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Gamma-Ray Bursts (GRBs)

LHASSO collaboration (2023)

GRB221009A

MAGIC+ (2019)

GRB190114C

Fast variable + Smooth power law
Early increasing phase + Late decreasing phase

Prompt Afterglow
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Origin of Short GRBs
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Origin of Short GRBs
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Relativistic Jets from Compact Objects

BH

Relativistic jet

Accretion Disk
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≥ 99% light speed

Accretion

𝝈 ≫ 𝟏

𝝈 ≪ 𝟏

𝛔 =
Magnetic energy
particle energy
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Porth et al., (2019)
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Shock dissipation of Intermittent Jets and Wind
Intermittent

Jets

Wind

Wind
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Wind interaction? →Y.K+ (2023)
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https://ui.adsabs.harvard.edu/abs/2023MNRAS.526..512K/abstract


Efficient Magnetic Energy Dissipation by Internal Shocks
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1D Relativistic MHD simulation

How efficient ? →Y.K+ (2023)
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1D Internal Shocks Radiation

1D Radiation code (Kusafuka+)
・1DSRMHD (Kusafuka & Asano 2024)
・Lagrange Particle (Vaidya et al. 2018)
・Radiative Transfer (Hummer & Rybicki 1971)
・Synchrotron / Synchrotron Self-Compton
・𝒑𝒑 collision (𝜸-ray / secondary 𝒆± / 𝝂𝒆, 𝝂𝝁)
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Application to GRB / Blazar / Microquasar / PWN

I’m sorry, waiting for the next year!



Today’s Topic - Magnetic Bullet Afterglow
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DecelerationCoasting
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Magnetic energy
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Semi-Analytic Model of Magnetic Bullet Afterglow

𝑡/01 𝑡12" 𝑡34
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Magnetic Bullet Two additional parameters are included

𝝈 ≡
Poynting ;lux
Matter ;lux
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𝚫 ≡ Shell width

𝑟ISMJet

Kusafuka & Asano (2024)



Semi-Analytic Modeling 1. Magnetic Acceleration

𝜎"#Δ"/𝑐

Acceleration rate: Γ 0 =
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)



Semi-Analytic Modeling 3. Coasting to Transition

Panaitescu & Kumar (2004)
Murase (2007)

Pressure balance at contact discontinuity

Coasting Phase: Γ = Γ456

Transition Phase: Γ ∝ 𝑡'*/)𝑡/01 𝑡12" 𝑡34
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Semi-Analytic Modeling 4. Rarefaction Catch-up
Rarefaction catch-up time 𝑡BC

Relative position from FS

Γ𝛽

Γ#$ ∝ 𝑡'(/) after 𝑡BC
Blandford-McKee (1976)

Rarefaction
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Semi-Analytic Model of Magnetic Bullet Afterglow
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Our Simulation
Magnetic Bullet

Well consistent with simulation results

𝐸" = 102", Γ" = 10, 𝜎" = 10, Δ" = 𝑅3'+/Γ"#~5
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~BOAT GRB~
Evidence of Magnetic 

Acceleration in the Very 
Early TeV Afterglow

Yo Kusafuka
ICRR, the University of Tokyo, PhD Student

Collaborator: Katsuaki Asano (ICRR)
Credit: Nasa / Swift / Cruz deWilde



What a coincidence!?

LHAASO collaboration (2023)
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10* s 10) s 10, s

∝ 𝑇*.1)!".$%&".'$ → homogeneous CSM
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Magnetic BulletRoughly: 𝐹$$M ∝ 𝑅,Γ( ∝ 𝑇*"
Acceleration Phase: Γ ∝ 𝑡*/( ∝ 𝑇

4 Phases in BOAT & Model

Jet Break?Deceleration?



Inverted CSM Structure 
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�̇�
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Ren et al. (2024)
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No Jet Break in TeV afterglow 𝐸VWX = 4×10"" erg

𝜖Y = 3.0×10')

𝜖Z = 4.6×10'"

𝑝 = 2.45

𝜎[W\ = 23

Δ% = 200𝑐 ∼ 𝑇L%

Γ[W\ = 530

𝐴 = 0.048

Observed Time 𝑡456 [s]

𝜈𝐹
7
er
g
cm

/
)
s/

*

Γ G
H𝛽

GH

Wind-like

𝑡23 𝑡89
𝑡89𝑡:62



CSM Transition
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ISM-like Wind-like

jet break!!!

𝑟6^ = 1.2×10*_ cm

Transition
Phase

Deceleration Phase

𝐴 = 0.048
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10? km s7.
7.

Early follow-up ∼ 10# s is important

Emergence of a homogeneous medium

Decrease �̇� or increase 𝑣;<=> before SN



Late Jet Break
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Deceleration Phase
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𝜃ef6 = 0.03 rad = 1.7∘

𝜃;&<= = 2.5 ± 1.0∘ (Wang+ 2018)

Transition
Phase

Late jet break ∼ 50 days

We don’t need very narrow jet

Comparable to SN energy



Summary

Thank you for your attention!!

𝑡/01 𝑡12" 𝑡34

𝑡*/( 𝑡%

Magnetic Bullet
MNRAS published
arxiv: 2408.10750

Kusafuka & Asano (2024)

Magnetic Bullet can explain a lot of 
mysterious early afterglows within 
reasonable parameter sets. Very early 
TeV afterglow is the best evidence for 
magnetic acceleration, which may be 
detected by LHAASO & CTA.
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