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Abstract Gamma-ray bursts (GRBs) are short and intense bursts of ∼100
keV−1MeV photons, usually followed by long-lasting decaying afterglow
emission in a wide range of electromagnetic wavelengths from radio to X-
ray and, sometimes, even to GeV gamma-rays. These emissions are believed
to originate from a relativistic jet, which is driven due to the collapse of spe-
cial massive stars and the mergers of compact binaries (i.e., double neutron
stars or a neutron star and a black hole). This chapter first briefly introduces
the basic observational facts of the GRB phenomena, including the prompt
emission, afterglow emission, and host galaxies. Secondly, a general theoreti-
cal understanding of the GRB phenomena is described based on a relativistic
jet’s overall dynamical evolution, including the acceleration, propagation, in-
ternal dissipation, and deceleration phases. Here a long-lasting central engine
of the GRBs can substantially influence the dynamical evolution of the jet.
In addition, a supernova/kilonova emission can appear in the optical after-
glow of some nearby GRBs, which can provide an important probe to the

Yun-Wei Yu

Institute of Astrophysics, Central China Normal University, Wuhan 430079, China
e-mail: yuyw@ccnu.edu.cn

He Gao

Department of Astronomy, Beijing Normal University, Beijing 100875, China

e-mail: gaohe@bnu.edu.cn

Fa-Yin Wang
Key Laboratory of Modern Astronomy and Astrophysics, Ministry of Education, China

School of Astronomy and Space Science, Nanjing University, Nanjing 210093, China
e-mail: fayinwang@nju.edu.cn

Bin-Bin Zhang
Key Laboratory of Modern Astronomy and Astrophysics, Ministry of Education, China

School of Astronomy and Space Science, Nanjing University, Nanjing 210093, China
e-mail: bbzhang@nju.edu.cn

? corresponding author

1

ar
X

iv
:2

20
4.

04
41

7v
1 

 [
as

tr
o-

ph
.H

E
] 

 9
 A

pr
 2

02
2

yuyw@ccnu.edu.cn
gaohe@bnu.edu.cn
fayinwang@nju.edu.cn
bbzhang@nju.edu.cn


2 Yun-Wei Yu, He Gao, Fa-Yin Wang, and Bin-Bin Zhang

nature of the GRB progenitors. Finally, as luminous cosmological phenom-
ena, it is expected to use GRBs to probe the early universe and to constrain
the cosmological parameters.
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Introduction

Gamma-ray bursts (GRBs) are short and intense bursts of ∼100 keV−1MeV
photons, which were first discovered in the year of 1967 by the Vela satellites
and announced to the public in 1973 as astronomical phenomena [1]. The
BATSE detector onboard the COMPTON Gamma-Ray Observatory, which
was launched in 1991, revealed the isotropic distribution of GRBs on the sky
[2]. Such a distribution indicated the GRBs have an extra-galactic origin at
cosmological distances rather than originate from our Galaxy, which was fur-
ther confirmed in 1997 by the measurements of the cosmological redshifts of
several GRBs. In that year, the new-launched Italian/Dutch BeppoSAX satel-
lite captured an X-ray counterpart of GRB 970228 [3] and the X-ray emission
can exceed the sensitivity of the detector for about one week. Thanks to the
X-ray observation, the accuracy of the GRB localization was enhanced sig-
nificantly, which made it possible to monitor the transient counterparts also
in the optical and radio bands [4, 5] and as well as to identify the host galaxy.
Therefore, the redshift of the GRB can be obtained from the absorption or
emission lines. These long-lasting multi-wavelength transient counterparts of
GRBs are now well known as the afterglow emission, while the sub-MeV
gamma-ray emission detected by the GRB triggering detectors is termed as
the prompt emission.

The cosmological origin of GRBs indicates them to be the most explo-
sive phenomena in the universe after the Big Bang. Meanwhile, the rapid
variability of the GRB prompt emission gives a stringent constraint on the
size of the emission source. Therefore, it is believed that GRBs should be
produced by a relativistic jet launched by a catastrophic event of a stellar
system, including the collapse of a special category of massive stars [6] and
the merger of compact binaries [7, 8]. The former hypothesis was quickly
confirmed by the discovery of a supernova emission emerging from the opti-
cal afterglow of some nearby GRBs, as represented by the GRB 980425/SN
1998bw, GRB 030329/SN 2003dh, and GRB 060218/SN 2006aj association
events. On the contrary, the merger origin hypothesis is long pending un-
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til the observation of GRB 170817A which was confidently associated with
a gravitational wave event GW170817 [9, 10]. Then, it becomes the crucial
task of the GRB research to answer how these stellar catastrophic events
can generate a relativistic jet and how such a jet produces the GRB prompt
and afterglow emission. Additionally, as one of the most distant detectable
objects, it is also highly concerned whether and how we can use the GRBs
as a tool to probe the universe.

Observations

Prompt Emission

The prompt emission of GRBs is represented by their complex, highly vari-
able, and unpredictably shaped pulses, which constitute their light curves
in a typical energy range between the X-ray and γ-ray bands. The prompt
emission of a GRB may consist of several consecutive episodes separated by
quiet periods in-between. In addition to the main burst, some, if not all,
GRBs are presumed to have a pre-burst phase (“precursor”) and a post-
burst phase (“extended emission”), as shown in Fig. 1. The duration of GRB
prompt emission is usually defined by the so-called T90, i.e., the time interval
in which the integrated photon counts increase from 5% to 95% of the total
counts. Based on the bimodal distribution of GRBs in the duration-hardness
diagram (the hardness of a burst is usually denoted as the photon count ra-
tio in two fixed observational energy bands), GRBs were classified into two
categories: the long-duration, soft-spectrum class (LGRBs) and the short-
duration, hard-spectrum class (SGRBs) [12]. Since both T90 and hardness
ratio are energy- and sensitivity-dependent, the separation line between the
long and short GRBs remains unclear but is conventionally set at about 2s.
Such an empirical dichotomy could be a natural result of the two possible
different origins mentioned above, i.e., the core collapse of Wolf−Rayet stars
for long GRBs and the mergers of two compact objects for short GRBs.

The temporal properties of prompt emission vary by a burst-by-burst ba-
sis. Their light curve shapes vary from a single smooth pulse to extremely
complex light curves with many erratic pulses with different durations, am-
plitudes, and fine structures [13]. The power density spectra analysis shows
no indication that the light curve is periodic [14]. The light curves may be
decomposed as the superposition of an underlying slow component and a
more rapid fast component [15]. Moreover, the light curves would vary with
energy. The fast component tends to be more significant in high energies and
becomes less significant at lower frequencies [16]. The shape of the slow com-
ponent is typically asymmetric, usually with a fast-rising exponential-decay
(FRED) shape [17]. In more detail, the slow component pulse tends to be
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Fig. 1 The light curve of GRB 160625B, which illustrate a precursor, a main burst and

an extended emission phase. Adapted from[11].

narrower in harder energy bands and wider in softer energy bands [18]. The
arrival time of a pulse in a softer band is typically delayed (or “lagged”) with
respect to the arrival time in a harder band, which is called the “spectral
lag” effect [19].

GRB spectra are typically non-thermal. When the detector’s energy band
is wide enough, the photon number spectrum of prompt emission, both for
time-resolved spectrum and time-integrated spectrum, can usually be fitted
with a broken power law known as the Band function in form of [20]

N(E) =

{
A
(

E
100keV

)α
e−E/E0 , E < (α− β)E0

A
[
(α−β)E0

100keV

]α−β
eβ−α( E

100keV )β , E ≥ (α− β)E0

(1)

where A is the normalization factor, E0 is the break energy in the spectrum,
α and β are the low-energy and high-energy photon spectral indices with
α ranging at (−2, 0) and β ranging at (−4,−1) [21]. The peak energy of
the E2N(E) spectrum, Ep = (2 + α)E0, distributes within several orders of
magnitude but clusters around 200 − 300keV [21, 22]. When the detector’s
energy band is not wide enough or a GRB is not bright enough, the photon
number spectrum of the prompt emission can behave as a cut-off power-law,
which reads

N(E) = A

(
E

100keV

)α
e−E/Ec , (2)

where Ec is the cutoff energy and the peak energy in the E2N(E) spectrum
of this model is Ep = (2+α)Ec. The spectrum might even behave as a simple
power law as

N(E) = A

(
E

100keV

)−Γ̂
, (3)

where Γ̂ is the photon index, which is positive by definition.
Although the main component of GRB spectra is non-thermal and “Band”-

like, a few GRBs, however, show that an additional (quasi-)thermal compo-
nent and/or high-energy power-law component is required to explain the
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Fig. 2 A illustration of the three possible spectral components of GRB prompt emission.
From [23]

spectral data [23]. For instance, in the spectra of several Fermi bursts (e.g.,
GRBs 100724B, 110721A, and 120323A), a sub-dominant thermal compo-
nent appears at the left shoulder of the Band component. Additionally, the
superposition between the Band and high-energy components has been seen
in GRB 090926A and other GRBs. In the exceptional case of GRB 090902B,
the spectra only contain the superposition between a thermal component
and a high-energy spectral component. Detailed analysis of the time-resolved
spectra of bright bursts shows that significant spectral evolution is usually
observed between Ep and the flux with two typical types of evolution pat-
terns [24], namely the hard-to-soft and intensity-tracking patterns. A sketch
illustrating the combinations of the three elemental spectral components of
prompt emission is shown in Fig. 2.

Finally, it is worth pointing out that broadband emission is naturally ex-
pected and had been indeed observed during the prompt phase. Such ob-
servations include prompt X-ray flares [25], prompt optical flashes [26], and
prompt GeV flashes [27]. Different patterns are observed for the relation-
ship between the prompt sub-MeV emission and those in other wavelengths.
For instance, both mismatch and tracking behaviors exist between the op-
tical and gamma-ray peaks, and bright X-ray emission was observed during
the quiescent phase of sub-MeV emission. Furthermore, delayed onset of the
GeV emission is usually observed with respect to the MeV emission. There-
fore, multiple emission sites are usually required to account for these different
behaviors of the prompt emission components.
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Afterglow and Associated Supernova/Kilonova

Because of the limited observational facilities, early studies of GRB afterglows
have relied primarily upon late-time data, which are typically obtained hours
or days after the burst. A power-law decay can be observed at all wavelengths,
as expected by the standard forward shock model. Such a picture was altered
by the launch of NASA Swift mission, which brings unprecedented early X-
ray data of GRB afterglow from its X-Ray Telescope (XRT) thanks to its
rapid slewing and precise localization capability.

As shown in Fig. 3, the X-ray afterglow light curves can be summarized as
a canonical pattern composed of five components, namely a distinct rapidly
decaying component, a shallow decay component, a normal decay compo-
nent, a post jet break component, and X-ray flares [28, 29]. Each of those
components is further itemized below.
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Fig. 3 A cartoon illustration of the X-ray afterglow light curve based on the observations
of the Swift XRT. From [29]

.

• The rapidly decaying component (I) behaves as the “tail” of the prompt
emission, whose decay slope is typically in the range of ∼ 3 to ∼ 10 [30].
A good fraction of GRBs showed a clear hard-to-soft evolution during the
rapid decay [31].

• The shallow decay component (II) is usually adjacent to the steep decay
phase and is followed by a normal decay. The typical slope of a shallow de-
cay component is in the range between 0 and ∼ 0.7. There is no significant
spectral evolution between the shallow decay segment and its follow-up
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segment, and the latter is usually consistent with the external-shock mod-
els [32, 33]. If the slope of the shallow decay component is close to 0, it is
also called a plateau. In rare cases, an X-ray plateau can be followed by a
very steep decay with a decay slope steeper than −3. [34], which is called
internal plateau because it probably arises from an internal dissipation
process rather than the external shock.

• A normal decay component (III) usually follows the shallow decay com-
ponent, or sometimes directly follows the steep decay component. It has
a decay slope of ∼ 1, which is the typical value predicted in the standard
external forward shock model.

• A late steeper decay (with a typical slope of approximately −2) component
(IV) often follows the normal decay segment, which is also expected in the
external forward shock model due to the so-called jet break effect [36].

• X-ray flares (V) are considered to have different origins from other compo-
nents since they are “superposed” on those background power-law decay
components [37, 38]. Their light curves typically show rapid rise and fall
with steep indices. Many properties of X-ray flares in both temporal and
spectral domains are analogous to prompt emission, suggesting that they
might be directly powered by the GRB central engine, similar to prompt
emission.

Compared with the X-ray afterglow, the optical afterglow exhibits more
complicated behavior. An optical afterglow light curve can also consist of
shallow decay, normal decay, and jet-break phases. Additionally, optical
flares were also observed in certain instances. The properties of these com-
ponents are similar to those observed in the X-ray band. In late stages, a
re-brightening feature is occasionally observed in the optical light curve of
some GRB, which could be related to the jet structure [39]. One point wor-
thy of note is that a large proportion of GRBs have no detectable optical
afterglow. This is primarily due to the heavy dust extinction within the GRB
host galaxies.

In some optical afterglows of long GRBs, a bump feature, usually with a
red color, can appear about a week after the GRB trigger, as shown in Fig. 4.
Such a bump feature is usually interpreted as the signature of an associated
supernova [40]. Comparatively to long GRBs, a fainter-than-supernova opti-
cal/IR transient has been predicted to accompany short GRBs that originate
from neutron star-neutron star (NS-NS) or neutron star-black hole (NS-BH)
mergers [42, 43]. Such a transient is now commonly referred to as a kilonova.
The kilonova prediction had been first confirmed by the discovery of the
optical transient AT2017gfo following the GW170817/GRB 170817A event
[44, 45]. Additionally, several kilonova candidates were also claimed in several
short GRB events, including GRB 130603B and GRB 050709 [46, 47, 48].

The radio and high-energy afterglows, in contrast, exhibit relatively simple
behaviors. According to statistical studies, the radio afterglow typically rises
and reaches a peak around 3-6 days. This is consistent with the standard ex-
ternal shock model. The detection of afterglow components at high energies
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Fig. 4 The R−band light curve of GRB 130427A/ SN 2013cq. From [41]

is more challenging than at low energies as the number of photons dramat-
ically drops at higher energies. The high-energy afterglow typically shows a
power-law decay with time, which could result from external forward shock
emission, either with synchrotron radiation or related to a synchrotron self-
Compton (SSC) spectral component.

Host Galaxy

For long GRBs, most host galaxies are irregular, star-forming galaxies, with
a few being spiral galaxies with active star formation [49]. Nevertheless, it is
suggested that long GRB hosts are relatively metal-poor compared with field
galaxies. Within the host galaxy, most long GRBs reside in the brightest core
regions, where the specific star formation rate is the highest [50]. These facts
appear to support the massive star origin of long GRBs. Unlike long GRBs,
the majority of host galaxies of short GRBs are elliptical or early type [51].
Some short GRBs are even host-less, which may be “kicked” away from their
host. Moreover, most short GRBs are found to be far from the bright light
of the host galaxies [52]. These discoveries indicate that the short GRBs are
likely not directly associated with the deaths of massive stars but are more
consistent with the compact binary mergers.
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Theory

Central Engine and Jet

Energy Sources

Assuming the GRB emission originates from a relativistic jet of a Lorentz
factor Γ , the size of the emission region of GRBs can be constrained at the
scale of

RGRB = 2Γ 2cδt ∼ 6× 1012Γ 2
2.5 δt−3cm, (4)

where δt is the variability timescale of the GRB light curves. Hereafter the
conventional notation Qx = Q/10x is used in cgs units. Eq. (4) indicates the
progenitors of GRBs can only be in the order of stellar systems. Meanwhile,
for the typical fluence F ∼ (10−7−10−4)erg cm−2 of GRBs and their cosmo-
logical distances, the isotropically-equivalent energy release of these GRBs
can be calculated as

Eiso = 4πd2LF/(1 + z) ∼ (1 + z)−11050−53 erg, (5)

where dL ∼ 1028cm is a typical luminosity distance and z is redshift. Even
considering that the GRB emission is actually produced by a highly-beamed
jet, the realistic energy release can still be as high as ∼ 1050−51 erg. For
a stellar system, such a huge energy release can only be supplied by the
gravitational energy from the catastrophical contraction of the system from
a large size to several to a few tens of kilometers:

∆U ∼ 3

5

GM2

R
∼ 1053

(
M

M�

)2(
R

10km

)
erg, (6)

where M is the mass of the system and R is the radius after the system
contraction. Specifically, such a contracting stellar system could be a col-
lapsing massive star or a merging compact binary, which corresponds to the
observational long and short GRBs, respectively.

Following the above considerations, the central engine of GRBs should
be a compact object (BH or NS) forming from the stellar collapses and
compact binary mergers. How such a compact object launches relativistic
jets and extracts the released gravitational energy is still an open ques-
tion. The most promising mechanism is the hypercritical accretion onto
the central engine during its forming, where the typical accretion rate, i.e.,
Ṁ ∼ (0.1− 1)M� s−1, can in principle be high enough to explain the GRB
luminosities:

LGRB = ζṀc2 = 2× 1051ζ−3

(
Ṁ

1M� s−1

)
, (7)
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where ζ is the radiation efficiency of the accretion. About a half of the re-
leased gravitational energy is initially stored as the internal energy of the
accretion disk, which leads the disk to be so hot that a great abundance
of neutrinos/antineutrinos are produced. These neutrinos/antineutrinos can
bring away the internal energy easily because they can escape from the trans-
parent disk freely. The νν̄ luminosity can be obtained by calculating the
structure and ingredients of the neutrino-dominated accretion flow (NDAF)
in the disk [53].

Besides the internal energy, the gravitational energy can also be converted
into the rotational energy of the central engine and the disk. If the central
engine is a BH, its rotational energy can be expressed as

Erot = 2× 1054f(a∗)
Mbh

M�
erg, (8)

where f(a∗) = 1 −
√

(1 + q)/2, q =
√

1− a2∗, and a∗ = Jc/GM2
bh is the

dimensionless spin parameter with J and Mbh being the angular momentum
and mass of the BH. For a∗ = 0.1, we have f(a∗) ≈ 0.001 and Erot ≈ 1051erg.
When this rapidly spinning BH is connected with a remote astrophysical load
by magnetic field lines, its rotational energy can be extracted through the
Blandford-Znajek (BZ) mechanism [54]. On the other hand, if the central
engine is an NS, then its rotational energy can reach

Erot =
1

2
IΩ2 = 2× 1052I45P

−2
−3 erg, (9)

where I is the moment of inertial of the NS, Ω and P are the spin frequency
and period. In this case, if the dipolar magnetic field of the NS can be as high
as Bp ∼ 1016 G, then its rotational energy can be released in a timescale of
tsd = 20I45R

−6
s,6B

−2
p,16P

2
−3 s, which could also play a role in driving GRB jet,

where R is the radius of the NS. In these cases, the jet could be dominated
by a Poynting flux.

Jet Acceleration

Because of the extremely high density of the released energy, neutrinos and
anti-neutrinos coming from the hypercritical accretion disk can annihilate
above the disk to produce photons and electron-positron pairs, which are
highly coupled with each other to form a fireball [7, 55]. For a fireball in
thermal equilibrium, its electron-positron density can be calculated as

n± =
1

2

(
2mekBT

πh̄2

)3/2

exp

(
−mec

2

kBT

)
, (10)
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where T is the temperature of the fireball satisfying kBT � mec
2. The fireball

can expand drastically due to the high radiation pressure. Then, a certain
mass of baryons can be stripped by the fireball from the disk to be coupled
with the pairs.

The dynamical evolution of the expanding fireball can be described by
relativistic hydrodynamics, which shows the expanding fireball is self-similar
and can be approximated by a thin shell [55]. Then, the conservation of the
mass and energy of the shell can be written as

Γr2n′ = const., (11)

Γr2e′
3/4

= const., (12)

where Γ is the Lorentz factor of the shell, and r is the radius relative to the
center of the system, and n′ and e′ are the densities of the particle number and
energy, respectively, which are measured in the comoving frame of the fireball
represented by the prime. In the radiation-dominated phase (e′ � n′mpc

2),
Eq. (11) gives

Γ ∝ r, n′ ∝ r−3, e′ ∝ r−4, T ∝ Γe′1/4 ∼ const, (13)

where the Lorentz factor increases linearly with the radius. Subsequently,
when the fireball transits into the matter-dominated phase (e′ � n′mpc

2),
we have

Γ ∼ const., n′ ∝ r−2, e′ ∝ r−8/3, T ∝ Γe′1/4 ∝ r−2/3, (14)

where the Lorentz factor keeps constant, which is called a coasting phase.
As mentioned above, the outflow driven by the GRB engine can alterna-

tively be Poynting-flux-dominated (PFD). In this case, the outflow would be
accelerated due to the magnetic reconnection, which converts the magnetic
energy to internal energy and subsequently to kinetic energy. It is not easy
to describe the reconnection processes. An approximative and convenient
treatment is to assume the comoving reconnection speed to be proportional
to the Alfven speed v′A =

√
σ/(1 + σ) [57], where the parameter σ repre-

sents the magnetization of the outflow. Then, for stripped toroidal magnetic
fields of a width λ ∼ cP , the reconnection timescale can be estimated by
t′r = λ′/εv′A ∝ Γ for σ � 1. The ratio of t′r to the dynamical timescale
t′dyn = r/Γc gives the fraction of the magnetic energy dissipated through the
reconnection. Since the dissipated magnetic energy is finally used to acceler-
ate the outflow, it is considered that

Γ
t′r
t′dyn

∝ const. (15)

This yields
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Γ ∝ r1/3, (16)

which is much slower than the fireball acceleration as presented in Eq. (13).

Jet Propagation

Before the relativistic jet produces the GRB emission, it should first penetrate
the thick progenitor medium, which can be a stellar envelope for long GRBs
and merger ejecta for short GRBs. The collision between the jet and the
progenitor medium can lead to a forward shock sweeping up the medium
and a reverse shock accumulating the jet material. The region between these
two shocks is called the jet head, in which the material is very hot and flows
quickly and laterally to form a cocoon surrounding the jet. The velocity of the
jet head is determined by balancing the ram pressures of the forward-shocked
medium and the reverse-shocked jet [58]:

βh =
βjL̃

1/2 + βe

L̃1/2 + 1
(17)

with L̃ ' Lj/(ΣjρeΓ
2
e c

3), where βj ' 1, Lj, and Σj are the velocity, one-sided
luminosity, and cross section of the unshocked jet, respectively, and ρe, βe,
and Γe are the density, velocity, and Lorentz factor of the circum-material.

The high pressure of the cocoon can drive a collimation shock into the jet
material toward the jet axis. Therefore, the jet can be gradually collimated
and the evolution of the jet cross section is determined by the pressure in the
cocoon, which is given by Pc = Ec/(3Vc). Here the total energy stored in the
cocoon Ec and the cocoon’s volume Vc are given by [59]

Ec =

∫ t

0

Lj (1− βh) dt′, (18)

Vc ∼ πr2czh, (19)

respectively, where zh =
∫ t
0
βhcdt

′ is the height of the jet head, rc =∫ t
0
βc,⊥cdt

′, and the lateral expansion velocity reads βc,⊥ = [Pc/ρ̄e(zh)c2]1/2

and the average density of the cocoon ρ̄e =
∫
ρe(z)dV/Vc. By defining a crit-

ical point ẑ ≈ (Lj/πcPc)
1/2 where the collimation shock converges, the jet

cross section can be estimated by

Σj =

{
πθ2j0z

2
h, for z < ẑ/2,

πθ2j0 (ẑ/2)
2
, for z > ẑ/2,

(20)

where θj0 is the initial opening angle of the jet at launching. Approximately,
the shape of the jet gradually transforms from conical to cylindrical. The
opening angles of the jet head and the cocoon relative to the central engine
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can be defined as θh =
(
Σj/πz

2
h

)1/2
and θc = rc/zh, respectively. As the jet

is squeezed by the cocoon, the jet material can be pushed and accelerated.

Prompt Emission

Internal Dissipation

The GRB prompt emission can be produced after the jet breaks out from the
progenitor medium. One possibility is that the acceleration of the outflow has
not finished, and a remarkable fraction of internal energy still exists in the
jet after it becomes transparent. In this case, the emission is produced due
to the release of the internal energy, which is called photosphere emission,
characterized by a quasi black-body spectrum. However, in observation, al-
though such a black-body component has been indeed found in some GRBs,
the typical spectrum of GRB prompt emission is non-thermal as described
by the Band spectrum. Therefore, it is considered that the prompt emission
is more likely to be produced due to the dissipation of the kinetic energy of
the jet during the coasting phase. The photosphere emission, which probably
appears after the internal dissipation, would be usually weak.

It could be reasonable to consider that a GRB jet is not a continuous fluid,
but consists of a series of intermittent shells of very different velocities. Then,
the kinetic energy due to the speed difference can be easily dissipated when
the shells collide with each other. Let us consider two shells launched by the
central engine at an interval of δt. The collision between them happens when
the later and more rapid one catches up with the previous slower one at the
radius of

ris =
2Γ 2

s cδt

1− (Γs/Γr)2
≈ 6× 1012Γ 2

s,2.5δt−3 cm, (21)

where Γs and Γr are the Lorentz factors of the slower and more rapid shells.
The above result can be well consistent with the constraint presented in Eq.
(4), as the light curve variability is determined by the intermittent activity
of the central engine. Furthermore, the relatively small value of the internal
shock radius favors the fireball model more than the PFD model because the
magnetic reconnection could be too slow to complete the outflow acceleration
before such a small radius.

Furthermore, by considering of the energy and momentum conservations
before and after the collision, the radiation efficiency of the internal shocks
(i.e., the conversion efficiency of the kinetic energy to the internal energy)
can be constrained to
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ε ≤ 1− 2

(√
Γr

Γs
+

√
Γs

Γr

)−1
. (22)

If Γr is not much higher than Γs, the radiation efficiency should be much
smaller than unity. This indicates the majority of the jet energy should be
released in the afterglow phase, which is, however, not always supported by
observations. In comparison, the radiation efficiency of a PFD outflow could
be much higher than the fireball.

An actual GRB jet could be a hybrid of a fireball and a PFD outflow. In
this case, the jet can be accelerated sufficiently quickly and the dissipation
radius is determined by internal collisions. Meanwhile, the majority of the jet
energy is stored in magnetic fields, the reconnection of which can be triggered
by the internal collisions through rapid turbulence. Such a hybrid model was
first proposed by Zhang & Yan (2011), which provides a very competitive
explanation for the internal dissipation of GRB jets [60].

Shocked Material

As an important mechanism converting kinetic energy into internal energy,
a relativistic shock can store up internal energy behind it of a density of [61]

e′sh = (Γsh − 1)(4Γsh − 3)n′unmpc
2, (23)

where Γsh is the Lorentz factor of the shock, which corresponds to the relative
velocity between two shells, and n′un is the comoving number density of the
unshocked material. Here the shell is assumed to simply consist of protons and
electrons, which share the internal energy by equipartition factors of εp and
εe, respectively. Furthermore, the numbers of these charge particles would
distribute with their energies as a power law: dNp/e/dγp/e ∝ γ−pp/e, where γp/e
is the Lorentz factor of the random motion of the protons/electrons in the
comoving frame of the shocked region, the index p is a free parameter which
could be not much higher than 2. While the typical Lorentz factor of the
protons is around Γsh, the minimum Lorentz factor of the electrons can be
determined at [62]

γm = εe
p− 2

p− 1

mp

me
(Γsh − 1). (24)

Simultaneously, the shock can also effectively amplify the primordial mag-
netic field in the shell. By introducing an equipartition parameter of εB for
the amplified fields, we can write the magnetic field strength as

B′ =
√

8πεBe′sh ≈
√

32πεBΓ 2
shn
′
unmpc2. (25)
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This magnetic field can make the electrons very radiative and change the
energy distribution of the electrons. By invoking the total power of the syn-
chrotron radiation of the electrons, a cooling Lorentz factor can be defined
as [62]

γc =
6πmec

σTΓshB′2t
, (26)

where t is the dynamical timescale of the shock. The meaning of γc is that,
for γe > γc, the electron spectrum has been changed substantially because of
the primary energy of these electrons has been radiated. On the contrary, the
electron spectrum would keep its original form for γe < γc. To be summarized,
the final electron spectrum can be written as:
(i) fast cooling case (γc < γm)

dNe

dγe
∝

0, γe < γc
γ−2e , γc < γe < γm
γ−p−1e , γm < γe,

(27)

(i) slow cooling case (γc > γm)

dNe

dγe
∝

0, γe < γm
γ−pe , γm < γe < γc
γ−p−1e , γc < γe.

(28)

Synchrotron Emission

The radiation coefficient of the shocked material due to the synchrotron ra-
diation of electrons is given by

j′ν′ =
1

4π

∫
γm

dNe

dγe
P ′ν′(γe)dγe, (29)

where ν′ is the emission frequency measured in the comoving frame and the
radiation spectrum of a single electron reads [63]

P ′ν′ (γe) =

√
3q3eB

′

mec2

[
ν′

ν′c

∫ ∞
ν′/ν′

c

K5/3(y)dy

]
, (30)

where qe is the electron’s charge and ν′c = 3qeB
′γ2e/(4πmec).

Because of the quasi-monochromaticity of synchrotron radiation, it can
be found that the radiation spectrum of electrons would basically trace the
energy distribution of them. Therefore, according to Eqs. (27) and (28), the
synchrotron spectrum of the shocked material can be approximated by [62]:
(i) Fast cooling case
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j′ν′ = jν′,max ×



(
ν
′

ν′
c

)1/3
, ν

′
< ν

′

c(
ν
′

ν′
c

)−1/2
, ν

′

c < ν
′
< ν

′

m(
ν
′
m

ν′
c

)−1/2 (
ν
′

ν′
m

)−p/2
, ν

′

m < ν
′
,

(31)

(i) Slow cooling case

jν′ = jν′,max ×



(
ν
′

ν′
m

)1/3
, ν

′
< ν

′

m(
ν
′

ν′
m

)(1−p)/2
, ν

′

m < ν
′
< ν

′

c(
ν
′
c

ν′
m

)(1−p)/2 (
ν
′

ν′
c

)−p/2
, ν

′

c < ν
′
,

(32)

where the peak value of the radiation coefficient and the two characteristic
frequencies are respectively defined as

j′ν′,max = n′e
mec

2σT
3qe

B′ (33)

and

ν′m/c =
3qeB

′

4πmec
γ2m/c, (34)

where the number density of the electrons is given by n′e = n′sh.
For an order-of-magnitude analysis of the synchrotron emission of internal

shocks, we can write the comoving particle number density of the unshocked
shells by

n′un =
Liso

4πR2
isΓ

2mpc3
, (35)

where Liso ∼ 1050erg s−1 is the isotropic-equivalent luminosity of the jet.
Supposing the relative Lorentz factor Γsh ≈ Γr/2Γs between different shells
is on the order of a few to a few of tens, we can get

hνm = 2C2
pδt
−1
−3Γ

−2
2.5Γ

3
sh,1L

1/2
iso,50ε

1/2
B,−2ε

2
e,−1MeV (36)

which is extremely higher than hνc (fast cooling case) and well consistent
with the peak energy of the prompt GRB emission, where Cp = (p− 2)/(p−
1). However, the problem of this synchrotron emission model is that, the
spectrum below the peak (Fν ∝ ν−1/2) is too soft to explain the observed
hard spectrum (Fν ∝ ν0). This indicates that more complex factors should
be taken into account for reproducing the observed GRB spectrum, e.g., the
decay of the magnetic field behind the shock [64], the Comptonization of



Gamma-Ray Bursts 17

the photosphere emission [65], and the temporal evolution of the emission
spectrum [66] etc.

High-Energy Photon and Neutrino Emission

Accompanying with the synchrotron radiation, the inverse Compton scatter-
ing of the synchrotron photons off relativistic electrons would lead to high-
energy emissions above hundreds of GeV. Nevertheless, these high-energy
photons are further subjected to severe absorption via two-photon annihila-
tion into electron-positron pairs. The absorption can happen inside the jet
or far away from it. On the one hand, the optical depth of internal atten-
uation is highly dependent on the bulk Lorentz factor Γ of the jet. Only
for sufficiently high Γ , these high-energy photons can escape from the emit-
ting region, which therefore can be used to constrain the value of Γ . On the
other hand, those escaping high-energy photons would further interact with
cosmic infrared background photons, leading to electron-positron pair pro-
duction. These secondary pairs can further upscatter the cosmic microwave
background, leading to secondary gamma-ray photons, which lag behind the
primary high-energy emission. Moreover, since the secondary pairs can be de-
flected by the intergalactic magnetic field, the delayed high-energy emission
should also deviate from the direction of the primary emission and thus form
a diffuse high-energy halo surrounding the GRB.

Because of the intense radiation in the GRB ejecta, the shock-accelerated
protons can lose their energy to produce mesons such as π0 and π± etc, and
subsequently generate neutrinos by the decay of π±, i.e.,

π± → µ± + νµ(ν̄µ)→ e± + νe(ν̄e) + ν̄µ + νµ. (37)

The timescale of the photomeson processes can be calculated by [67]

t′
−1
π =

c

2γ2p

∫ ∞
Ẽth

σπ(Ẽ)ξ(Ẽ)Ẽ

[∫ ∞
Ẽ/2γp

n′(E′γ)E′
−2
γ dE′γ

]
dẼ, (38)

where γp is the proton’s Lorentz factor, σπ(Ẽ) is the cross section of pho-

topion interactions for a target photon with energy Ẽ in the proton’s rest
frame, ξ is the inelasticity defined as the fraction of energy loss of a proton
to the resultant pions, and Ẽth = 0.15GeV is the threshold energy of the
interactions. Then, the fraction of the energy loss of the protons to pions can
be written as

fπ ≈ 1− exp

(
− t′

t′π

)
≈ min [Γt/t′π, 1] , (39)

where t is the observer’s time. By taking a constant ratio between different
pions as π± : π0 = 2 : 1, the time-integrated muon-neutrino spectrum can be
given by



18 Yun-Wei Yu, He Gao, Fa-Yin Wang, and Bin-Bin Zhang

E2
νφν ≡

1

4πd2L
E2
ν

dNν
dEν

=
1

4πd2L

fπ
3
E2

p

dNp

dEp
, (40)

where dL is the luminosity distance of the burst and the neutrino energy is
related to the primary proton’s energy by Eν = 1

4ξEp since the two resultant
muon-neutrinos from the decay of a π± could inherit half of the pion’s energy
roughly evenly. Here, the energy distribution of the shock-accelerated protons
is expected to have a form of (dNp/dEp) ∝ E−2p , where the proportional
coefficient can be calculated by εpE/ ln(Ep,max/Ep,min). In addition, due to
the presence of the stochastic magnetic fields, the ultra-high energy pions and
muons can also lose their energy via synchrotron radiation before decay, which
therefore steepens the neutrino spectrum at very high energies by timing an
extra power law as E−2ν .

Multi-Wavelength Afterglows

External Reverse Shock

After the internal shock processes, all the jet material would eventually merge
into a whole ejecta of a Lorentz factor η, which moves into the circum-
burst medium (CBM) persistently. Typically, the CSM can be the interstellar
medium (ISM) or a wind environment produced by the progenitor star. Then,
the interaction between the ejecta and the CBM can drive a forward shock
sweeping up the CBM and a reverse shock crossing the ejecta, as shown in
Fig. 5. This situation is like the jet propagation in the progenitor material,
but the difference is that the shocks here are radiative rather than adiabatic,
which therefore can produce emission directly.

Fig. 5 Illustration of the external reverse and forward shocks.
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By considering that the GRB ejecta has a very small initial thickness of
∆0 ∼ 106 cm (before spreading), the external reverse shock can only last a
limited period of [68]

trs ∼
∆0

c
ηf1/2, (41)

where

f ≡
n′ej
n

=
(4Γ + 3)(Γ − 1)

(4Γrs + 3)(Γrs − 1)
, (42)

which represents the mechanical equilibrium between the two shocks, where
n′ej is the comoving density of the unshocked ejecta, n is the density of the
CBM, Γ is the Lorentz factor of the shocked region, and

Γrs =
1

2

(
Γ

η
+
η

Γ

)
(43)

is the Lorentz factor of the shocked region measured in the comoving frame
of the ejecta. Solving Eqs. (42) and (43), the Lorentz factor of the shocked
region can be derived to [68]

Γ =

{ 1√
2
η1/2f1/4, for f � η, (relativistic case)

η(1−
√

2ξ), for f � η, (newtonian case)
(44)

where ξ = 4η2/(7f). For typical parameter values, we can usually obtain
Γrs � Γ , which leads to the reverse shock emission peaks in the optical
bands while the forward shock is in X-rays. The duration of the optical flash
due to the reverse shock is about trs ∼ 100 s, after which the flux decays as
t−2.

The superposition of the reverse and forward shock emissions would lead
the early optical afterglow to be more complicated than that in the other
bands. When the reverse shock emission is strong and dominated at the very
early stage, a rapid rising and decaying optical flash would show up, which
is gradually followed by a normal decay at a late time or by a rebrightening
signature due to the forward shock emission.

External Forward Shock

After the external reverse shock crosses the GRB ejecta, the external forward
shock still exists and moves persistently, which can enter into a self-similar
evolution [61]. Then, by taking a thin shell approximation, the dynamical
evolution of the forward shock can be easily determined by the energy con-
servation law as
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dEk = −εΓ (Γ − 1)c2dMsw, (45)

where ε represents the radiation efficiency of the shock, Msw is the mass of
the swept-up CBM, and the kinetic energy of the system can be expressed as

Ek = (Γ − 1)(Mej +Msw)c2 + (1− ε)Γ (Γ − 1)Mswc
2, (46)

where Mej is the mass of the ejecta. From Eq. (45), a differential dynamical
equation of the shock can be obtained as [70, 71]

dΓ

dMsw
= − Γ 2 − 1

Mej + εMsw + 2(1− ε)ΓMsw
. (47)

The deceleration of the forward shock can be significant only when the mass
of the swept-up CBM is much larger than Mej/η.

For an adiabatic approximation, we can solve from Eq. (6) to Γ ∝M−1/2sw

for Mej/η � Msw � ηMej and β ∝ M
−1/2
sw for Msw � ηMej, where β =√

1− Γ−2. Here the evolution of the mass of the swept-up CBM is determined
by

dMsw

dr
= 4πr2nmp, (48)

and

dr

dt
=

βc

1− β
, (49)

where r is the radius of the shock and t is the time in the observer’s frame.
The term (1−β) appearing in the above equation is due to the Doppler effect
compressing the local dynamical time of the shock for the observer. Then,
for an ultra-relativistic case, we can approximately take r ∼ 2Γ 2ct.

By further taking the CBM density as n = Ar−k (k = 0 for ISM and k = 2
for wind environment), the dynamical evolution of the external forward shock
can be solved to

Γ = η

(
t

tdec

)−(3−k)/[2(4−k)]
(50)

for the relativistic case and

β =

(
t

tnr

)−(3−k)/(5−k)
(51)

for the non-relativistic case. The deceleration timescale tdec and the transition
time tnr from the relativistic to the non-relativistic phase are determined by
the conditions of Msw = Mej/η and Msw = ηMej, respectively, which yield
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Fig. 6 Dynamical evolution of a GRB forward shock in the ISM (solid) and wind (dashed)

environments for ε = 0.

tdec =

[
(3− k)Eiso

25−kπAmpη2(4−k)c5−k

]1/(3−k)
=

{
5E

1/3
iso,52η

−8/3
2.5 n

−1/3
0 s, for k = 0,

0.003Eiso,52η
−4
2.5A

−1
35.5 s, for k = 2,

(52)

and

tnr =

[
(3− k)Eiso

4πAmpc5−k

]1/(3−k)
=

{
4× 107E

1/3
iso,52n

−1/3
0 s, for k = 0,

6× 107Eiso,52A
−1
35.5 s, for k = 2,

(53)

where Mej = Eiso/ηc
2 is used. These characteristic timescales can be found

easily from the numerical calculation results presented Fig. 6. Based on these
dynamical results, the synchrotron emission of the forward shock can be
calculated by using the formulae presented in previous sections.

The above calculations assume the GRB jet has a top-hat structure, and
thus it can be treated isotropically. However, an actual jet is very likely to
have an angular structure, which could significantly influence the afterglow
observation when the GRB is observed off-axis. In this case, the dynamical
evolution for different directions should be calculated separately. The angle-
dependence of the Doppler effect also needs to be considered as

drθ
dt

=
βθc

1− βθ cosα
, (54)
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where the subscript θ represents the emission element deviates from the sym-
metric axis by an angle of θ, and the viewing angle of this element is given
by

cosα = cos θ cos θobs + sin θ sin θobs cosϕ, (55)

where θobs is the angle between the jet axis and the line of sight. The total
flux of the afterglow emission of a structured jet can be obtained by

Fν(t) =
1

d2L

∫ π/2

0

∫ 2π

0

I
′

ν′ (r, θ, ϕ)

Γ 3
θ (1− βθ cosα)3

dϕdθ, (56)

where dL is the luminosity function of the GRB and the radiation intensity
contributed by the element in the direction (θ, φ) can be written as

I ′ν′(r, θ, ϕ)dϕdθ =
j′ν′(r, θ, ϕ)

4π

Msw,θ

4πn′shmp
dϕdθ, (57)

whereMsw,θ is an isotropically-equivalent value. Finally, the calculating result
of Eq. (56) can be used to fit the observational afterglow data, as presented
in Fig. 7.
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Fig. 7 Fitting to the multi-wavelength afterglow light curves of GRB 170817A with an
off-axis Gaussian-structured jet.
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Post-Standard Afterglow Models

The observed GRB afterglows exhibit a large variety and complexity in their
light curves, although the standard external shock model can explain the gen-
eral behavior of the light curves. This indicates that some complex factors
need to be invoked in the model, e.g., a complicated angular and radial struc-
ture of the GRB jet and a possible evolution of the microphysical parameters.
Nevertheless, the most critical factor affecting the afterglow emission comes
from the central engine, which could still be very active after the prompt
phase. Such a hypothesis is strongly supported by the observed X-ray flares
and plateaus observed in the afterglow phase. Specifically, a long-lasting ac-
tive engine could be an accreting BH or a spinning-down NS.

In the BH case, the rate of the fallback accretion starting from the time of
∼ 0.1 s would behave as a power law Ṁfb ∝ t−5/3. By assuming a feedback
efficiency ηfb, the outflow luminosity can be written as

Lfb = ηfbṀfbc
2 (58)

≈ 2× 1051erg s−1
(ηfb

0.1

)( Ṁfb,i

10−3M� s−1

)(
t

0.1 s

)−5/3
, (59)

where the subscript ‘i’ stands for “initial”. For this function, however, the
primary energy is released at a very early time so that the later afterglow
emission cannot be influenced substantially. On the contrary, in the spinning-
down NS case, the energy release can nearly keep constant for a period of

tsd =
3Ic3

B2
pR

6
s

(
2π

Pi

)−2
= 2× 103I45R

−6
s,6B

−2
p,15P

2
i,−3 s, (60)

where Bp, Rs, and P are the polar magnetic field strength, radius, and spin
period of the NS, respectively. Here the NS is assumed to be a millisec-
ond magnetar. The corresponding luminosity is determined by the magnetic
dipole radiation as

Lmd,i =
B2

pR
6
s

6c3

(
2π

Pi

)4

= 9.6× 1042B2
p,12R

6
s,6P

−4
i,−3erg s−1. (61)

The complete behavior of the spin-down luminosity can be written as

Lmd(t) = Lmd,i

(
1 +

t

tsd

)−2
. (62)

Sometimes, if the magnetic field of the NS is much lower than 1015 G and
the ellipticity of the NS is high enough, the gravitational radiation of the
NS would also play a role in braking the stellar rotation, which determines a
spin-down timescale of
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tsd =
5P 4

i c
5

2048π4GIε2
= 9.1× 105ε−2−4I

−1
45 P

4
i,−3 s, (63)

where ε is the ellipticity. In any case, the constant energy release of the NS
before the spin-down timescale can substantivally slow the deceleration of
the external shock of the GRB ejecta, which provides a natural explanation
of the shallow-decaying light curves of some GRB afterglows [72, 73, 74]. The
dynamical evolution of the external shock with an energy injection can be
obtained by substituting Eq. (62) into (45).

In more detail, the energy released from the central engine could be in the
form of a Poynting flux initially and finally evolve into a relativistic wind
consisting of electrons and positrons. When such a relativistic wind collides
with the swept-up medium, a termination shock can be formed and propagate
into the wind. In the NS case, the shocked wind region can contribute an extra
emission component for the GRB afterglow, just like the emission of a pulsar
wind nebulae existing in some supernova remnant [75, 76]. The existence of
such an internal-origin afterglow is helpful for understanding the complexity
of GRB afterglow light curves [77] including some unusual plateaus followed
by an extremely sharp decay.

Supernova and Kilonova

Supernova

Since long GRBs originate from the collapse of massive stars, they are ex-
pected to be associated by supernova emission, which reaches a peak at a
time of

td =

(
3κMej

4πcv

)1/2

= 46

(
κ

0.2cm2g−1

)1/2(
Mej

5M�

)1/2

v
−1/2
9 day. (64)

This peak time is determined by the diffusion timescale of photons in the
supernova ejecta, where κ, Mej, and v are the opacity, mass, and expanding
speed of the supernova ejecta. As usual, the supernova emission is powered
by the radiative decays of 56Ni to 56Co and to 56Fe. The rate of the energy
release of these processes is given by

q̇r = (εNi − εCo) e−t/τNi + εCoe−t/τCo , (65)

where εNi = 3.90 × 1010erg s−1 g−1, εCo = 6.78 × 109erg s−1 g−1, τNi =
8.76day, and τCo = 111.42day. The light curve of the supernova emission is
determined by the radiative transfer of the thermal energy in the supernova
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ejecta:

L = −4πr2
c

3κρ

∂u

∂r
. (66)

where r is the radius, u and ρ are the energy and mass densities.
For an order-of-magnitude analysis, by taking ∂u

∂r ∼
u
R ∼

U
V R , the bolo-

metric luminosity of the supernova can be estimated as follows

Le =
Uc

Rτ

(
1− e−τ

)
, (67)

where U is the total internal energy, V is the volume, R is the surface radius,
and τ = κρR is the optical depth of the ejecta. The evolution of the internal
energy can be determined by the energy conservation of the ejecta as [78, 79]

dU

dt
= MNiq̇r − Le − P

∂V

∂t
, (68)

where MNi is the total mass of 56Ni and P = U/3V is the pressure. The
term −PdV represents the adiabatic cooling of the ejecta. The combination
of Eq. (67) and (68) can yield a bolometric light curve for the supernova2.
Sometimes, an extra power could be involved in Eq. (68), e.g., if the supernova
ejecta can also absorbed energy from the central engine. Finally, by assuming
a black-body spectrum for the supernova emission, an effective temperature
of the supernova emission can be defined as TBB = (Le/4πR

2
phσ)1/4, where

Rph is the radius of the photosphere, which corresponds to κρ(R−Rph) = 1.
Then, the chromatic luminosity for a specific frequency ν can be given by

Lν =
8π2R2

ph

c2
hν3

ehν/kTBB − 1
, (70)

which can be used to compare with the observational magnitudes of the
supernova.

Kilonova/Mergernova

During a merger of double NSs or an NS and a BH, a non-relativistic mass of
∼ 10−4 − 10−2M� can be ejected more widely than the GRB jet due to the
effects of tidal disruption, collision squeeze, and accretion feedback. It is sug-
gested that nearly half of the elements heavier than iron in the universe can

2 The light curve can also derive from the following integral [78]:

Le(t) = 2MNi

(∫ t̃

0
q̇r t̃
′et̃

′2
dt̃′

)
e−t̃2 , (69)

where t̃ = t/td.
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be synthesized in this neutron-rich merger ejecta, through the rapid neutron-
capture process (r-process) [80, 81]. Then, like the supernova situation, the
radioactive decays of the r-process elements can also lead to a transient ther-
mal emission (i.e., kilonova), by heating the merger ejecta with a power of
[82]

q̇r = 4× 1018
[

1

2
− 1

π
arctan

(
t− t0
σ

)]1.3
erg s−1g−1 (71)

and a thermalization efficiency of [83]

ηth = 0.36

exp (−0.56tday) +
ln
(

1 + 0.34t0.74day

)
0.34t0.74day

 (72)

where t0 = 1.3 s, σ = 0.11 s, and tday = t/day.
The kilonova emission calculation is in principle the same as the case of

supernova emission, but with different power and different ejecta. The peak
emission of kilonovae is expected to appear at

td = 5κ
1/2
1 M

1/2
ej,−2v

−1/2
10 day. (73)

Here a high reference value of ∼ 10cm2g−1 is taken for the opacity, by con-
sidering that the opacity can be significantly increased due to the formation
of a large number of lanthanide elements [84]. For a reference luminosity
Lkn ∼ 1041erg s−1, we can determine the peak wavelength of the kilonova
emission to

λp =
hc

5kB

[
Lkn

4π(vtd)2σ

]−1/4
= 1.6κ

1/4
1 L

−1/4
kn,41M

1/4
ej,−2v

1/4
10 µm, (74)

which indicates the kilonova emission is inclined to be red. Nevertheless, the
different components of the merger ejecta could have very different electron
fractions, which can substantially affect the efficiency of the r-processes and
as well as the opacity of the ejecta. Therefore, besides the red emission com-
ponent, the kilonova emission can, in principle, also include relatively blue
components. Furthermore, the spectrum and light curve of kilonovae can also
be sensitive to the viewing angle because of the high anisotropic structure of
the merger ejecta (especially for the NS and BH mergers) [85].

Finally, for double NS mergers, one of the most concerned topics is the
nature of the merger product. As implied by the afterglows of short GRBs,
the merger product could be a long-lived massive NS [86, 87]. In this case, the
kilonova emission can be extra powered by the relativistic wind from the NS,
and thus its luminosity could be significantly enhanced[88, 89]. Therefore,
it was suggested that the transient thermal emission during a merger event
could be generally called a mergernova [88], instead of a kilonova. For exam-
ple, the relatively high luminosity of kilonova AT 2017gfo is probably powered
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Fig. 8 The fitting to the light curves of kilonova AT2017gfo with hybrid energy sources
inlcuding a pinning-down NS and the radioactivity of r-process elements (solid lines). From

[92]

by hybrid energy sources [92], since the pure radioactive scenario requires too
much high ejecta mass to be accounted for by a double NS merger. Fitting
to the observational data, as presented in Fig. 8, give a stringent constraint
on the property of the remnant NS, which indicates the complexity of the
early evolution of such newborn NSs. In addition, the interaction between the
NS wind and merger ejecta can further contribute to a non-thermal emission
component, which is detectable when the merger ejecta becomes transparent
[90, 91].

Statistics and Cosmological Applications

Luminosity Function

In a statistical view, by denoting the event rate of GRBs and their luminosity
function as ṘGRB and Φ(L), the detectable numbers of GRBs in different flux
and redshift ranges can be calculated by [93]



28 Yun-Wei Yu, He Gao, Fa-Yin Wang, and Bin-Bin Zhang

N(P1, P2) =
∆Ω

4π
T

∫
0

∫ P2

P1

∫
0

η(P )

× ṘGRB(z)Φ(L) sin θv dθvdP
dV (z)

1 + z
, (75)

and

N(z1, z2) =
∆Ω

4π
T

∫ z2

z1

∫
0

∫
0

η(P )ϑz(z, P )

× ṘGRB(z)Φ(L) sin θv dθvdP
dV (z)

1 + z
, (76)

where ∆Ω is the field of view of a telescope, T is the working time with
a duty cycle of ∼50%, η(P ) and ϑ(z, P ) are the trigger efficiency and the
probability of redshift measurement, respectively, and dV (z) is the comov-
ing cosmological volume element. Here the integral over the viewing angle
θv is included, because the GRB luminosity could be direction-dependent if
the jet has a significant angular structure. By connecting the GRB rates to
the cosmic star formation rates (SFRs), we can use the above equations to
model the observational distributions and constrain the luminosity function.
As usual, without considering the jet structure, the luminosity function is
found to have a broken-power-law form. However, when a Gaussian jet struc-
ture is invoked, it can be found that a single-power-law luminosity function
would become a better choice [93]. This hints that the usual low-energy power
law in the luminosity function could be a result of off-axis observations.

High-redshift Universe

The association of long GRBs with core-collapse supernovae indicates that
the GRB event rates could trace the cosmic star formation history either
unbiasedly or, more probably, with an additional evolution effect. Therefore,
they can provide a complementary technique to measure the star formation
rate at high redshifts where direct measurement is extremely difficult [94, 95],
as presented in Fig. 9. Here the selection effect and calibration from the GRB
rate to SFR must be properly handled.

Some works find that the rate of long GRBs has an excess compared to SFR
at high redshifts [94, 96]. Possible reasons includes metallicity evolution [97],
the evolution of the stellar initial mass function [98], and evolving luminosity
function break [99]. Theory and observation both support that long GRBs
prefer to explode in a low-metallicity site, leading to more GRBs at a high-
redshift universe with low metals. For evolving initial mass function, “top-
heavy” initial mass function would lead to more massive stars in the early
universe which can form much more GRBs.
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Absorption processes imprinted on the spectra of GRBs are the main
sources of information about the chemical properties of the high-redshift uni-
verse. The progenitors of long GRBs are believed to be massive stars, so their
number is abundant in the early universe. The damped Lyman-α and absorp-
tion lines in GRB spectra can be used to probe the metal enrichment history
[100], and cosmic reionization [101]. The forthcoming James Webb Space
Telescope would detect afterglow spectra of GRBs out to z > 10, shielding
light on the process of cosmic reionization.
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Fig. 9 Cosmic star formation history inferred from high-redshift GRBs. From [96]

Luminosity Correlations of GRBs

Since GRBs can be observed much more distant than SNe Ia, they can fill the
gap between SNe Ia and cosmic microwave background (CMB) in cosmolog-
ical studies. Similar to SNe Ia, it has been proposed to use GRB correlations
to standardize their energies and/or luminosities. Until now, a lot of GRB
correlations have been proposed.

• Amati correlation. The isotropic energy Eiso of GRB prompt emission is
associated with the rest-frame peak energy of the prompt spectrum, i.e.,
Ep ∝ E0.52

iso [102].
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• Yonetoku correlation. The correlation Liso ∝ E2
p is found with a sample of

16 GRBs [103].
• Ghirlanda correlation. A tight correlation between spectral peak energy
Epeak and collimated energy Eγ was discovered [104, 105] using 15 GRBs.
The intrinsic scatter is up to 0.1.

• Dainotti correlation. A tight correlation between the X-ray afterglow
parameters[106]: LX and Ta, where LX is the luminosity of an X-ray
plateau, and Ta is the time at which the X-ray light curve establishes
a normal power-law decay. The intrinsic scatter is 0.22.

• Liang-Zhang correlation. Without imposing any theoretical model, an em-
pirical correlation was found [107] with 15 bursts among the isotropic en-
ergy of the prompt gamma-ray emission Eiso, the rest-frame peak energy
Ep, and the rest-frame break time in the optical afterglow light curves
tbreak.

According to the properties of the involved parameter, these correlations
can be divided into three categories such as prompt correlations (i.e., the
first three ones), afterglow correlations (i.e., the Dainotti one), and prompt-
afterglow correlations (i.e., the Liang-Zhang one).
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Fig. 10 Standardized the light curves of LGRBs. Original and scaled plateau light curves
of 10 LGRBs. Left panel shows the original X-ray (0.3-10 keV) light curves. Right panel

shows the scaled light curves of the same GRBs. The dispersion of the scaled luminosity

is 0.5 dex. Adapted from [108]

Cosmological Constraints

The most common method to constrain the cosmological parameters is by
using the χ2 statistic. For an instance, in the standard cosmological model,
the corresponding likelihood function can be written as
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χ2(Ωi) =

N∑
i=1

[µth(z,Ωi)− µobs]
2

σ2
µobs

, (77)

where Ωi represents cosmological parameters, µth(z,Ωi) and µobs the theoret-
ical and observed distance modulus, respectively. While the observed distance
modulus can be derived from GRB correlations, the theoretical one can be
calculated by taking the follow equation

µth = 5 log(dL) + 25, (78)

where dL is the luminosity distance. For a flat universe, the expressed form
of luminosity distance can be written as

dL =
c(1 + z)

H0

∫ z

0

dz′√
Ωm(1 + z′)3 +ΩΛ

, (79)

where Ωm, ΩΛ, H0 and c represent the cosmic matter density, dark energy
density, Hubble constant and the speed of light, respectively. The best-fitting
results of Ωm, ΩΛ, H0 can be given by minimizing Eq. (77). For different
cosmological models, Eq. (79) needs to take corresponding modifications.

So far, a lot of effort has been made to constrain cosmological param-
eters using GRBs since their cosmological origin was confirmed. However,
due to the lack of low-redshift GRBs, the GRB correlations are cosmology-
dependent. This is the so-called “circularity problem”. Many methods have
been proposed to solve this problem, including fitting the cosmological pa-
rameters and luminosity correlation simultaneously, and calibrating GRB
relation utilizing other observations (i.e., SNe Ia). The first method is fitting
the cosmological parameters and luminosity correlation simultaneously [105].
The second method is to calibrate GRB correlation with other observation
data at low redshifts. Recently, the light curves of LGRBs showing plateau
phases in X-ray afterglows are standardized [108]. The standardized result is
shown in Fig. 10. The Hubble parameter data is used to calibrate this corre-
lation. The cosmological constraints are Ωm = 0.32+0.05

−0.10 and ΩΛ = 1.10+0.12
−0.31

(1σ) in the flat universe. Third, the circularity problem could be partially
solved by analyzing a sample of GRBs within a small redshift bin [109]. The
advent of the multi-messenger era provides more solutions to the circularity
problem. For example, the gravitational wave events with EM counterparts
can be used to calibrate GRB correlations.
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