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Selected topics

• TeV afterglow emission


• Oddball GRBs with special progenitors


• GRB prompt emission: jet composition, energy 
dissipation and radiation mechanisms

Disclaimer: not a complete review, personal taste and involvement



1. TeV afterglow emission from GRBs

GRB 190114C, GRB 180720B, GRB 190829A



High-Energy Afterglow: 
Which component is more important?

Zhang & Meszaros (2001)

• Three HE components: 

• Electron synchrotron

• Electron SSC

• Proton synchrotron (and other 

hadronic emission)

• All three components always exist, 

it is a matter of which one 
dominates


• The largest parameter space is the 
SSC-dominated regime



SSC in GRB afterglow

Wei & Lu (1998)

Dermer et al. (2000)


Panaitescu & Kumar (2000)

Sari & Esin (2001)


Zhang & Meszaros (2001)

Wang, Dai & Lu (2001a,b)


……


Gao, Lei, Wu & Zhang, 2013,

MNRAS, 435, 2520-2531

BZ, 2020, Nature, 575, 448



TeV	breakthrough	in	2019 



GRB 190114C

MAGIC Collaboration, 2019a, Nature, 575, 455 
MAGIC Collaboration, 2019b, Nature, 575, 459

z=0.4245



GRB 190114C

MAGIC Collaboration, 2019b, Nature, 575, 459
Wang et al. 2019, ApJ, 884, 117



GRB 180720B

Abdallah et al., 2019, Nature, 575, 467 Wang et al. 2019, ApJ, 884, 117

z=0.653



GRB 190829A
Abdalla et al., 2021, Science, 6546, 1081-1085

• A nearby, low-luminosity GRB 
(z=0.0785)


• Same decay law in TeV and X-rays

• Consistent with one single spectral 

component

• Simple one-zone SSC model fails 

• Synchrotron model extends the 

maximum energy by three orders of 
magnitude

Evidence of EIC?



GRB 190829A

Evidence of external IC in GRBs

• X-ray flare at ~ 103 s, suggesting 
a long-lasting engine


• X-rays are upscattered by 
electrons from external shocks


• Reasonable burst parameters
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2. Oddball GRB progenitors

Short / hard Long / soft



GRB classification schemes

Zhang, 2018, The Physics of Gamma-Ray Bursts, Cambridge University Press



An elegant picture:

Long GRBs = massive star GRBs (Type II)

Short GRBs = compact star GRBs (Type I)

But is it that simple?



Oddball GRB 060614: a long burst 
with a compact star (Type I) origin

Gehrels et al. 2006; Gal-Yam et al. 2006; Fynbo et al. 2006; Della Valle et al. 2006

Zhang 2006; Zhang et al. 2007



Multi-wavelength observational criteria

Zhang et al. 2009; Kann et al. 2011; Li, Zhang & Yuan 2020; 

https://www.physics.unlv.edu/~liye/GRB/grb_cls.html



Oddball GRB 200826A: a short burst 
with a massive star (Type II) origin



GRB 200826A: a short burst with a 
massive star (Type II) origin

B. B. Zhang et al. 2020, NatAst, 5, 911-916; Ahumada et al. 2020, NatAst, 5, 917-927



GRB 200826A: a short burst with a 
massive star (Type II) origin

B. B. Zhang et al. 2020, NatAst, 5, 911-916; Ahumada et al. 2020, NatAst, 5, 917-927



3. GRB Prompt Emission: Jet Composition, 
dissipation and emission mechanisms

Prompt GRB Emission: 
a Mystery

central      photosphere       internal                         external shocks
engine                                                                          (reverse) (forward)

?

What is the jet composition (baryonic vs. Poynting flux)?
Where is (are) the dissipation radius (radii)?
How is the radiation generated (synchrotron, thermal Comptonization)?



GRB central engine defined by (η, σ0) 

• Energy per baryon >> 1
• Energy in three forms

– Thermal: η, Θ
– Magnetic: σ
– Kinetic: Γ

Neglect radiation loss, one has

252 Basic theoretical framework

fireball, and n is the baryon particle number density, and a hydrogen gas is
considered for simplicity.

If the central engine also carries a strong magnetic field, one can de-
fine a generalized magnetization parameter σ0, which is the ratio of the ini-
tial Poynting flux luminosity LP,0(t) and the initial matter flux Lm,0(t) =
ηṀ (t)c2 (which includes the thermal energy as well). So the magnetization
parameter

σ0(t) =
LP,0(t)

η(t)Ṁ (t)c2
, (7.22)

or on average

σ0 =
LP,0

ηṀc2
=

EP,0

ηMc2
=

B2

4πηρc2
, (7.23)

where LP,0 is the average Poynting flux, EP,0 is the total initial Poynting
flux energy launched within ∆t, and Ṁ is the average mass loading rate
during ∆t. In the last equation, the Poynting flux energy density B2/4π
and matter energy density (including thermal energy, assuming no motion
at the central engine) ηρc2 are used. For a “cold” central engine (no fireball
component), one has η ∼ 1, and σ0 ≫ 1.

Including both the hot (fireball) and cold (Poynting flux) components, the
central engine can be defined by the parameter

µ0(t) =
Lw,0(t)

Ṁ(t)c2
=

Lm,0(t) + LP,0(t)

Ṁ(t)c2
= η(t)[1 + σ0(t)], (7.24)

or on average

µ0 =
Etot,0

Mc2
=

Eth,0 + EP,0

Mc2
= η(1 + σ0). (7.25)

Here Lw,0(t) is the initial luminosity of the central engine “wind”, and Etot,0

is the initial total energy of the ejecta (including both matter energy and
Poynting flux energy).

The ejecta would undergo complicated evolution after leaving the central
engine. At various sites (photosphere and dissipation sites), photons escape
so that the total energy of the system decreases with time. Besides this
energy loss, the rest of the energy is conserved, and converted from one
form to another (Fig.7.6). During the early acceleration phase, the thermal
energy and Poynting flux energy (partially) are converted to the kinetic
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energy of the outflow. At any radius1 r, one may define

µ(r) =
Etot(r)

Mc2
= Γ(r)Θ(r)(1 + σ(r)) (7.26)

at any radius, where Γ(r) is the bulk Lorentz factor, Θ(r) is the total co-
moving energy per baryon (Θ − 1 is the internal energy), and

σ(r) =
LP(r)

Lm(r)
=

B(r)2

4πΓ(r)ρ(r)c2
=

B′(r)2

4πρ′(r)c2
(7.27)

is the generalized magnetization parameter, all at a radius r; B, B′ are the
magnetic field strengths in the lab frame and comoving frame, respectively;
ρ and ρ′ are the mass density of the ejecta in the lab frame and comoving
frame, respectively; and LP(r) and Lm(r) are the Poynting flux and matter
flux (kinetic plus rest energy flux) at r, respectively.

If one neglects energy loss, one has µ = µ0, or

µ0 = η(1 + σ0) = ΓΘ(1 + σ). (7.28)

Magnetic acceleration ensures that σ drops with time, so that Γ increases
with time. Ultimately, the flow tends to achieve the asymptotic maximum
Lorentz factor

Γmax = µ0 ≃
!

η, σ0 ≪ 1;
σ0, η ∼ 1,σ0 ≫ 1.

. (7.29)

In reality, the outflow is decelerated at the deceleration radius Rdec. If the
ejecta can reach Γmax at a coasting radius Rc < Rdec, then the maxi-
mum Lorentz factor is achievable. Conversely, if the projected Rc satisfies
Rc > Rdec, then before Γmax is achieved the outflow already undergoes de-
celeration. This may happen when σ0 ≫ 0, since magnetic acceleration is
relatively slow (see §7.4 and §7.5 below). For fireballs (§7.3), Rc is always
smaller than Rdec for relevant parameters for GRBs, so that Γmax can reach
η if η does not exceed a critical value η∗ (see §7.3.3 and Eq.(7.71) below).

7.3 Fireballs

A fireball corresponds to the σ0 ≪ 1 regime. Since the Poynting flux term is
neglected, the system can be treated with relativistic hydrodynamics, which
is much simpler than relativistic MHD.

1 Throughout the book, the lower case letter r is adopted to denote a variable radius, while the
capital letter R is adopted to denote a particular radius, such as Rc, Rph, Rdec, etc.
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GRB Jet Composition 
& Energy Dissipation Processes

Zhang, 2018, The Physics of Gamma-Ray Bursts



Various prompt emission models



Diverse composition in GRBs





ICMART lightcurves and spectra

Shao & Gao, 2022, arXiv:2201.03750

(also Zhang & Zhang 2014; Uhm & Zhang 2016) Lu et al. 2012



Summary
• TeV afterglows


• High-energy photons have been detected from GRBs


• The detected TeV emission likely originates from the external shock, and emitted by certain 
Compton scattering processes (SSC or EIC). No evidence of hadronic emission or extreme 
electron acceleration process yet.


• Oddball progenitors


• Both long Type I and short Type II exist. Multi-wavelength data are needed for classification


• There might be more diverse progenitor types


• Prompt emission


• Diverse jet composition in GRBs. A good fraction carries a large Poynting flux.


• The ICMART model invokes turbulent reconnection of a moderate outflow, produce highly 
polarized synchrotron radiation from jets in the jet. Can interpret many observations well.


