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The physics of  GRBs

Energetic and luminous
<latexit sha1_base64="P82UgcZyyakWYUaSjXExVtrFNls=">AAACGnicbZDLSsNAFIYnXmu9RV26GSyCCy2JtF52RRFcVrAXaGqZTCfp0JkkzEyEEuJruPFV3LhQxJ248W2cpllo64GBj/8/hzPndyNGpbKsb2NufmFxabmwUlxdW9/YNLe2mzKMBSYNHLJQtF0kCaMBaSiqGGlHgiDuMtJyh5djv3VPhKRhcKtGEely5AfUoxgpLfVM+6qXOD7iHB1CR3BIZZhCR1IObesuqZyn8CijajXV9gMRfs8sWWUrKzgLdg4lkFe9Z346/RDHnAQKMyRlx7Yi1U2QUBQzkhadWJII4SHySUdjgDiR3SQ7LYX7WulDLxT6BQpm6u+JBHEpR9zVnRypgZz2xuJ/XidW3lk3oUEUKxLgySIvZlCFcJwT7FNBsGIjDQgLqv8K8QAJhJVOs6hDsKdPnoXmcdk+KVduKqXaRR5HAeyCPXAAbHAKauAa1EEDYPAInsEreDOejBfj3fiYtM4Z+cwO+FPG1w8sAJ8Z</latexit>

E�,iso ⇠ 1049 � 1055 erg

<latexit sha1_base64="ycX0o4UxxV5Er+8XBd1w3542NEQ="></latexit>

L�,iso ⇠ 1046 � 1054 erg s�1

Relativistic outflow

Rapid variability

<latexit sha1_base64="kTgKVtGVBpxxtakaYx15gzFGf/4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUPeixgv2AJpTJdtMu3U3C7kYopX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjrJFGUNmohEtUPUTPCYNQw3grVTxVCGgrXC4e3Ubz0xpXkSP5pRygKJ/ZhHnKKxku/foZRIronnut1yxa26M5Bl4uWkAjnq3fKX30toJllsqECtO56bmmCMynAq2KTkZ5qlSIfYZx1LY5RMB+PZzRNyYpUeiRJlKzZkpv6eGKPUeiRD2ynRDPSiNxX/8zqZia6CMY/TzLCYzhdFmSAmIdMASI8rRo0YWYJUcXsroQNUSI2NqWRD8BZfXibNs6p3UT1/OK/UbvI4inAEx3AKHlxCDe6hDg2gkMIzvMKbkzkvzrvzMW8tOPnMIfyB8/kD4WmQSQ==</latexit>

� > 100

Below ~ 0.1 seconds

Low-luminosity GRBs
<latexit sha1_base64="Qaw/cwX2O3iL1HByPCR/sL+9JLc=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsxIUZdFF7qsYB/QGUomzbShSWZI7oil9FfcuFDErT/izr8xbWehrQcCh3PO5d6cKBXcgOd9O4W19Y3NreJ2aWd3b//APSy3TJJpypo0EYnuRMQwwRVrAgfBOqlmREaCtaPRzcxvPzJteKIeYJyyUJKB4jGnBKzUc8vBLZGS4GAANiSx7+GeW/Gq3hx4lfg5qaAcjZ77FfQTmkmmgApiTNf3UggnRAOngk1LQWZYSuiIDFjXUkUkM+FkfvsUn1qlj+NE26cAz9XfExMijRnLyCYlgaFZ9mbif143g/gqnHCVZsAUXSyKM4EhwbMicJ9rRkGMLSFUc3srpkOiCQVbV8mW4C9/eZW0zqv+RbV2X6vUr/M6iugYnaAz5KNLVEd3qIGaiKIn9Ixe0ZszdV6cd+djES04+cwR+gPn8wdaCZNa</latexit>

� & 10

Short GRBs (double neutron star merger)
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The physics of  GRBs

Energetic and luminous
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Relativistic outflow

Rapid variability
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� > 100

Below ~ 0.1 seconds

Internal shock
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RIS ' 2�2c�t = 6⇥ 1012�2
2�t�2 cm

Low-luminosity GRBs
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Short GRBs (double neutron star merger)
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The physics of  GRBs

Energetic and luminous
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Relativistic outflow

Rapid variability
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� > 100

Below ~ 0.1 seconds

Internal shock Reverse-forward shock
<latexit sha1_base64="XbXjUtedSvmwAPPL/7RfTq9cAec="></latexit>

RIS ' 2�2c�t = 6⇥ 1012�2
2�t�2 cm
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Rdec ' 6.2⇥ 1016E1/3
52 ��2/3

0,2 n�1/3 cm
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� & 10
Low-luminosity GRBs

Short GRBs (double neutron star merger)
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Lightcurves of  VHE GRBs
GRB 190114C GRB 180720B

GRB 190829AGRB 160821B ~ 3 sigma

TeV photons from 
afterglow phase

Opening the 
possibility to 
renovate and boost 
afterglow studies 

GRB 221009A !
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High-luminosity (typical) long GRB

What we can learn from afterglow modeling?

Consistent with the SSC one-zone afterglow model (GRB 190114C, GRB 180720B, GRB 221009A, …) 

(GRB 190114C, GRB 180720B, GRB 221009A, …) 

Isotropic energy output of the GRBs (in 
the 50–300 keV range) 

Low-energy radio to optical data?
Noda & Parsons, 2022

Zhang, 2019



Bing Theodore Zhang VHE gamma-rays from GRBs 7

High-luminosity (typical) long GRB

What we can learn from afterglow modeling?

Low-luminosity long GRB

Short GRB

Consistent with the SSC one-zone afterglow model (GRB 190114C, GRB 180720B, GRB 221009A, …) 

(GRB 190829A) 

Difficult to explain within the SSC one-zone afterglow model 

Difficult to explain with the SSC one-zone afterglow model 

(GRB 160821B) 

(GRB 190114C, GRB 180720B, GRB 221009A, …) 

External inverse-Compton (flare)?

Proton synchrotron model? Totani 1998, Zhang & Meszaros, 2001, Murase 
et al, 2008, Asano et al, 2009,  Isravel et al, 
2022; BTZ, Murase, Ioka et al, 2022

Isotropic energy output of the GRBs (in 
the 50–300 keV range) 

H.E.S.S. Collaboration et al, 2021
BTZ, Murase, Veres and Meszaros, 2021

Two-component jet Sato el al, 2022 (including BTZ)

Reverse shock Salafia el al, 2022

Two-zone SSC model Khangulyan el al, 2022

External inverse-Compton (flare)?
Magic Collaboration, 2021

Low-energy radio to optical data?

BTZ, Murase, Yuan, Kimura and Meszaros, 2021
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Numerical modeling on GRB afterglow

Simple analytical models – Fast and useful for MCMC fitting, not accurate (especially for 
SSC cooling and SSC component)

Detailed numerical models – More physical processes, time consuming for MCMC fitting

One-zone SSC model
Useful for performing MCMC fitting

Neutral network emulation Boersma et al. 2023

With the help of machine learning
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• Code generate neutrino and EM light curves and spectra

• Model parameters are standard ones used in each community given multiwavelength

data

• “Source dependent” python interface

• Physics processes are based on C++

(AMES) Astrophysical Multi-messenger Emission Simulator

q GRB
q SN
q PWN
q ANG

Status:
(ex. Zhang et al. 2021)

(ex. Murase 2018, Murase et al. 2019)

(ex. Murase et al. 2021)

(ex. Zhang & Murase 2023)
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Numerical calculation of the afterglow emission

One-zone SSC model – Code comparison

AMES

Mecili & Nava, 2022

Granot & Sari, 2002

Ryan et el, 2020 (Afterglowpy)

EATS, SSC cooling, gamma-gamma attenuation, structured jet, off-axis

EATS, Synchrotron component only, structured jet, off-axis

EATS, Synchrotron component only

SSC cooling, gamma-gamma attenuation, EATS (Waxman 1997)
…
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The basics of  GRB Afterglow
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Ek
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Macroparameters

: Isotrpic-equivalent kinetic energy

: External matter density
<latexit sha1_base64="mWz0oHI7guSup0ev7sO5DvFaUik=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRgx4r2A9oQ5lsN+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUUdagsYhVO0DNBI9Yw3AjWDtRDGUgWCsY3Uz91hNTmsfRgxknzJc4iHjIKRortbu3KCX23F654lbdGcgy8XJSgRz1Xvmr249pKllkqECtO56bGD9DZTgVbFLqppolSEc4YB1LI5RM+9ns3gk5sUqfhLGyFRkyU39PZCi1HsvAdko0Q73oTcX/vE5qwis/41GSGhbR+aIwFcTEZPo86XPFqBFjS5Aqbm8ldIgKqbERlWwI3uLLy6R5VvUuquf355XadR5HEY7gGE7Bg0uowR3UoQEUBDzDK7w5j86L8+58zFsLTj5zCH/gfP4AgF+PoQ==</latexit>

�0 : Initial Lorentz factor
<latexit sha1_base64="9ITjnEbqW5UJa9nnXwGwJq0r4ds=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt2s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWjm6nfeuLaiFjd4zjhfkQHSoSCUbRSu4tDjrT30CtX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx274ScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwys/EypJkSs2XxSmkmBMps+TvtCcoRxbQpkW9lbChlRThjaikg3BW3x5mTTPqt5F9fzuvFK7zuMowhEcwyl4cAk1uIU6NICBhGd4hTfn0Xlx3p2PeWvByWcO4Q+czx8myJAO</latexit>

✓j : Jet openning angle

How the shock front radius and the 
Lorentz factor of the blastwave fluid 
just behind the shock evolves as a 
function of the observer time t 

Blastwave

Unshocked
ejecta

Unshocked
medium

Shocked
ejecta

Shocked
medium

3 2 14

Costing phase:

Deceleration phase:

Non-relativistic phase:
<latexit sha1_base64="3GVbfbwapE0qVOiM/0jsWQBiCJ0=">AAACEnicbVC7SgNBFJ2Nrxhfq5Y2g0FQ0Lgb46MM2lhGMA/IrmF2MkmGzD6YuSuEJd9g46/YWChia2Xn3zhJtoiJBwYO59zLnXO8SHAFlvVjZBYWl5ZXsqu5tfWNzS1ze6emwlhSVqWhCGXDI4oJHrAqcBCsEUlGfE+wute/Gfn1RyYVD4N7GETM9Uk34B1OCWipZR45HgOCnUiGEYQYHpKTs9Pz4TGW01pRSy0zbxWsMfA8sVOSRykqLfPbaYc09lkAVBClmrYVgZsQCZwKNsw5sWIRoX3SZU1NA+Iz5SbjSEN8oJU27oRSvwDwWJ3eSIiv1MD39KRPoKdmvZH4n9eMoXPlJjyIYmABnRzqxAKPgup+cJtLRkEMNCFUcv1XTHtEEgq6xZwuwZ6NPE9qxYJ9USjdlfLl67SOLNpD++gQ2egSldEtqqAqougJvaA39G48G6/Gh/E5Gc0Y6c4u+gPj6xcI/5xy</latexit>

� / t�3/5, r / t2/5

<latexit sha1_base64="gx4mlZF8IrGP0vmpgmgPQizRhyY=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQ0TbRol0WXeiygn1AE8tkOmmHziRhZiKUkH9w46+4caGIWzfu/BunbRa1emDgcM693DnHixiVyrK+jdzC4tLySn61sLa+sbllbu80ZRgLTBo4ZKFoe0gSRgPSUFQx0o4EQdxjpOUNr8Z+64EIScPgTo0i4nLUD6hPMVJa6ppHzjXiHEEnEmGkQqjuk5OzcjU9hmJWs8uVtGsWrZI1AfxL7IwUQYZ61/xyeiGOOQkUZkjKjm1Fyk2QUBQzkhacWJII4SHqk46mAeJEuskkUwoPtNKDfij0CxScqLMbCeJSjrinJzlSAznvjcX/vE6s/Kqb0CCKFQnw9JAfMzgOqguCPSoIVmykCcKC6r9CPEACYaVrLOgS7PnIf0nztGSflyq3lWLtMqsjD/bAPjgENrgANXAD6qABMHgEz+AVvBlPxovxbnxMR3NGtrMLfsH4/AGnJJzE</latexit>

� / t�3/8, r / t1/4

<latexit sha1_base64="rDhyGeOQgRAXLii9mfxwbkcYei0=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSJmRom6EogtdVrAP6AxDJs20ockkJBmhlO7c+CtuXCji1l9w59+YtrPQ1gOBwzn3cnNOLBnVxvO+nYXFpeWV1cJacX1jc2vb3dltaJEpTOpYMKFaMdKE0ZTUDTWMtKQiiMeMNOP+9dhvPhClqUjvzUCSkKNuShOKkbFS5B4EN4hzBC/hlETeCVQwkEpII6CJ3JJX9iaA88TPSQnkqEXuV9AROOMkNZghrdu+J004RMpQzMioGGSaSIT7qEvalqaIEx0OJzlG8MgqHZgIZV9q4ET9vTFEXOsBj+0kR6anZ72x+J/XzkxyEQ5pKjNDUjw9lGQMjiPaUmCHKoING1iCsKL2rxD3kELY2OqKtgR/NvI8aZyW/bNy5a5Sql7ldRTAPjgEx8AH56AKbkEN1AEGj+AZvII358l5cd6dj+nogpPv7IE/cD5/AI1rl9w=</latexit>

� = �0, r / t

Time
Nava et al, 2013
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Particle acceleration and radiation

<latexit sha1_base64="IKHcDkoptXpWncJxPLUMigwT65Y="></latexit>

@n�e(t
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@t0
+

@

@�e
(n�e(t

0)�̇e) +
n�e(t

0)

t0esc
= ṅinj

�e
(t0)

Highly relativistic shock as viewed from the 
mean rest frame of the shocked fluid 

Cold, upstream, particles stream toward the 
shocked plasma with Lorentz factor Γ as 
viewed in this frame 

<latexit sha1_base64="rGWs2nmY/Ie25D+eLqV47bk0rSk=">AAACGnicbVDLSgMxFM34rPU16tJNsAh1YZkpRd0IRRe6rGAf0JkOmTRtQ5PMkGSEMvQ73Pgrblwo4k7c+Dem7Sy09cDlHs65l+SeMGZUacf5tpaWV1bX1nMb+c2t7Z1de2+/oaJEYlLHEYtkK0SKMCpIXVPNSCuWBPGQkWY4vJ74zQciFY3EvR7FxOeoL2iPYqSNFNhuEqSe5FANxh0vlpQTeAkr3g3iHMFi1k/dEyggD2KIO+XALjglZwq4SNyMFECGWmB/et0IJ5wIjRlSqu06sfZTJDXFjIzzXqJIjPAQ9UnbUIE4UX46PW0Mj43Shb1ImhIaTtXfGyniSo14aCY50gM1703E/7x2onsXfkpFnGgi8OyhXsKgjuAkJ9ilkmDNRoYgLKn5K8QDJBHWJs28CcGdP3mRNMol96xUuasUqldZHDlwCI5AEbjgHFTBLaiBOsDgETyDV/BmPVkv1rv1MRtdsrKdA/AH1tcPbkaekg==</latexit>

u0
sh = 4�(�� 1)nmpc

2

Comoving frame shock-dissipated energy 

<latexit sha1_base64="Vf0/A0epGjpvr2BxHXQXSSP1wZA=">AAACEnicbVBNS8NAEN34WetX1KOXxSLopSRS1ItQ6sVjBfsBTQ2b7aRdupuE3Y1QQn+DF/+KFw+KePXkzX/jts1BWx8MPN6bYWZekHCmtON8W0vLK6tr64WN4ubW9s6uvbffVHEqKTRozGPZDogCziJoaKY5tBMJRAQcWsHweuK3HkAqFkd3epRAV5B+xEJGiTaSb5+mfu3eSyQTgK+wB4li3Og1nPqZJwVWg3Fu+3bJKTtT4EXi5qSEctR9+8vrxTQVEGnKiVId10l0NyNSM8phXPRSBQmhQ9KHjqEREaC62fSlMT42Sg+HsTQVaTxVf09kRCg1EoHpFEQP1Lw3Ef/zOqkOL7sZi5JUQ0Rni8KUYx3jST64xyRQzUeGECqZuRXTAZGEapNi0YTgzr+8SJpnZfe8XLmtlKq1PI4COkRH6AS56AJV0Q2qowai6BE9o1f0Zj1ZL9a79TFrXbLymQP0B9bnD+manag=</latexit>

u0
B = ✏Bu

0
sh

<latexit sha1_base64="cgShrABStuRYfqmDDYSZfOrvyOw=">AAACEnicbVBNS8NAEN3Ur1q/oh69LBZBLyWRol6EohePFewHNDFsttN26W4SdjdCCf0NXvwrXjwo4tWTN/+N2zYHbX0w8Hhvhpl5YcKZ0o7zbRWWlldW14rrpY3Nre0de3evqeJUUmjQmMeyHRIFnEXQ0ExzaCcSiAg5tMLh9cRvPYBULI7u9CgBX5B+xHqMEm2kwD5JA7j3EskE4EvsQaIYNzrgNMg8KbAajHM7sMtOxZkCLxI3J2WUox7YX143pqmASFNOlOq4TqL9jEjNKIdxyUsVJIQOSR86hkZEgPKz6UtjfGSULu7F0lSk8VT9PZERodRIhKZTED1Q895E/M/rpLp34WcsSlINEZ0t6qUc6xhP8sFdJoFqPjKEUMnMrZgOiCRUmxRLJgR3/uVF0jytuGeV6m21XLvK4yiiA3SIjpGLzlEN3aA6aiCKHtEzekVv1pP1Yr1bH7PWgpXP7KM/sD5/AFtpne4=</latexit>

u0
e = ✏eu

0
sh

<latexit sha1_base64="E0xZeQq7jH8mNb/RFB4yOCaWdD4=">AAACIHicbVDLSgMxFM34rPVVdekmWIS6sMxIsS6LblxWsA9o65BJb9vQJDMkGaEM/RQ3/oobF4roTr/G9IXaeiBwOOdcbu4JIs60cd1PZ2l5ZXVtPbWR3tza3tnN7O1XdRgrChUa8lDVA6KBMwkVwwyHeqSAiIBDLehfjfzaPSjNQnlrBhG0BOlK1mGUGCv5maLMNbtECOLDCW7PKG5GKoxMiGfCXXKqfRj+JPxM1s27Y+BF4k1JFk1R9jMfzXZIYwHSUE60bnhuZFoJUYZRDsN0M9YQEdonXWhYKokA3UrGBw7xsVXauBMq+6TBY/X3REKE1gMR2KQgpqfnvZH4n9eITeeilTAZxQYknSzqxBzb00dt4TZTQA0fWEKoYvavmPaIItTYTtO2BG/+5EVSPct75/nCTSFbupzWkUKH6AjlkIeKqISuURlVEEUP6Am9oFfn0Xl23pz3SXTJmc4coD9wvr4BZLGjJw==</latexit>

n(�e)d�e / ��se
e d�e

<latexit sha1_base64="DppuxQqyG42VmyFsY5Ew6nwlws8="></latexit>

�min =
✏e
fe

mp

me

se � 2

se � 1
(�� 1)

Comoving frame magnetic energy

Comoving frame accelerated electron energy

Cooling processes: synchrotron cooling, inverse-Compton 
cooling, adiabatic cooling

Kumar and Zhang, 2014

Photon escape
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Particle acceleration and radiation

Iteration method is useful for modeling electron quasi steady-state distribution
Fast and SSC cooliing included <latexit sha1_base64="MIi+tGD+alS3uea3hGWmgPOXJFU="></latexit>

n�e(t) =
1

t�1
cool

1

�e

Z
d�0

eṅ�e(t)

BTZ, Murase, Veres and Meszaros, 2021
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Code comparison – case I

<latexit sha1_base64="TLcPadovaZ2wfqNhyun7eSBI0uM="></latexit>

Ek = 1⇥ 1052 erg, nex = 1 cm�3, ✏B = 5⇥ 10�4, ✏e = 0.05, fe = 1., s = 2.3,�0 = 600, z = 1

Observed energy spectrum  at T_obs = 10000 seconds
For synchrotron component,
consistent within a factor of ~2

Afterglowpy have issue around and 
beyond cooling frequency 

The discrepancy on SSC component 
is larger

Target photons depends on electron 
distribution

Difference between EATS method 
(especially from radio to infrared 
energy range)
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Code comparison – Case II

<latexit sha1_base64="SWVJkOtn7rjVBYxDpsLzNUY2DmM="></latexit>

Ek = 8⇥ 1053 erg, nex = 0.5 cm�3, ✏B = 8⇥ 10�5, ✏e = 0.07, fe = 1., s = 2.6,�0 = 1000, z = 0.4245

T_obs = 90 seconds

Observed energy spectrum at 90 
seconds (e.g. GRB 190114C)

The discrepancy is larger between 
MAGIC, 2019 spectrum and others

Different tratment of electron 
cooling and photon escape time 
scales ?

<latexit sha1_base64="ttU+Oe/Q6b/au3fr9JhEUoLxpRs=">AAACFnicbVDLSgNBEJz1GeMr6tFLYxAiYtyVoF6EYA56jJAXJCHMTibJkJnZZWZWiEu+wou/4sWDIl7Fm3/j5HHQxIKGoqqb7i4/5Ewb1/12FhaXlldWE2vJ9Y3Nre3Uzm5FB5EitEwCHqiajzXlTNKyYYbTWqgoFj6nVb9fGPnVe6o0C2TJDELaFLgrWYcRbKzUSp2YVtxQAtoDOYQrKEDjBguBoTSRA18P4RQyHhzDwxG0Umk3644B88SbkjSaothKfTXaAYkElYZwrHXdc0PTjLEyjHA6TDYiTUNM+rhL65ZKLKhuxuO3hnBolTZ0AmVLGhirvydiLLQeCN92Cmx6etYbif959ch0Lpsxk2FkqCSTRZ2IgwlglBG0maLE8IElmChmbwXSwwoTY5NM2hC82ZfnSeUs651nc3e5dP56GkcC7aMDlEEeukB5dIuKqIwIekTP6BW9OU/Oi/PufExaF5zpzB76A+fzB394nGY=</latexit>

tdyn = C�Tobs/(1 + z)

<latexit sha1_base64="YeIBrjae+ZktkHE38gbXrjNnHNk=">AAACFHicbZDLSgMxFIYz9VbrbdSlm2ARKkqZkaIui924rGAv0BlKJs20oUlmSDJCGeYh3Pgqblwo4taFO9/GtJ2Ftv4Q+PnOOZycP4gZVdpxvq3Cyura+kZxs7S1vbO7Z+8ftFWUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxo1pvfNApKKRuNeTmPgcDQUNKUbaoL59pvupJzkkYXgO41EGPUU5zOFgIjJYacyZe9q3y07VmQkuGzc3ZZCr2be/vEGEE06Exgwp1XOdWPspkppiRrKSlygSIzxGQ9IzViBOlJ/OjsrgiSEDGEbSPKHhjP6eSBFXasID08mRHqnF2hT+V+slOrz2UyriRBOB54vChEEdwWlCcEAlwZpNjEFYUvNXiEdIIqxNjiUTgrt48rJpX1Tdy2rtrlau3+RxFMEROAYV4IIrUAe3oAlaAINH8AxewZv1ZL1Y79bHvLVg5TOH4I+szx8q9Zz9</latexit>

te↵,ph ⇠ tdyn(C ⇠ 1)
<latexit sha1_base64="laEXCskpaLE+vX6ow9/n8ya6DYw=">AAACFnicbZDLSgMxFIYz9VbrbdSlm2ARKmid0aIui924rGAv0JaSSTNtaJIZkowwDPMUbnwVNy4UcSvufBvTdhba+kPg5zvncHJ+L2RUacf5tnJLyyura/n1wsbm1vaOvbvXVEEkMWnggAWy7SFFGBWkoalmpB1KgrjHSMsb1yb11gORigbiXsch6XE0FNSnGGmD+vap7iddySHx/RMYjlLYVZTDDA5ikcJSbcbcs4vjvl10ys5UcNG4mSmCTPW+/dUdBDjiRGjMkFId1wl1L0FSU8xIWuhGioQIj9GQdIwViBPVS6ZnpfDIkAH0A2me0HBKf08kiCsVc890cqRHar42gf/VOpH2r3sJFWGkicCzRX7EoA7gJCM4oJJgzWJjEJbU/BXiEZIIa5NkwYTgzp+8aJrnZfeyXLmrFKs3WRx5cAAOQQm44ApUwS2ogwbA4BE8g1fwZj1ZL9a79TFrzVnZzD74I+vzByexnXM=</latexit>

te↵,ph ⇠ tdyn(C ⇠ 1/3) AMES (EATS)

Derishev & Piran, 2021

C depends on the geometric effect
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Probe electron acceleration efficiency with VHE 
gamma-rays

Asano, Murase and Toma, 2020

The effect of maixmum acceleration energy

The ratio between Larmor radius and the 
coherence length scale of plasma turbulence

Thick line: eta  = 1
Thin lins: eta = 10, 100, 1000, 3000

eta < 100: flux detected above 0.1 GeV

SSC component not sensitive to the coefficient

<latexit sha1_base64="NnwiSo4cS5rJcFQv+rGq+nvfoR0=">AAACInicbVDLSgMxFM34tr6qLt0Ei1A3dUaKj4UgunHhQsHaQqcMd9K0DU1mhuSOUIZ+ixt/xY0LRV0JfozpY6GtBwKHc85Nck+YSGHQdb+cmdm5+YXFpeXcyura+kZ+c+vexKlmvMJiGetaCIZLEfEKCpS8lmgOKpS8GnYvB371gWsj4ugOewlvKGhHoiUYoJWC/CkGma8VBcb69Iz6HIFicE19IxQtassOqC/tfU0YBVnc6e8PIkG+4JbcIeg08cakQMa4CfIffjNmqeIRMgnG1D03wUYGGgWTvJ/zU8MTYF1o87qlEShuGtlwxT7ds0qTtmJtT4R0qP6eyEAZ01OhTSrAjpn0BuJ/Xj3F1kkjE1GSIo/Y6KFWKinGdNAXbQrNGcqeJcC0sH+lrAMaGNpWc7YEb3LlaXJ/WPKOSuXbcuH8YlzHEtkhu6RIPHJMzskVuSEVwsgjeSav5M15cl6cd+dzFJ1xxjPb5A+c7x8pNqI3</latexit>

tacc = ⌘tL ⇠ (rL/�coh)tL
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Probe proton acceleration efficiency with VHE 
gamma-rays

BTZ, Murase, Ioka et al, 2022

Energy spectrum of proton synchrotron emission from reverse 
shock 

UHECR acceleration is possible in reverse shock, 
but difficult for forward shock
Gallant and Achterberg 1999, Murase et al. 2008, Sironi
et al. 2015

<latexit sha1_base64="Bg1aenSqO9/rrs7DPGVpaNpMpM4=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSKepFKHrx4KGC/YAmhM122y7dTcLuRCixB/+KFw+KePVvePPfuG1z0NYHA4/3ZpiZFyaCa3Ccb6uwtLyyulZcL21sbm3v2Lt7TR2nirIGjUWs2iHRTPCINYCDYO1EMSJDwVrh8Hritx6Y0jyO7mGUMF+SfsR7nBIwUmAfQJB5SmJC6RhfYo8BwRDcBnbZqThT4EXi5qSMctQD+8vrxjSVLAIqiNYd10nAz4gCTgUbl7xUs4TQIemzjqERkUz72fT+MT42Shf3YmUqAjxVf09kRGo9kqHplAQGet6biP95nRR6F37GoyQFFtHZol4qMMR4EgbucsUoiJEhhCpubsV0QBShYCIrmRDc+ZcXSfO04p5VqnfVcu0qj6OIDtEROkEuOkc1dIPqqIEoekTP6BW9WU/Wi/VufcxaC1Y+s4/+wPr8AZXjlS8=</latexit>

tacc = ⌘tL

Thick-dashed brown line: eta = 1
Thin-dashed brown line: eta = 10

Large-scale MHD turbulence?

Acceleration at tran-relativistic  reverse shock

Ordered upstream magnetic field ?

(Could be tested by VHE gamma-rays, e.g. GRB 221009A) RS component may be need for fitting early afterglow data
O’Connor et al, 2022
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Two-component jet model 

GRB 190829A
Sato el al, 2022 (including BTZ)

Or structured jet?



Bing Theodore Zhang VHE gamma-rays from GRBs 24

Two-component jet model 

GRB 190829A GRB 221009A
Sato el al, 2022 (including BTZ) Sato el al, 2023

Or structured jet?
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• The SSC one-zone afterglow model is consistent with the observed 
high-luminosity VHE GRBs
• Fast and accurate mumerical modeling with detailed radiative processes

• Reverse shock component ?

• Two-component or structure jet ?
• External inverse-Compton could enhance VHE gamma-ray flux 

e.g. important for low-luminosity GRBs and short GRBs

• VHE GRBs in multimessenger astrophysics
• epsilon_B << 1 for the one-zone afterglow model
• UHECR acceleration and proton synchrotron emission (epsilon_B > 0.1)

Summary and outlook

• AMES will be publicly available soon.
Numerical modeling the high-energy processes that occurred in various high-energy sources
(e.g. GRB, SN, PWN, AGN, …)


