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Afterglow of Gamma-Ray Bursts

Afterglow • Decaying multi-wavelength emission after 
GRBs

• Relativistic shock propagating in the external 
medium

• ISM (constant density) or stellar wind?
• Synchrotron emission from Fermi-accelerated 

electrons
• Jet break in later phase
• Reverse shock component also?

GRB 180720B (HESS), 190114C(MAGIC),
190829A (HESS, z=0.42), 201216C (MAGIC, z=1.1),
221009A (LHAASO, z=0.15)

TeV afterglows:



Electron heating/acceleration

Sironi & Spitkovsky 11

𝜎𝜎 = 0.1
Pre-heating in the upstream

Sironi+ 13

𝑓𝑓e ∼ 0.02
𝜖𝜖e ∼ 0.1Heating by Weibel inst.

𝜖𝜖th ∼ 0.3
Acc. time

𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎 ≃ 𝜂𝜂
𝑟𝑟L
𝑐𝑐

𝜂𝜂 =
𝑟𝑟L
𝜆𝜆min



Electron Acc. in the conventional model

Eichler & Waxman 2005

Thermal & Non-thermal

𝑓𝑓e ∼ 1?

Urata+ 19, GRB 171205A

t=5.2 days

0.27% ± 0.04%

Depolarization by thermal electrons?
⇒ 𝑓𝑓e ∼ 0.1



GRB 190114C

‘First’ Detection by Cherenkov Telescope

MAGIC：Diameter 17m x2, Rotation with ～7deg/s
Low energy threshold ＞50GeV
Start obs. at t=60s, Detected ~1000 photons

𝑧𝑧 = 0.42 Nearby
Prompt Rad. 𝐸𝐸iso ≃ 2.5 × 1053erg

Lightcurves



Multiwavelenghth Lightcurves & Spectra

Gamma-ray Afterglow
Corrected for EBL abs.



1D time-dependent calculation

Electron energy distribution

Taking into account the theta-
dependence on observables.

Fukushima, KA+ 2017

𝐸𝐸0 = 1052erg, Γ0 = 100,𝑛𝑛ISM = 1cm−3, 𝑝𝑝 = 2.2,
𝜖𝜖𝑒𝑒 = 𝜖𝜖𝐵𝐵 = 0.1

𝜖𝜖𝑒𝑒 = 0.9, 𝜖𝜖𝐵𝐵 = 0.05
Dashed: radiative

Γ ∝ 𝑡𝑡−2

not 𝑡𝑡−3



ISM Model

𝜂𝜂 = 1,10,100,
1000, 3000, 10000𝑡𝑡acc ∼ 𝜂𝜂

𝑟𝑟𝐿𝐿
𝑐𝑐

Fermi-LAT photon index: ～-2



Optical emission via thermal synchrotron

Optical emission has been considered to originate from reverse shock,
But, thermal synchrotron can explain also.
Heating efficiency lower than PIC sim. suggested



X-ray

Solid

Dashed

PICsimulations suggest 𝑓𝑓e = 0.01 − 0.1
𝜖𝜖th ∼ 0.3

Inconsistent!



Shallow Decay Phase

X.-K. Ding+ 22

X-ray LCs

GRB 110731A (Ackerman+13)

X
Fermi

Opt.

Fermi-LAT GRBs tend to show
no shallow decay.

See Yamazaki+ 20
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𝐸𝐸 ∝ 𝑅𝑅2

Low Γ in less dense wind

See Dereli-Bégué+22
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Lightcurves
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TeV Lightcurves
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TeV Lightcurves
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Summary

•Particle Acceleration seems faster than that in 
PIC simulations.

•All electrons are accelerated? No Thermal 
Signature.

•Future: Gamma-ray detection constrains model 
of shallow decay.
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