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Afterglow Radiation
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Basic Scenario

Exploring Extreme Transients 2025

𝑡

Γ!"

Γ#
Γ ∝ 𝑡#

Γ ∝ 𝑡$
%
&

𝑡'()

𝜈𝐹*

𝑡*%+,!"#𝑡*%+ ∝
𝐸
𝑛Γ-.

//1

Blandford-McKee (BM) solution

𝜈𝐹* ∝ 𝑡'()&~%
𝜈𝐹* ∝ 𝑡'()$,∼$&

𝑡*+, ≡ 1 + 𝑧 𝑡 −
𝑅 𝑡
𝑐

Most late-phase afterglows are well explained, but …
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Shock Dynamics Light Curve



Diversity of GRB Afterglows
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LHAASO collaboration (2023)

∝ 𝑇/:.<!".$%&.'

10, s 10& s 10% s

∝ 𝑇,./&!".$%&".'$ → homogeneous CSM

Cucchiara et al. (2011)

GRB110213A

TeV Very Rapid Increase etc.

X-ray shallow decay > 50%
Optical Plateau / Double-peak

XRF080330

Guidorzi et al. (2009)
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Magnetic Bullet Simulation
Coasting phase Transition phase BM phase

𝜎, Δ affect FS dynamics

Thick shell

Thin shell

Δ- = Γ-%.𝑅/01

Δ- = Γ-%2𝑅/01
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Semi-Analytic Model of Magnetic Bullet Afterglow
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Magnetic Bullet Two additional parameters are included

𝝈 ≡
Poynting @lux
Matter @lux

=
B.

4𝜋𝜌𝑐.

𝚫 ≡ Shell width

𝑟CSMJet

Kusafuka & Asano (2024,2025), Kusafuka et al. (in prep)
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Semi-Analytic Modeling 1. Magnetic Acceleration

𝜎-.Δ-/𝑐

Acceleration rate: Γ J =
𝝈𝟎𝒄𝒕
𝜟𝟎

𝟏/𝟑

Impulsive acceleration: Granot et al. (2011)
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Semi-Analytic Modeling 2. Reverse Shock Timescale

Zhang & Kobayashi (2005)

RS ignition condition

RS crossing timescale

Shell spreading stops at RS crossing

Acceleration stops at RS ignition
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Magnetic Bullet

Giannios, Mimica & Aloy (2008)
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Semi-Analytic Modeling 3. Coasting to Transition

Panaitescu & Kumar (2004)
Murase (2007)

Pressure balance at contact discontinuity

Coasting Phase: Γ = Γ+#&

Transition Phase: Γ ∝ 𝑡=
(!)
*𝑡+,- 𝑡-./ 𝑡01

Magnetic Bullet
1 + 𝜎56 4Γ708 + 3 Γ708 − 1 𝑛09 = 4Γ:6. 𝑛;6<
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)/.
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Semi-Analytic Modeling 4. Rarefaction Catch-up
Rarefaction catch-up time 𝑡ST

Relative position from FS

Γ𝛽

ΓUV ∝ 𝑡=1/. after 𝑡ST
Blandford-McKee (1976)

Rarefaction
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Semi-Analytic Model of Magnetic Bullet Afterglow

𝑡+,- 𝑡-./ 𝑡01

Magnetic Bullet
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MHD Simulation
Magnetic Bullet

Well consistent with simulation results

𝐸- = 10@-, Γ- = 10, 𝜎- = 10, Δ- = 𝑅/01/Γ-.~2
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Open-Source Afterglow Simulator “Magglow.jl”

Name MHD RS SSC 𝒑𝒑, 𝒑𝜸 CSM Language
afterglowpy ISM Python/C
AMES ⭕ ⭕ ⭕ Both Python/C++

PyBlastAfterglow ⭕ ⭕ Any Python/C++
jetsimpy ⭕ ⭕ Any Python/C++

VegasAfterglow △ ⭕ ⭕ Any Python/C++
Magglow ⭕ ⭕ ⭕ ⭕ Any Julia

“Magglow” will elucidate the diversity of early afterglows

Magglow is a Multi-Messenger Early Afterglow Moderator 

So far, only Magglow includes the dynamical effects of 1D simulation 
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Application to GRB 221009A

LHAASO collaboration (2023)

∝ 𝑇/:.<!".$
%&.'

10, s 10& s 10% s

∝ 𝑇,./&!".$%&".'$ → homogeneous CSM

𝑡+,- 𝑡-./ 𝑡01

𝑡//1 𝑡- 𝑡
G=.
: 𝑡

G=1
.

Magnetic BulletRoughly: 𝐹VVX ∝ 𝑅:Γ1 ∝ 𝑇/Y
Acceleration Phase: Γ ∝ 𝑡//1 ∝ 𝑇

4 Phases in BOAT & Model

Jet Break?Deceleration?
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jet break!!!

𝑟&[ = 1.2×10/\ cm

Deceleration Phase
𝐸$%& = 2×10Y.
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𝜃$%& = 0.03 rad = 1.7∘

𝜃6378 = 2.5 ± 1.0∘ (Wang+ 2018)Transition
Phase

We don’t need very narrow jet

TeV Rapid Increase (GRB 221009A) 𝐸`ab = 4×10YY

𝜖c = 3.0×10=.

𝜖d = 4.6×10=Y

𝑝 = 2.45

𝜎eaf = 23

Δ- = 200𝑐

Γeaf = 530

𝐴 = 0.048
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Shallow-decay…?
GRB model parameters

𝐸B,* = 10@. erg, Γ- = 100, 𝑛- = 1 /cc

𝜖$ = 10%), 𝜖C = 10%., 𝑓$ = 1, 𝑝 = 2.2

Timescale ~ 102.@ s

X-ray shallow decay > 50%
Decaying index ~ 0.11

Radio

Optical

X-ray

TeV
𝜈𝐹
*
er
g
cm

$
&
s$
,

Observed Time [s]

Tang et al. (2019) 𝒕𝑩𝑴~𝟏𝟎𝟑.𝟓 𝐬

solid: FS, dotted: RS

𝑭𝝂 ∝ 𝒕𝒐𝒃𝒔
%𝒑"𝟐𝟐 ∝ 𝒕𝒐𝒃𝒔%𝟎.𝟏 for 𝜈 > max 𝜈!, 𝜈#

𝒕𝑩𝑴~𝟏𝟎𝟑.𝟓 𝐬 for Δ/c = 720 s (cf. 𝑇O- of long-GRB) 

Our results naturally explain the observations
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https://github.com/yo3-sun/Magglow Summary
A new semi-analytic afterglow
model, Magnetic Bullet Afterglow,
has successfully included 1D
dynamical effects in the shock
wave dynamics. An open-source
afterglow simulator, “Magglow”,
will elucidate the diversity of GRB
early afterglows. We should do
beyond one-zone studies.

https://github.com/yo3-sun/Magglow

