions found.

u Emission scenarios require relativistic shocks are extremely efficient accelerators.

u Determination of the mechanism for the growth of magnetic field at the shock is now a 

prime focus of the community. 

Andrew Taylor 18
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VHE GRB SED- Lessons Learnt Since 2018

[Klinger et al. arxiv:2403.13902] 
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Electron Spectrum Produced in 
SourcesSteady state

Electron spec.
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Afterglow GRB SED- Expected from SSC Model

The ”steady-state” approximation provides a reasonable 
description for the spectrum → ie. ~agrees with the full 1-zone 
time-dependent result

UB Usync
�

Electron spec.
Photon spec.

Both injection and effective cooling rate dictated by 
matter profile of surrounding environment
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Statistical Tests- A Spectral Model Fit for: 
MAGIC- GRB 190114C

[Klinger et al. MNRAS 520 (2023)] 

[Fermi+Swift. ApJ 890 (2020)] 

[MAGIC Coll. Nature 2019]

extended 
synchrotron

SSC
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[MAGIC Coll. Nature 2019]

• MAGIC observation:
𝑧 = 0.43 (EBL) + moonlight
→ uncertain spectral index 
    at TeV −2.2 ± 0.3 ± 0.2

• Fermi-LAT 
not constraining 
(5+6 photons)

• counts level fit:
→ no robust preference 
    for SSC! 

Statistical Tests- A Spectral Model Fit for: 
MAGIC- GRB 190114C

[Klinger et al. MNRAS 520 (2023)] 



24

Statistical Tests- Spectral Model Fits for: 
HESS- GRB 190829A

[HESS Coll. Science 2021] 

[15-28 ks]
• 𝑧 = 0.08 → low EBL abs.
→ spectral index at TeV: 

≈ −2 ± 0.1 ± 0.26

• poor MWL coverage

• counts level fit:
→ preference for 
single component! 



Electron Acceleration with Cooling
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Bcrit = 4⇥ 1013G

[Huang et al. Ap J 925, (2022)] 

GRB 190829A
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Afterglow Onset of:
LHAASO- GRB221009A

[Zhang, Y-Q et al. arxiv:2404.03229] 

keV-MeV

The steep growth of the LHAASO TeV lightcurve at 
early times is also something new- may be telling us 
about the activation of the accelerator or reduction in 
internal attenuation.

[Khangulyan, D. et al. arxiv: 2309.00673] 
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WCDA

KM2A

Cao++ arXiv:2310.08845
[0.2-0.9 ks]

[LHAASO Coll. Science 2023] 

Statistical Tests- Spectral Model Fits for: 
LHAASO- GRB 221009A

LHAASO Collaboration 2023:

No softening up to at least 
10 TeV apparent!
 (note 𝑧 = 0.15 → EBL abs. > few TeV)

AASTeX v6.3.1 Sample article 3
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GRB 221009A: Saldana-Lopez et al. 2021

A

230-300s
300-900s

Figure 3. Alternative model.

REFERENCES

→ spectrum appears harder in 
the second time bin than 
expectations from SSC model
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[LHAASO Coll. Science 2023] 

Importance of Minimising EBL Damage
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Night 1/
3.6h obs. time

= HESS observation time

PRELIMINARY

A GRB 190829A Like Event for CTA

EBL Attenuated Power Law

Fit Parameter HESS CTA South

𝛾!"# 2.06 ± 0.10 ± 0.26 2.09 ± 0. 02

[Provided by J. Pfeil and D. Parsons] 

• Future GRBs for providing a 
stronger probe of the spectral 
emission model must be local 
and have  bright afterglows

• For CTA, a rate of up to 4 yr -1 is 
possible to expect, consistent 
with other estimates

• However, of these events, the 
local subset of particular 
interest will be rare (< 0.25 yr -1)
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Local (Short) GRBs

Credit: NASA

short GRBs 

long GRBs

Afterglow



VHE Gamma rays from Off-Axis GRB 
(eg. GW 170817)

synchrotron inverse Compton
● An inverse Compton (SSC) origin of 

gamma-rays assumed in this plot 

● HESS long-term monitoring constrained
the minimum B-field to >0.2 mG for the 
SSC scenario

Andrew Taylor 31

[X. Rodrigues, A. Taylor, et al., ApJ 2019] 
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Prospective Rates for Testing the 
GRB Emission Process with CTA

• Future GRBs for providing a 
stronger probe of the spectral 
emission model must be local 
and have  bright afterglows

• For CTA, a rate of up to 4 yr -1 is 
possible to expect, consistent 
with other estimates

• However, of these events, the 
local subset of particular 
interest will be rare (< 0.25 yr -1)[Provided by J. Pfeil and D. Parsons] 

PRELIMINARY
[Ashkar et al., ApJ 964 57] 
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Rel. Hydro Shock- Downstream 
Partition of the Upstream Ram Pressure
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[viewed in shock restframe]

Blast wave CBMshock

upstreamdownstream
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⇢u�
2
u�

2
u<latexit sha1_base64="/RsYpzAVwlThpon3J4OUjyxdP6c="></latexit>

wd�
2
d�

2
d =

1

3
⇢u�

2
u�

2
u

<latexit sha1_base64="DlWUVEz7sHHPqUTu+ZUMiQZ46/U="></latexit>

pth
d =

2

3
⇢u�

2
u�

2
u
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Temporal Compression of Signal
For a constant density medium, 
during the deceleration phase,

Since radiation is emitted by a relativistically 
moving emitter,

<latexit sha1_base64="Pg7kU1by2zBkRgAZyAFeBJF5E3U="></latexit>

Rdec ⇡ 1017

✓
Eiso

1053 erg

◆1/3 ⇣ n

1 cm�3

⌘�1/3
✓

�

100

◆�2/3

cm

<latexit sha1_base64="X8oQsfHQbq9Lmum9OQbBF0v/NtI="></latexit>

tobsdec ⇡ R

c�2
= 300

✓
R

1017 cm

◆✓
�

100

◆�2

s

[Plot Courtesy of M. Klinger]
<latexit sha1_base64="kwxWq1iEboe0AnQdQK1BnnAo/l4=">AAAB83icbVDLSsNAFL3xWeur6tLNYBFchaT4WhbduKxgH9CEMplO2rGTmTAzEUroP7hxoUtx68+482+ctllo64ELh3Pu5d57opQzbTzv21lZXVvf2Cxtlbd3dvf2KweHLS0zRWiTSC5VJ8KaciZo0zDDaSdVFCcRp+1odDv1209UaSbFgxmnNEzwQLCYEWys1AqiOFeTXqXqud4MaJn4BalCgUav8hX0JckSKgzhWOuu76UmzLEyjHA6KQeZpikmIzygXUsFTqgO89m1E3RqlT6KpbIlDJqpvydynGg9TiLbmWAz1IveVPzP62Ymvg5zJtLMUEHmi+KMIyPR9HXUZ4oSw8eWYKKYvRWRIVaYGBtQ2YbgL768TIKa61+6F67veW7t/rxavylCKcExnMAZ+HAFdbiDBjSBwCM8wyu8OdJ5cd6dj3nrilPMHMEfOJ8/W7OQhQ==</latexit>r

<latexit sha1_base64="awLxpFHXECG5d4mhi0QX0PdzGII=">AAAB/3icbVDLSsNAFJ3UV62vqEs3g0VwFZLia1l047KCtYUmlMl00g6dR5iZFErIn7hxoUtx62+482+ctllo64ELh3Pu5d574pRRbXz/26msrW9sblW3azu7e/sH7uHRk5aZwqSNJZOqGyNNGBWkbahhpJsqgnjMSCce3838zoQoTaV4NNOURBwNBU0oRsZKfdcN4yQ3/TxUHMpYF0XfrfuePwdcJUFJ6qBEq+9+hQOJM06EwQxp3Qv81EQ5UoZiRopamGmSIjxGQ9KzVCBOdJTPLy/gmVUGMJHKljBwrv6eyBHXespj28mRGellbyb+5/Uyk9xEORVpZojAi0VJxqCRcBYDHFBFsGFTSxBW1N4K8QgphI0Nq2ZDCJZfXiVhwwuuvEsv8H2v8XBRb96WoVTBCTgF5yAA16AJ7kELtAEGE/AMXsGbkzsvzrvzsWitOOXMMfgD5/MHjIWVEg==</latexit>

tobs

<latexit sha1_base64="HKkFKH7rRyMwbKIM4Y8aGMd+cs8=">AAACDXicbVC7SgNBFJ2Nr7i+opaCDAYhFi67wVcjBG0sIxgTyC7L7GQ2GTL7YOauEJZ0Nv6KjYWWYmtv5984eRSaeODC4Zx7ufeeIBVcgW1/G4WFxaXlleKquba+sblV2t65V0kmKWvQRCSyFRDFBI9ZAzgI1kolI1EgWDPoX4/85gOTiifxHQxS5kWkG/OQUwJa8kv7bhDmJgU/d2WEk0ANLyvOsRswIEfSHPqlsm3ZY+B54kxJGU1R90tfbiehWcRioIIo1XbsFLycSOBUsKHpZoqlhPZJl7U1jUnElJeP/xjiQ610cJhIXTHgsfp7IieRUoMo0J0RgZ6a9Ubif147g/DCy3mcZsBiOlkUZgJDgkeh4A6XjIIYaEKo5PpWTHtEEgo6OlOH4My+PE/cquWcWaeWY9tW9fakXLuahlJEe+gAVZCDzlEN3aA6aiCKHtEzekVvxpPxYrwbH5PWgjGd2UV/YHz+ANpzmWs=</latexit>

ctobs = (1� �)r

coasting dec



Key Phase Space for VHE GRB Detections?
Three key factors for GRB 
detection are apparent:

• Locality is crucial (EBL 
damage minimised)

• Brightness is crucial (allows 
detection at late times once 
Lorentz factor has decreased 
significantly)

• Simultaneous MWL 
coverage (in keV to multi-
TeV energy range) is crucial10-6

10-5

10-4

10-3

10-2

10-1

100

1011 1012 1013 1014

e-τ

E [eV]

z=0.03
z=0.08
z=0.15

exp(-1.0)

Within Swift’s lifetime (~20 years so far), the most local GRB was z=0.03

Spectra up to 10 TeV, with small EBL effects,  may potentially be probeable
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Relativistic Hydro Shocks
What’s the compression ratio for relativistic shocks?

Mass Flux:

Momentum Flux:

Energy Flux:

Blast wave CBMshock

upstreamdownstream
𝛽! 𝛽"

<latexit sha1_base64="sWCrOKe+20105RebPTqxkjhrNAA=">AAACJ3icbZDLSsNAFIYn9VbjLerSTbAIrkoiRd0oRRe6rGAv0IQwmUzaoTNJmJkIJeRt3PgqbgQV0aVv4jSNoq0HBj7+/xzOnN9PKBHSsj60ysLi0vJKdVVfW9/Y3DK2dzoiTjnCbRTTmPd8KDAlEW5LIinuJRxD5lPc9UeXE797h7kgcXQrxwl2GRxEJCQISiV5xrnjh5nu8GHsZWnu+FjCAq4gYwWdTb3g2wt+vCDXc8+oWXWrKHMe7BJqoKyWZzw7QYxShiOJKBSib1uJdDPIJUEU57qTCpxANIID3FcYQYaFmxV35uaBUgIzjLl6kTQL9fdEBpkQY+arTgblUMx6E/E/r5/K8NTNSJSkEkdouihMqSljcxKaGRCOkaRjBRBxov5qoiHkEEkVra5CsGdPnofOUd0+rjduGrXmRRlHFeyBfXAIbHACmuAatEAbIHAPHsELeNUetCftTXuftla0cmYX/Cnt8wv4Mafa</latexit>

⇢u�u�u = ⇢d�d�d

<latexit sha1_base64="aiiE0EFvIgHpd2qHltD8j7QpwpI="></latexit>

pu +wu�
2
u�

2
u = pd +wd�

2
d�

2
d

<latexit sha1_base64="B1EanlHLf7hm+TnatyNaQ/k1Uv0=">AAACKXicbZDLSsNAFIYn9VbjLerSTbAIrkpSiroRii50WcFeoKlhMpm0Q2eSMDNRSsjruPFV3Cgo6tYXcZpG0dYDAx//fw5nzu/FlAhpWe9aaWFxaXmlvKqvrW9sbhnbO20RJRzhFopoxLseFJiSELckkRR3Y44h8yjueKPzid+5xVyQKLyW4xj3GRyEJCAISiW5RsPxglS/c9MkczwsYQ4XkLGcbtJadqpM/9v0f0w/N/XMNSpW1crLnAe7gAooqukaz44foYThUCIKhejZViz7KeSSIIoz3UkEjiEawQHuKQwhw6Kf5pdm5oFSfDOIuHqhNHP190QKmRBj5qlOBuVQzHoT8T+vl8jgpJ+SME4kDtF0UZBQU0bmJDbTJxwjSccKIOJE/dVEQ8ghkipcXYVgz548D+1a1T6q1q/qlcZZEUcZ7IF9cAhscAwa4BI0QQsgcA8ewQt41R60J+1N+5i2lrRiZhf8Ke3zC4fIqKI=</latexit>

wu�u�
2
u = wd�d�

2
d

wrel. =
�

� � 1
p+ ⇢
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Evolutionary Phases of Blastwave

<latexit sha1_base64="AYsldKjk+DwoCyRvBLCSNH8hpLY=">AAACGXicbVDLSsNAFJ3UV42vqEs3g0WoC0uiRd0IRRFdVrEPaGqZTCft0JkkzEyEEvIbbvwVNy4Ucakr/8Zpm4W2HrhwOOde7r3HixiVyra/jdzc/MLiUn7ZXFldW9+wNrfqMowFJjUcslA0PSQJowGpKaoYaUaCIO4x0vAGFyO/8UCEpGFwp4YRaXPUC6hPMVJa6li26/mJedlJBumZ6wuEE1f0Q1h2Iwpv75OjNNVVdK8Q5+jA2TfTjlWwS/YYcJY4GSmADNWO9el2QxxzEijMkJQtx45UO0FCUcxIarqxJBHCA9QjLU0DxIlsJ+PPUrinlS70Q6ErUHCs/p5IEJdyyD3dyZHqy2lvJP7ntWLln7YTGkSxIgGeLPJjBlUIRzHBLhUEKzbUBGFB9a0Q95HOR+kwTR2CM/3yLKkflpzjUvmmXKicZ3HkwQ7YBUXggBNQAdegCmoAg0fwDF7Bm/FkvBjvxsekNWdkM9vgD4yvH1Jsnzo=</latexit>

Ek =
⇢4⇡R3

3
(�� 1)

<latexit sha1_base64="3Ze1NurslR8ESz6C6o1urU3h7bg="></latexit>

d�

dM
= � (�2 � 1)

M

Assuming shock is radiative (ie. incoming KE flux radiated away)

This has the solution
<latexit sha1_base64="TruClAgDfZQQzxI8MhKXnyuKA9s="></latexit>

�� 1 = 2

✓
M2(�0 + 1)

M2
0(�0 � 1)

� 1

◆�1

 1

 10

 100

 0.001  0.01  0.1  1  10

Γ0=100

Γ

(M-M0)/M0

Critical mass where free expansion 
changes to deceleration phase

Blast wave becomes non-relativistic

[R. Blandford + McKee 1976]
<latexit sha1_base64="C/2BQkjPwteGpS+ZNmBOE+s2KpQ="></latexit>

dEk

dt
= �"rad4⇡R

2�(�2⇢� �⇢)
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Evolution of Key Energies with Time



Time dependent modeling

log 𝜏

𝑡./0

log 𝐸

adiabatic

synchrotron

inverse Compton

quasi-steady state: 
parameters of the one zone are approx.
const during lifetime of particle in system
→ 𝑁1(𝐸, 𝒕)~ 𝑄1(𝐸, 𝒕) 𝜏(𝐸, 𝒕)

𝑡2334 ≪ 𝑡./0𝑡2334~𝑡./0

?

𝑡2334 = min(𝜏5.6 , 𝜏7/0, … )



Adiabatic cooling regime (𝝉𝒂𝒅𝒊 ≪ 𝝉𝒊)

𝜕!𝑁",$% = 𝜕"
"

&$%& !
𝑁",$% + 𝑄"(𝐸, 𝑡) (PDE)

Green’s function in time?
→ how does 𝝉𝐞𝐟𝐟 =

𝝉𝐚𝐝𝐢
𝒑<𝟏

 scale with time?

≈ − 𝑝 − 1
𝑁",$%
𝜏123 𝑡

: = −
𝑁",$%
𝜏455(𝑡)

𝜕!𝑁",$% +
'',)*
&+,,(!)

= 𝑄"(𝐸, 𝑡)   (≈ODE)

• 𝜏+,)(𝑡) only a function of time
• injection power law in 𝐸, 𝑄"~𝐸6.
•  𝑁"~𝐸6.

For intuition:
cooling term 

≈ effective escape term



One Zone Parameter’s time 
dependence

it’s all about the deceleration of the shock: 𝑟 𝑡012 , Γ(𝑡012)
1. conservation of energy: initial 𝐸) = Γ*𝑀+, 𝑟 𝑐* heated swept up material

2. assume density profile 𝑛 𝑟 ~𝑟-. → Γ 𝑟 ~𝑟-
(./0)
2

3. from Doppler boosting 𝑡/0+ ≈ ∫ 12
*3452

→ 𝑟~𝑡/0+
3

4/0

→ 𝑟 𝑡/0+ , Γ 𝑡/0+ ~
65
7678
./0

3
2(4/0)

→ ISM (𝑤 = 0):  𝑟~𝑡/0+
8/: , Γ~ 65

7678
.

3
9

adiabatic cooling from size Δ~ 2
5
 (in “comoving” frame)

𝜏;1< 𝑡=/ = ⋯ =
6

9 − 𝑤
5 − 𝑤
2

𝑡=/ → Green’s function in time?



One Zone Parameter’s time 
dependence

• 𝜕3𝑁4 = − 5!
6"

#
$"

%$

→ for 𝛼> = 0: exponential decay
→ for 𝛼> = 1: power law decay

• relevant to see if early/late 
injections dominate 
spectrum

𝑁
/𝑁

#



𝑁6 𝑡 = ∫75
7 𝑑𝑙𝑜𝑔 𝑡? 𝑡?𝑄6 𝑡? 𝐺 𝑡, 𝑡?

= 𝑄6 𝑡 𝜏@AB 𝑡 ⋅ 8
C:DC;<=D8

E-.
F(H-.)

⋅ 1 − 7
75

-C:-C;<=D8

∝ 𝑡?-C: ∝ 𝑡?-C;<=

quasi steady state
(steady state with 

instantaneous parameters)

numerical factor ℴ(1) convergence term

𝛼$ = −
2 + 𝑝 − 2 3 − 𝑤

5 − 𝑤 ≈ −0.4

𝛼%&' = (𝑝 − 1)
9 − 𝑤

3(5 − 𝑤) ≈ 0.7

≈ 0.7

(Quasi) steady state



Effective Electron Spectrum

→ smoothly broken 
    power law!

| One Zone Basics and Effective Descriptions | M. 
Klinger, 16.05.2022

𝑝#$% = 2.3,𝑤 = 0
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Evolutionary Phases of Blastwave

Assuming shock is radiative (ie. a fraction 
of incoming KE flux radiated away)

[R. Blandford + McKee 1976]

1) Deceleration rate

1) Radiative loss rate

<latexit sha1_base64="sOHqnAKDJYHVJJHaY8ASjoiBgE8="></latexit>

dErad

dR
= �"rad4⇡⇢R

2�(�� 1)

<latexit sha1_base64="G4TztDGxm3T9Vu/kbBIlcmorAv0=">AAACB3icbVDLSsNAFJ3UV42vqBvBTbAIbgxJ8bURilJwWcHaQhPCZDJph04yYWYilBA3/oobF7oUt/6CO//GaZuFth643MM59zJzT5BSIqRtf2uVhcWl5ZXqqr62vrG5ZWzv3AuWcYTbiFHGuwEUmJIEtyWRFHdTjmEcUNwJhtdjv/OAuSAsuZOjFHsx7CckIghKJfnGnhtEud68bPo5Eaw4Vp3DsNAL36jZlj2BOU+cktRAiZZvfLkhQ1mME4koFKLn2Kn0csglQRQXupsJnEI0hH3cUzSBMRZePrmgMA+VEpoR46oSaU7U3xs5jIUYxYGajKEciFlvLP7n9TIZXXg5SdJM4gRNH4oyakpmjuMwQ8IxknSkCEScqL+aaAA5RFKFpqsQnNmT54lbt5wz69RybNuq357UGldlKFWwDw7AEXDAOWiAG9ACbYDAI3gGr+BNe9JetHftYzpa0cqdXfAH2ucPF8aXdQ==</latexit>

E = Eiso �Erad
 0.1

 1

 10

 100

 1000

 0.0001  0.001  0.01  0.1  1  10  100  1000

Γ0=300

Γ

Msw/M0

εrad=1
εrad=0

End of free expansion phase once swept up 
mass is ~M0/Γ0

Blast wave becomes non-relativistic 
once swept up mass is ~M0

<latexit sha1_base64="HCmDN337blSc7vE1nqS4gzYkjQ8="></latexit>

dM

dR
= �4⇡⇢R2 � 1

�

dErad

dr
<latexit sha1_base64="ySiroNkev0TkQR06JZFd45mekaw=">AAACEXicbVA7T8MwGHTKq4RXgJElaoXEQkgqXmMFAyxIRaK0UhMix3Vaq3YS2Q6oirKz8FdYGGBErGxs/BvcNgO0nGTpdPd9+nwXJJQIadvfWmlufmFxqbysr6yurW8Ym1u3Ik45wk0U05i3AygwJRFuSiIpbiccQxZQ3AoG5yO/dY+5IHF0I4cJ9hjsRSQkCEol+UbFDcJMdy8gY9BNeJzI2LzyM/GQ32X7zkEt13PfqNqWPYY5S5yCVEGBhm98ud0YpQxHElEoRMexE+llkEuCKM51NxU4gWgAe7ijaAQZFl42zpKbu0rpmmHM1YukOVZ/b2SQCTFkgZpkUPbFtDcS//M6qQxPvYxESSpxhCaHwpSaKvCoGLNLOEaSDhWBiBP1VxP1IYdIqvp0VYIzHXmWuDXLObaOLMe2rdr1YbV+VpRSBjugAvaAA05AHVyCBmgCBB7BM3gFb9qT9qK9ax+T0ZJW7GyDP9A+fwCExpty</latexit>

� / M�1/2
sw

<latexit sha1_base64="2gSy/aji5K2knOwSL+rD50uehko=">AAACD3icbVA7T8MwGHTKq4RXgJHFokJiIUoqXmMFAyxIRaK0UhMqx3Vaq3YS2Q6oirKy8FdYGGBErKxs/BvcNgO0nGTpdPd9+nwXJIxK5TjfRmlufmFxqbxsrqyurW9Ym1u3Mk4FJg0cs1i0AiQJoxFpKKoYaSWCIB4w0gwG5yO/eU+EpHF0o4YJ8TnqRTSkGCktdSzoBWFmeheIc+QlIk5UDK86mXzI77IDNzfzjlVxbGcMOEvcglRAgXrH+vK6MU45iRRmSMq26yTKz5BQFDOSm14qSYLwAPVIW9MIcSL9bJwkh3ta6cIwFvpFCo7V3xsZ4lIOeaAnOVJ9Oe2NxP+8dqrCUz+jUZIqEuHJoTBlUMcd1QK7VBCs2FAThAXVf4W4jwTCSpdn6hLc6cizxKva7rF9ZLuOY1evDyu1s6KUMtgBu2AfuOAE1MAlqIMGwOARPINX8GY8GS/Gu/ExGS0Zxc42+APj8weN8Zr9</latexit>

� / M�1
sw



Evolutionary Phases of Blastwave

Assuming shock is radiative (ie. a fraction 
of incoming KE flux radiated away)

1) Deceleration rate

1) Radiative loss rate

<latexit sha1_base64="sOHqnAKDJYHVJJHaY8ASjoiBgE8="></latexit>

dErad

dR
= �"rad4⇡⇢R

2�(�� 1)

<latexit sha1_base64="G4TztDGxm3T9Vu/kbBIlcmorAv0=">AAACB3icbVDLSsNAFJ3UV42vqBvBTbAIbgxJ8bURilJwWcHaQhPCZDJph04yYWYilBA3/oobF7oUt/6CO//GaZuFth643MM59zJzT5BSIqRtf2uVhcWl5ZXqqr62vrG5ZWzv3AuWcYTbiFHGuwEUmJIEtyWRFHdTjmEcUNwJhtdjv/OAuSAsuZOjFHsx7CckIghKJfnGnhtEud68bPo5Eaw4Vp3DsNAL36jZlj2BOU+cktRAiZZvfLkhQ1mME4koFKLn2Kn0csglQRQXupsJnEI0hH3cUzSBMRZePrmgMA+VEpoR46oSaU7U3xs5jIUYxYGajKEciFlvLP7n9TIZXXg5SdJM4gRNH4oyakpmjuMwQ8IxknSkCEScqL+aaAA5RFKFpqsQnNmT54lbt5wz69RybNuq357UGldlKFWwDw7AEXDAOWiAG9ACbYDAI3gGr+BNe9JetHftYzpa0cqdXfAH2ucPF8aXdQ==</latexit>

E = Eiso �Erad

<latexit sha1_base64="HCmDN337blSc7vE1nqS4gzYkjQ8="></latexit>

dM

dR
= �4⇡⇢R2 � 1

�

dErad

dr

 0.1

 1
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 100

 1000

 1  10  100  1000  10000  100000  1x106

Γ0=300

Γ

tobs [s]

εrad=0.0
εrad=0.3
εrad=1.0
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Energy Spectrum Information
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The effect of the EBL on the (optically thin) attenuation for a nearby 
(z=0.08) source for Eγ<6 TeV is a softening of the spectrum by around 
ΔΓ≈0.5, starting around 250 GeV.

[HESS- A. Taylor, et al., Science 2021] 



Origin of Temporal Decay Structure
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� / t�3/8 R / t1/4

R

np

�

�

�

�

Liso
sync / t�1

<latexit sha1_base64="TbTWjidf7ThOT4DFldbfoGavlVw=">AAACDHicbVC7TsMwFHV4lvAqMLJYVEgsVAmqBGMFCwNDkehDatLKcZ3WqhNbtoMURfkAFn6FhQGEWPkANv4GN2SAliNZOjrnXl2fEwhGlXacL2tpeWV1bb2yYW9ube/sVvf2O4onEpM25ozLXoAUYTQmbU01Iz0hCYoCRrrB9Grmd++JVJTHdzoVxI/QOKYhxUgbaViteUGY2TfDTKUxzgcZVTz3hORCc6gH2amb27mZcupOAbhI3JLUQInWsPrpjThOIhJrzJBSfdcR2s+Q1BQzktteoohAeIrGpG9ojCKi/KwIk8Njo4xgyKV5sYaF+nsjQ5FSaRSYyQjpiZr3ZuJ/Xj/R4YWf0VgkmpisxaEwYXCW1DQDR1QSrFlqCMKSmr9CPEESYW36s00J7nzkRdI5q7uNeuO2UWtelnVUwCE4AifABeegCa5BC7QBBg/gCbyAV+vRerberPef0SWr3DkAf2B9fAPun5uJ</latexit>

Assuming ηγ is constant in time….. 

(downstream) �

[viewed in upstream restframe]

<latexit sha1_base64="Lti+u+Oq0lCV/zu8JHAfdq5Pen8=">AAACAHicbVDLSsNAFJ3UV42vqAsXboJFqCAlkaIui25cVrAPaEKYTCft0MlMmJkIJWTjr7hxoYhbP8Odf+OkzUJbD9zL4Zx7mbknTCiRynG+jcrK6tr6RnXT3Nre2d2z9g+6kqcC4Q7ilIt+CCWmhOGOIorifiIwjEOKe+HktvB7j1hIwtmDmibYj+GIkYggqLQUWEdeGGVm3RNjHmRpfp4U/czMA6vmNJwZ7GXilqQGSrQD68sbcpTGmClEoZQD10mUn0GhCKI4N71U4gSiCRzhgaYMxlj62eyA3D7VytCOuNDFlD1Tf29kMJZyGod6MoZqLBe9QvzPG6QquvYzwpJUYYbmD0UptRW3izTsIREYKTrVBCJB9F9tNIYCIqUzM3UI7uLJy6R70XAvG837Zq11U8ZRBcfgBNSBC65AC9yBNugABHLwDF7Bm/FkvBjvxsd8tGKUO4fgD4zPH95GlfQ=</latexit>

(⇢u,pu)
<latexit sha1_base64="plppZZy//gB7uzctnsWeMUh3Dpw=">AAACAHicbVDLSsNAFJ3UV42vqAsXbgaLUEFKIkVdFt24rGAf0IQwmUzaoZNJmJkIJWTjr7hxoYhbP8Odf+Ok7UJbD9zL4Zx7mbknSBmVyra/jcrK6tr6RnXT3Nre2d2z9g+6MskEJh2csET0AyQJo5x0FFWM9FNBUBww0gvGt6XfeyRC0oQ/qElKvBgNOY0oRkpLvnXkBlFu1l0xSvw8LM7Tsp+ZhW/V7IY9BVwmzpzUwBxt3/pywwRnMeEKMyTlwLFT5eVIKIoZKUw3kyRFeIyGZKApRzGRXj49oICnWglhlAhdXMGp+nsjR7GUkzjQkzFSI7noleJ/3iBT0bWXU55minA8eyjKGFQJLNOAIRUEKzbRBGFB9V8hHiGBsNKZmToEZ/HkZdK9aDiXjeZ9s9a6mcdRBcfgBNSBA65AC9yBNugADArwDF7Bm/FkvBjvxsdstGLMdw7BHxifP6nQldI=</latexit>

(⇢d,pd)

(upstream)

<latexit sha1_base64="a2DXqIUOOWFcFBKM+xj3V8HMmVc="></latexit>

Liso
sync

4⇡�2R2c
= "rad�

2npmpc
2
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GRB 190114C (Detected by MAGIC)

68-110s
110-180s
180-360s
360-625s

625-2400s

180-380s
380-627s

• remarkably flat over 9 orders of magnitude in energy!

[Nature 575, 459-463 (2019)] 



GRB 190114C



GRB 190114C



GRB 190114C
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HESS Detection of GRB 190829A

SDSS field

tGBM
90 ~ 60 s, tBAT

90~ 60 s
z = 0.078

Night 1 Night 2 Night 3

[HESS- A. Taylor, et al., Science 2021] 

First detection of a GRB in VHE band for multiple nights
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GRB 190829A- Optical Data
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GRB 190829A- Radio Data



Swift XRT Photon Index Distribution
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[Ajello et al., Ap. J., 863 138, 2018] 
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• Isotropisation is caused by magnetic
turbulence, its rate is described by
the scattering time, which in Larmor
time units is η

• Scattering agent velocity β dictates 
energy gain each crossing cycle

GRB Model Parameters 2: 
Acceleration Rate

<latexit sha1_base64="08zV5a0juvIsDjPpKlvWEaHxpOg=">AAACD3icbVC7SgNBFJ31GdfXqqXNYFCswq4o2ghBG8so5gHZsMxOZpMhsw9m7gph2D+w8VdsLBSxtbXzb5w8Ck08cOFwzr3ce0+YCa7Adb+thcWl5ZXV0pq9vrG5te3s7DZUmkvK6jQVqWyFRDHBE1YHDoK1MslIHArWDAfXI7/5wKTiaXIPw4x1YtJLeMQpASMFzpEfRtqGQCujFJc+A4L9SBKq7wItiCwKTQu7CJyyW3HHwPPEm5IymqIWOF9+N6V5zBKggijV9twMOppI4FSwwvZzxTJCB6TH2oYmJGaqo8f/FPjQKF0cpdJUAnis/p7QJFZqGIemMybQV7PeSPzPa+cQXXQ0T7IcWEIni6JcYEjxKBzc5ZJREENDCJXc3Ippn5g0wERomxC82ZfnSeOk4p1V3NvTcvVqGkcJ7aMDdIw8dI6q6AbVUB1R9Iie0St6s56sF+vd+pi0LljTmT30B9bnD4JVnPc=</latexit>

tscat = ⌘
Rlar

c

<latexit sha1_base64="u8qQ9yTVS+g31QjuBwtAcXhcLzQ="></latexit>

tacc. = �tcyc (E/�Ecyc)

<latexit sha1_base64="wVSQkzO/l7hiBUAAUzVVKeqkX34=">AAACA3icbVDLSsNAFJ34rPEVdaebYBFc1aQouhGKblxWsA9oYphMJ+3QySTM3AglBNz4K25cKOLWn3Dn3zh9LLT1wIXDOfdy7z1hypkCx/k2FhaXlldWS2vm+sbm1ra1s9tUSSYJbZCEJ7IdYkU5E7QBDDhtp5LiOOS0FQ6uR37rgUrFEnEHw5T6Me4JFjGCQUuBte+FUW5eQpArLRUnXkgB3+fVwiwCq+xUnDHseeJOSRlNUQ+sL6+bkCymAgjHSnVcJwU/xxIY4bQwvUzRFJMB7tGOpgLHVPn5+IfCPtJK144SqUuAPVZ/T+Q4VmoYh7ozxtBXs95I/M/rZBBd+DkTaQZUkMmiKOM2JPYoELvLJCXAh5pgIpm+1SZ9LDEBHZupQ3BnX54nzWrFPas4t6fl2tU0jhI6QIfoGLnoHNXQDaqjBiLoET2jV/RmPBkvxrvxMWldMKYze+gPjM8fQbmXRQ==</latexit>

= tscat/�
2

downstream upstream

2. η- key parameter which 
again we don’t apriori know, 
but which we may probe 
with observations 



Fermi-LAT Photon Index Distribution
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[Ajello et al., Ap. J., 878:52, 2019] 


