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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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!Fig. 7.5 An energy flow chart for GRBs.

medium, as a relativistic shock propagates into the medium. Early on a reverse
shock propagates into the jet itself and crosses the jet in a short duration of
time. If the central engine is long-lived or if the ejecta has a Lorentz factor
“stratification” (a wide distribution of Γ), the reverse shock can be long lived.
Emission from these external shocks powers the long-lasting afterglow emission
of GRBs.

• The spatial range between the photosphere (included) and the external for-
ward/reverse shocks (excluded) is called an internal emission site of a GRB.
GRB prompt emission likely originates from one or more internal emission re-
gions. The radiation mechanism of prompt emission is an open question. The
leading candidates include synchrotron radiation from an optically thin region,
and a quasi-thermal, Comptonized emission near the photosphere. Synchrotron
self-Compton (SSC), external inverse Compton (EIC), and hadronic cascade
have been also discussed in the literature to account for (part of) the prompt
emission spectra.

• The main radiation mechanism of afterglow emission has been identified as syn-
chrotron radiation from the external shocks.

Figure 7.4 is a cartoon picture of the evolution of a GRB jet within this general
theoretical framework. Figure 7.5 outlines the energy flow in a GRB jet, describing
how various forms of energy convert from one to another and give rise to the
observed radiation from GRBs.



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

Early GRB model:
The fireball shock model

(Paczynski, Meszaros, Rees, Piran, Sari, …)
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medium, as a relativistic shock propagates into the medium. Early on a reverse
shock propagates into the jet itself and crosses the jet in a short duration of
time. If the central engine is long-lived or if the ejecta has a Lorentz factor
“stratification” (a wide distribution of Γ), the reverse shock can be long lived.
Emission from these external shocks powers the long-lasting afterglow emission
of GRBs.

• The spatial range between the photosphere (included) and the external for-
ward/reverse shocks (excluded) is called an internal emission site of a GRB.
GRB prompt emission likely originates from one or more internal emission re-
gions. The radiation mechanism of prompt emission is an open question. The
leading candidates include synchrotron radiation from an optically thin region,
and a quasi-thermal, Comptonized emission near the photosphere. Synchrotron
self-Compton (SSC), external inverse Compton (EIC), and hadronic cascade
have been also discussed in the literature to account for (part of) the prompt
emission spectra.

• The main radiation mechanism of afterglow emission has been identified as syn-
chrotron radiation from the external shocks.

Figure 7.4 is a cartoon picture of the evolution of a GRB jet within this general
theoretical framework. Figure 7.5 outlines the energy flow in a GRB jet, describing
how various forms of energy convert from one to another and give rise to the
observed radiation from GRBs.

photosphere
Internal shock

Fireball model



Before Fermi: Fireball Predictions: 
Internal shock synchrotron vs. photosphere

Meszaros & Rees (00)

Daigne & Mochkovitch (02)

Pe’er et al. (06)



Fermi surprise: GRB 080916C
(Abdo et al. 2009, Science)



Fermi Surprise: 
Photosphere component missing

Sigma: ratio between Poynting flux and baryonic flux:

s = LP/Lb: at least ~ 20, 15 for GRB 080916C

Zhang & Pe�er
(2009)

Cf. Guiriec et al. (2015)



Modified Fireball Model (1)

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

GRB prompt emission is from internal shocks
Photosphere emission suppressed
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medium, as a relativistic shock propagates into the medium. Early on a reverse
shock propagates into the jet itself and crosses the jet in a short duration of
time. If the central engine is long-lived or if the ejecta has a Lorentz factor
“stratification” (a wide distribution of Γ), the reverse shock can be long lived.
Emission from these external shocks powers the long-lasting afterglow emission
of GRBs.

• The spatial range between the photosphere (included) and the external for-
ward/reverse shocks (excluded) is called an internal emission site of a GRB.
GRB prompt emission likely originates from one or more internal emission re-
gions. The radiation mechanism of prompt emission is an open question. The
leading candidates include synchrotron radiation from an optically thin region,
and a quasi-thermal, Comptonized emission near the photosphere. Synchrotron
self-Compton (SSC), external inverse Compton (EIC), and hadronic cascade
have been also discussed in the literature to account for (part of) the prompt
emission spectra.

• The main radiation mechanism of afterglow emission has been identified as syn-
chrotron radiation from the external shocks.

Figure 7.4 is a cartoon picture of the evolution of a GRB jet within this general
theoretical framework. Figure 7.5 outlines the energy flow in a GRB jet, describing
how various forms of energy convert from one to another and give rise to the
observed radiation from GRBs.

Internal shock

Initially magnetized internal shock model



Modified Fireball Model (2)

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

GRB prompt emission: from photosphere
Internal shock emission suppressed
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!Fig. 7.5 An energy flow chart for GRBs.

medium, as a relativistic shock propagates into the medium. Early on a reverse
shock propagates into the jet itself and crosses the jet in a short duration of
time. If the central engine is long-lived or if the ejecta has a Lorentz factor
“stratification” (a wide distribution of Γ), the reverse shock can be long lived.
Emission from these external shocks powers the long-lasting afterglow emission
of GRBs.

• The spatial range between the photosphere (included) and the external for-
ward/reverse shocks (excluded) is called an internal emission site of a GRB.
GRB prompt emission likely originates from one or more internal emission re-
gions. The radiation mechanism of prompt emission is an open question. The
leading candidates include synchrotron radiation from an optically thin region,
and a quasi-thermal, Comptonized emission near the photosphere. Synchrotron
self-Compton (SSC), external inverse Compton (EIC), and hadronic cascade
have been also discussed in the literature to account for (part of) the prompt
emission spectra.

• The main radiation mechanism of afterglow emission has been identified as syn-
chrotron radiation from the external shocks.

Figure 7.4 is a cartoon picture of the evolution of a GRB jet within this general
theoretical framework. Figure 7.5 outlines the energy flow in a GRB jet, describing
how various forms of energy convert from one to another and give rise to the
observed radiation from GRBs.

photosphere

Dissipative photosphere model
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shock propagates into the jet itself and crosses the jet in a short duration of
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“stratification” (a wide distribution of Γ), the reverse shock can be long lived.
Emission from these external shocks powers the long-lasting afterglow emission
of GRBs.

• The spatial range between the photosphere (included) and the external for-
ward/reverse shocks (excluded) is called an internal emission site of a GRB.
GRB prompt emission likely originates from one or more internal emission re-
gions. The radiation mechanism of prompt emission is an open question. The
leading candidates include synchrotron radiation from an optically thin region,
and a quasi-thermal, Comptonized emission near the photosphere. Synchrotron
self-Compton (SSC), external inverse Compton (EIC), and hadronic cascade
have been also discussed in the literature to account for (part of) the prompt
emission spectra.

• The main radiation mechanism of afterglow emission has been identified as syn-
chrotron radiation from the external shocks.

Figure 7.4 is a cartoon picture of the evolution of a GRB jet within this general
theoretical framework. Figure 7.5 outlines the energy flow in a GRB jet, describing
how various forms of energy convert from one to another and give rise to the
observed radiation from GRBs.

photosphere

Magnetically dissipative photosphere model



central engine
R ~ 107 cm
s = s0 >> 1

photosphere
R ~ 1011 - 1012 cm
s £ s0

early collisions
R ~ 1013 - 1014 cm
s ~ 1- 100

ICMART region
R ~ 1015 - 1016 cm
sini ~ 1- 100 
send £ 1

External shock
R ~ 1017 cm
s £ 1

GRB

The ICMART Model

Emission suppressed

At most
1/(1+σ)
energy released

At most
1/(1+σ)
energy released

1/(1+σend)
energy released

(Internal Collision-induced MAgnetic Reconnection & Turbulence)

Zhang & Yan (2011)

cf: Lyutikoc & Blandford (2003)…
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medium, as a relativistic shock propagates into the medium. Early on a reverse
shock propagates into the jet itself and crosses the jet in a short duration of
time. If the central engine is long-lived or if the ejecta has a Lorentz factor
“stratification” (a wide distribution of Γ), the reverse shock can be long lived.
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of GRBs.

• The spatial range between the photosphere (included) and the external for-
ward/reverse shocks (excluded) is called an internal emission site of a GRB.
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leading candidates include synchrotron radiation from an optically thin region,
and a quasi-thermal, Comptonized emission near the photosphere. Synchrotron
self-Compton (SSC), external inverse Compton (EIC), and hadronic cascade
have been also discussed in the literature to account for (part of) the prompt
emission spectra.

• The main radiation mechanism of afterglow emission has been identified as syn-
chrotron radiation from the external shocks.

Figure 7.4 is a cartoon picture of the evolution of a GRB jet within this general
theoretical framework. Figure 7.5 outlines the energy flow in a GRB jet, describing
how various forms of energy convert from one to another and give rise to the
observed radiation from GRBs.

Internal collision-induced magnetic reconnection & turbulence (ICMART) model

ICMART
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ICMART simulations:

* High efficiency
* Relativistic mini-jets
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Deng et al. 2015, ApJ, 805, 163

Current density

Field line



ICMART simulations
(Deng et al., 2015)6 Deng, Li, Zhang & Li

Fig. 2.— Upper panel : The Poynting flux energy (Eem) evolu-
tion of the example simulation case. Dashed line denotes the non-
collision case, which serves as the reference for additional magnetic
dissipation. Solid line denotes the case of collision between two
blobs. lower panel : Ratio calculated by (Eem,nc � Eem,c)/Eem,nc
to show the additional Eem dissipation e�ciency triggered by the
collision-induced processes.

stage, also supports the above analysis.
The next stage is the “normal decay” phase. We choose

two series of representative cuts at t = 58 (Panel C) and
t = 94 (Panel D), respectively. The current strength
and outflow velocity are similar between panels C and
D, while they are systematically weaker and slower com-
pared with the “plateau” phase (panel B). This means
that the initial collision-driven e↵ect becomes weaker
and the reconnection-facilitated dissipation enters a rel-
atively steady phase. In the mean time, compression
becomes sub-dominant, so that globally Eem dissipates
with a relatively steady rate, which roughly equals to
0.1Eem,0

40t0
= c·Eem,0

400L0
in the center-of-mass frame of the

blobs (L0 is the length normalization factor introduced
in Table 1). The additional outflow study in the follow-
ing Section §3.3, which shows that the outflow velocity
keeps being around the Alfvén velocity at this stage, also
supports this conclusion.
Finally, after t ⇠ 120, the reconnection-dissipation

gradually becomes weaker, and the system enters the
quasi-steady phase without obvious Eem dissipation. The
Eem evolution becomes nearly parallel with the non-
collision case in Figure 2.
From these analyses, we conclude that the collision be-

tween two high-� blobs can indeed trigger strong mag-
netic reconnections and dissipate a significant fraction
of EMF energy due to the reconnection-facilitated pro-
cesses.

3.3. Additional outflow study

Following the above analyses, in this subsection, we
carry out an additional study on the outflow velocity.
We compare the local Lorentz factor of the outflow (�out)
with the critical Lorentz factor �A calculated from the
local relativistic Alfvén velocity

VA =
cp

4⇡h0/B02 + 1
, (14)

and the critical Lorentz factor �ms calculated from the
maximum possible value of the local relativistic fast

mode magnetosonic velocity

Vms =
q

V 2
A + C2

s (1� V 2
A/c

2), (15)

where h0 and B0 are the specific enthalpy and magnetic
strength in the local comoving frame of the fluid, and Cs
is the relativistic sound speed calculated by

Cs = c
p

�̂P/h0. (16)

In order to investigate whether the fluid velocities ex-
ceed the two characteristic velocities, we define

RA⌘ �out

�A
, (17)

Rms⌘
�out

�ms
. (18)

Figure 4 shows the selected 2D contour cuts of RA.
The three panels in the upper row correspond to the
starting time when RA > 1 is reached (t = 4), the time
when RA is the largest (t = 18), and the ending time
for the condition of RA > 1 (t = 38), respectively. After
t ⇠ 38, the �out starts to become slightly smaller but
still close to �A (see the three panels in the lower row of
Figure 4). These results are consistent with the energy
evolution analysis presented above in Section §3.2. The
duration when RA > 1 is satisfied is just the “plateau”
phase of energy evolution, in which strong compression
exists and drives the outflows to become super-Alfvénic.
After t ⇠ 38 the energy evolution enters the “normal
decay” phase, which corresponds to the phase of rela-
tively steady reconnection-facilitated dissipation without
strong compression, so that the outflow velocity is close
to the theoretical Alfvénic velocity.
Figure 5 show the contour cuts of Rms. Since Vms is

the maximum wave propagation speed in a MHD sys-
tem, if Rms > 1, a local shock in the front of the out-
flow would potentially be generated. The three epochs
shown in Figure 5 correspond to the starting time when
Rms > 1 is satisfied (t = 6), the time when Rms is the
largest (t = 18), and the ending time for the condition of
Rms > 1 to be satisfied (t = 20), respectively. These re-
sults indeed show a period of about 15 time units during
which Rms > 1 is satisfied. This duration is shorter than
the duration when RA > 1 is satisfied. For this case,
the largest value of Rms is about 1.13. Since the �out de-
pends on numerical resolution (see Section §3.4 below for
details) and other physical parameters, it is worthwhile
to perform a more detailed study for this feature in the
future. In this study, since Vout is only slightly larger
than Vms in a small local region and for a short dura-
tion, we do not resolve an obvious shock feature from
the numerical data.

3.4. Resolution study

We now discuss the e↵ects of numerical resolution on
our results. Although the ideal MHD code that we use
does not have explicit resistivity, it still has numerical
resistivity from the numerical scheme, which depends on
the resolution of the simulation. This may a↵ect the
reconnection rate and energy dissipation rate in the sim-
ulations. To address this uncertainty, we perform a reso-
lution test based on the above example case. We keep the

10 Deng, Li, Zhang & Li

Fig. 7.— The contour cuts corresponding to the maximum y-component of the outflow velocity (Vy) in the Y Z-plane (x=0) for di↵erent
resolutions. The maximum values of Vy are about 0.45c, 0.55c, 0.75c for the resolutions of 2563, 5123, and 10243, respectively. The aspect
ratio becomes smaller for a higher resolution.

Fig. 8.— The evolution of the field lines during the collision process. The two blobs merge into one larger blob, forming a “1”-shaped
field line configuration at the final quasi-steady stage of the evolution.

outflow can locally become super-Alfvénic during the
initial strong compression stage. The outflow velocity
can potentially become relativistic in higher resolution
simulations and generate multi-orientation mini-jets in a
global PFD jet.

4. EXTENDED PARAMETER SPACE STUDIES

In Section §3, we find significant EMF energy dissipa-
tion (about 35%) facilitated by collision-driven magnetic
reconnection. Based on the above analyses, we expect
that some parameters may a↵ect the results. First, the

�b evolution controls the Eem dissipation e�ciency. The
simulation results may then depend on the initial value
�b,i. Second, the initial misalignment xs gives di↵erent
magnetic field configurations around the contact surface
which may control the fraction of the free energy that
can be released due to the reconnection processes. Next,
di↵erent initial relative speed (kinetic energy) between
the two blobs define the strengths of the initial collision-
driven e↵ect, so that it may be another factor to e↵ect
the conclusion. In addition, the initial displacement zd
controls the delay of the collision. It is also interesting

The Astrophysical Journal, 726:90 (23pp), 2011 January 10 Zhang & Yan

prompt GRB as the emission is abruptly ceased (Zhang et al.
2006). Within such an interpretation, the duration of the tail
defines the minimum of RGRBθj . The data suggest that RGRB

is typically large (say, RGRB ! 1015 cm) if the high-latitude
emission interpretation is valid (Lyutikov 2006a; Kumar et al.
2007). (2) Some GRBs have prompt optical detections or upper
limits. If the optical emission arises from the same region as the
MeV emission, then the brightness of the optical emission can
be used to derive a constraint on RGRB, based on the argument
that synchrotron self-absorption should not suppress the opti-
cal flux. The bright optical prompt emission of GRB 080319B
requires that the optical emission region has to be greater than
1016 cm (Racusin et al. 2008; Kumar & Panaitescu 2008), so
that RGRB > 1016 cm is inferred if the MeV emission and opti-
cal emission originate from the same region (cf. Fan et al. 2009;
Zou et al. 2009). A systematic analysis of other prompt optical
data (Shen & Zhang 2009) suggests that data are consistent with
RGRB ! 1014 cm. (3) If GeV emission is from the same region as
the MeV component, as is inferred from most Fermi/LAT GRBs
(Zhang et al. 2010), the detection of the high-energy photons
can be used to constrain both the emission radius and the bulk
Lorentz factor (Gupta & Zhang 2008). Applying this method
to GRB 080916C, the derived RGRB is typically greater than
1015 cm (Zhang & Pe’er 2009). We can see that the three inde-
pendent pieces of information generally point towards a consis-
tent picture, namely, the GRB emission radius RGRB is relatively
large. This is consistent with the expectation of the ICMART
model.

4. MERITS AND IMPLICATIONS OF THE
ICMART MODEL

The ICMART model invokes internal collisions as the trigger
of magnetic reconnection/turbulence avalanche. It therefore
carries the merits of the IS model, namely, the emission site
is “internal,” and the central engine activity defines the main
variability timescale (the pulses in the light curve).16 On the
other hand, it can overcome or alleviate some of the drawbacks
of the IS model as discussed in Section 2.1, which we elaborate
in the following.

4.1. Radiative Efficiency

Let us assume that two shells [((m1,Γ1) and (m2,Γ2)] with an
initial σini collide with each other, and that the collision triggers
a reconnection/turbulence cascade that results in a catastrophic
discharge of the magnetic energy. This leads to conversion of
a significant amount of magnetic energy to internal energy of
the fluid, and hence, to radiation. Let us envisage a picture
where the two shells merge with a much lower magnetization
parameter σend by the end of such an inelastic collision. Energy
conservation

(Γ2m2 + Γ1m1)(1 + σini) = Γm(m1 + m2 + U ′)(1 + σend) (49)

and momentum conservation

(Γ2β2m2 + Γ1β1m1)(1 + σini) = Γmβm(m1 + m2 + U ′)(1 + σend)
(50)

give the same solution for Γm (Equation (3)) as the IS model.
The energy dissipation efficiency, on the other hand, is much

16 Again, this is also the merit of the dissipative photosphere model which
does not demand internal collisions.

larger, i.e.,

ηICMART = ΓmU ′

(Γ1m1c2 + Γ2m2c2)(1 + σini)

= 1
1 + σend

− Γm(m1 + m2)
(Γ1m1 + Γ2m2)(1 + σini)

≃ 1
1 + σend

(if σini ≫ 1). (51)

This is ∼50% if σend ∼1, and can reach 90% if σend ∼0.1. This
can naturally account for the observed high radiative efficiency
of most GRBs (Zhang et al. 2007).

4.2. Particle Acceleration and the Fast Cooling Problem

In an ICMART event, particles can be accelerated in the
following two ways. First, particles are accelerated directly in
the reconnection zone. This happens when particles are bounced
back and forth between the oppositely directed approaching
magnetic fluxes and gain energy during each gyration. It is
similar to shock acceleration and is an efficient first-order
Fermi process (de Gouveia dal Pino & Lazarian 2005; Lazarian
& Opher 2009). The second acceleration mechanism is the
stochastic acceleration of particles in the turbulent region, which
is a second-order Fermi process.

We defer the detailed discussion on particle acceleration
and radiation spectrum of the ICMART model to a future
work, but qualitatively discuss the difference between this
model and the shock model. Within the standard IS model,
particles are accelerated at the shock front via the first-order
Fermi mechanism (Spitkovsky 2008; Baring & Summerlin
2009). After the shock passes through the shell, the down-
stream hot electrons would cool rapidly through synchrotron
and inverse Compton emission. Once an electron is accel-
erated to a high energy, there is no further heating process,
and the electron suffers radiative cooling. Such a scenario in-
evitably introduces the so-called fast cooling problem as dis-
cussed in Section 2.1.3, unless a much small-scale magnetic
field is introduced (Pe’er & Zhang 2006; Asano & Terasawa
2009).

In the ICMART scenario, electrons do not undergo such a
“one-shot” acceleration as in the shock scenario. Rather, they
would be accelerated repetitively. This is because the ICMART
avalanche happens globally in the dissipation region (unlike
just near the shock front in the shock scenario). There is
no distinct separation of the particle acceleration region and
the cooling region. As a result, any particle would undergo
multiple accelerations in the reconnection regions either directly
or through stochastic scattering of the constantly evolving
turbulent field. For the first-order reconnection acceleration
scenario, particle acceleration time could be much shorter
than the cooling timescale, so that a power-law distributed
electron population can be accelerated up to an energy at
which the cooling timescale balances the acceleration timescale
(see Section 4.3 below). This is similar to the shock scenario,
in which the fast cooling problem remains. On the other
hand, for the second-order turbulence acceleration scenario the
acceleration time can be long so that one may achieve a balance
between cooling and heating. In the past, this was referred to
as the “slow volume heating” scenario, which invokes Compton
upscattering off emission from a dissipative photosphere (e.g.,
Thompson 1994; Ghisellini & Celotti 1999; Stern & Poutanen
2004; Pe’er et al. 2006; Giannios & Spruit 2007; Beloborodov
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prompt GRB as the emission is abruptly ceased (Zhang et al.
2006). Within such an interpretation, the duration of the tail
defines the minimum of RGRBθj . The data suggest that RGRB

is typically large (say, RGRB ! 1015 cm) if the high-latitude
emission interpretation is valid (Lyutikov 2006a; Kumar et al.
2007). (2) Some GRBs have prompt optical detections or upper
limits. If the optical emission arises from the same region as the
MeV emission, then the brightness of the optical emission can
be used to derive a constraint on RGRB, based on the argument
that synchrotron self-absorption should not suppress the opti-
cal flux. The bright optical prompt emission of GRB 080319B
requires that the optical emission region has to be greater than
1016 cm (Racusin et al. 2008; Kumar & Panaitescu 2008), so
that RGRB > 1016 cm is inferred if the MeV emission and opti-
cal emission originate from the same region (cf. Fan et al. 2009;
Zou et al. 2009). A systematic analysis of other prompt optical
data (Shen & Zhang 2009) suggests that data are consistent with
RGRB ! 1014 cm. (3) If GeV emission is from the same region as
the MeV component, as is inferred from most Fermi/LAT GRBs
(Zhang et al. 2010), the detection of the high-energy photons
can be used to constrain both the emission radius and the bulk
Lorentz factor (Gupta & Zhang 2008). Applying this method
to GRB 080916C, the derived RGRB is typically greater than
1015 cm (Zhang & Pe’er 2009). We can see that the three inde-
pendent pieces of information generally point towards a consis-
tent picture, namely, the GRB emission radius RGRB is relatively
large. This is consistent with the expectation of the ICMART
model.

4. MERITS AND IMPLICATIONS OF THE
ICMART MODEL

The ICMART model invokes internal collisions as the trigger
of magnetic reconnection/turbulence avalanche. It therefore
carries the merits of the IS model, namely, the emission site
is “internal,” and the central engine activity defines the main
variability timescale (the pulses in the light curve).16 On the
other hand, it can overcome or alleviate some of the drawbacks
of the IS model as discussed in Section 2.1, which we elaborate
in the following.

4.1. Radiative Efficiency

Let us assume that two shells [((m1,Γ1) and (m2,Γ2)] with an
initial σini collide with each other, and that the collision triggers
a reconnection/turbulence cascade that results in a catastrophic
discharge of the magnetic energy. This leads to conversion of
a significant amount of magnetic energy to internal energy of
the fluid, and hence, to radiation. Let us envisage a picture
where the two shells merge with a much lower magnetization
parameter σend by the end of such an inelastic collision. Energy
conservation

(Γ2m2 + Γ1m1)(1 + σini) = Γm(m1 + m2 + U ′)(1 + σend) (49)

and momentum conservation

(Γ2β2m2 + Γ1β1m1)(1 + σini) = Γmβm(m1 + m2 + U ′)(1 + σend)
(50)

give the same solution for Γm (Equation (3)) as the IS model.
The energy dissipation efficiency, on the other hand, is much

16 Again, this is also the merit of the dissipative photosphere model which
does not demand internal collisions.

larger, i.e.,

ηICMART = ΓmU ′

(Γ1m1c2 + Γ2m2c2)(1 + σini)

= 1
1 + σend

− Γm(m1 + m2)
(Γ1m1 + Γ2m2)(1 + σini)

≃ 1
1 + σend

(if σini ≫ 1). (51)

This is ∼50% if σend ∼1, and can reach 90% if σend ∼0.1. This
can naturally account for the observed high radiative efficiency
of most GRBs (Zhang et al. 2007).

4.2. Particle Acceleration and the Fast Cooling Problem

In an ICMART event, particles can be accelerated in the
following two ways. First, particles are accelerated directly in
the reconnection zone. This happens when particles are bounced
back and forth between the oppositely directed approaching
magnetic fluxes and gain energy during each gyration. It is
similar to shock acceleration and is an efficient first-order
Fermi process (de Gouveia dal Pino & Lazarian 2005; Lazarian
& Opher 2009). The second acceleration mechanism is the
stochastic acceleration of particles in the turbulent region, which
is a second-order Fermi process.

We defer the detailed discussion on particle acceleration
and radiation spectrum of the ICMART model to a future
work, but qualitatively discuss the difference between this
model and the shock model. Within the standard IS model,
particles are accelerated at the shock front via the first-order
Fermi mechanism (Spitkovsky 2008; Baring & Summerlin
2009). After the shock passes through the shell, the down-
stream hot electrons would cool rapidly through synchrotron
and inverse Compton emission. Once an electron is accel-
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and the electron suffers radiative cooling. Such a scenario in-
evitably introduces the so-called fast cooling problem as dis-
cussed in Section 2.1.3, unless a much small-scale magnetic
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In the ICMART scenario, electrons do not undergo such a
“one-shot” acceleration as in the shock scenario. Rather, they
would be accelerated repetitively. This is because the ICMART
avalanche happens globally in the dissipation region (unlike
just near the shock front in the shock scenario). There is
no distinct separation of the particle acceleration region and
the cooling region. As a result, any particle would undergo
multiple accelerations in the reconnection regions either directly
or through stochastic scattering of the constantly evolving
turbulent field. For the first-order reconnection acceleration
scenario, particle acceleration time could be much shorter
than the cooling timescale, so that a power-law distributed
electron population can be accelerated up to an energy at
which the cooling timescale balances the acceleration timescale
(see Section 4.3 below). This is similar to the shock scenario,
in which the fast cooling problem remains. On the other
hand, for the second-order turbulence acceleration scenario the
acceleration time can be long so that one may achieve a balance
between cooling and heating. In the past, this was referred to
as the “slow volume heating” scenario, which invokes Compton
upscattering off emission from a dissipative photosphere (e.g.,
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particles are accelerated at the shock front via the first-order
Fermi mechanism (Spitkovsky 2008; Baring & Summerlin
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evitably introduces the so-called fast cooling problem as dis-
cussed in Section 2.1.3, unless a much small-scale magnetic
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“one-shot” acceleration as in the shock scenario. Rather, they
would be accelerated repetitively. This is because the ICMART
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just near the shock front in the shock scenario). There is
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in which the fast cooling problem remains. On the other
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to investigate whether results depend on this parameter.
Furthermore, the blobs undergo a significant expansion
during the early “self adjustment” phase before estab-
lishing a balance between the magnetic pressure force
and the gas pressure force. Di↵erent background pres-
sures and densities are therefore interesting input pa-
rameters that may a↵ect the results. Finally, it is un-
known whether the toroidal-to-poloidal ratio parameter,
↵, plays a role to define the dissipation e�ciency.
In this section, we perform a series of extended parame-

ter studies to investigate the role of above-mentioned var-
ious parameters in defining the Eem dissipation e�ciency
and reconnection outflow properties. From the resolution
study in Section §3.4, we find that the Eem dissipation
e�ciency is similar when the resolution is > 2563. Since
we are exploring a large parameter space, in order to
reduce the simulation time, we use the 2563 resolution
in all the simulations presented in this section. The gen-
eral approach is that we only modify one parameter from
the example simulation in each subsection, in order to ex-
plore the e↵ects of that parameter. Below we explore the
e↵ect of following parameters in turn: the initial � value
inside the blobs (�b,i), the initial misalignment between
the center of two blobs in X direction (xs), the initial ve-
locity (Vb,z) or relative Lorentz factor (�rel) of two blobs
in Z direction, the initial distance between the center
of two blobs in Z direction (zd), the uniform gas pres-
sure (P ), the background density (⇢bkg), the toroidal-to-
poloidal magnetic field ratio ↵, and the adiabatic index
(�̂).

4.1. Initial �b,i of the blobs

The �b,i parameter a↵ects the �b evolution and the ini-
tial expansion of the blobs, so in this subsection we study
the e↵ect on the Eem energy evolution and dissipation
e�ciency for di↵erent �b,i values. We set a higher �b,i
value by increasing the normalization parameter Bb,0.
The parameters we used are listed in Table 3. Here the
parameters besides �b,i and Bb,0 are the same as the
example model. We choose three di↵erent �b,i values.
Here, due to the more significant expansion with a in-
creasing �b,i, we enlarge our simulation box to 303 and
also increase the resolution to 3843 to ensure the same
absolute spatial resolution as the following sub-sections.
The upper panel of Figure 9 shows the Eem evolution of
these three models. Similar to the example model, we
also show the non-collision case for each model to calcu-
late the Eem dissipation e�ciency. We find that with a
higher �b,i value, the initial steep decay of Eem caused
by the expansion is more significant due to the stronger
outward magnetic pressure force. The Eem dissipation
e�ciency in the final quasi-steady phase, on the other
hand, is rather similar for di↵erent �b.i values (lower
panel of Figure 9). In order to understand this result, we
also calculate the �b,f values in the quasi-steady phase,
and use Eq.(20) to calculate ⌘ independently (see the
method in Section §3.5). The results are shown in Table
4. The calculated e�ciencies have no obvious di↵erence
among di↵erent cases, since a larger �b,i corresponds to a
slightly larger �b,f , so that ⌘ does not change significantly
according to Eq.(20). This result is consistent with the
e�ciency calculated directly from the energy evolution
of the simulations in the lower panel of Figure 9.
One interesting result is that �b,i and �b,f values show

TABLE 3

The �b,i-varying models

Model name �b,i Bb,0 ↵
��Vb,z

�� P ⇢bkg zd xs

Model:�b,i8 8
p
4⇡ 3 0.3c 10�2 10�1 4.4 1.0

Model:�b,i16 16
p
8⇡ 3 0.3c 10�2 10�1 4.4 1.0

Model:�b,i24 24
p
12⇡ 3 0.3c 10�2 10�1 4.4 1.0
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Fig. 9.— The Eem evolution of three �b,i models: �b,i = 8 (red
group), �b,i = 16 (green group), and �b,i = 24 (blue group). As the
example model, we also show the non-collision cases corresponding
to each of them to calculate the Eem dissipation e�ciency. The
Eem dissipation e�ciency in the final quasi-steady phase is similar.

TABLE 4

�b,f - �b,i relation and the analytical vs. numerical

efficiencies.

�b,i �b,f E�ciency E�ciency
(analytical) (numerical)

8 1.16 35.7% 33.3%
16 1.33 37.3% 34.4%
24 1.49 36.4% 34.7%

a good linear relationship (Figure 10), which can be fitted
by

�b,f = 0.02�b,i + 1.0. (22)

Physically, this equation does not apply for �b,i < 1.
Right now the range of the �b,i is relatively small limited
by the code capability. It is valuable to perform a more
detailed study for a larger range of �b,i in the future to
test this interesting and important relationship and to
study the physical mechanism of this behavior.

4.2. Initial misalignment between two blobs (xs)

The initial misalignment a↵ects the magnetic field con-
figuration around the contact surface during the collision
and also the rotation property, so in this subsection we
study the e↵ect of xs on the Eem energy evolution and
dissipation e�ciency. The parameters we used are listed
in Table 5. Besides xs, other parameters are the same
as the example model. From the analyses in Section
§3.5, the typical radius of one blob after expansion is
r ⇡ 3r0 = 3.0. In order to make a relatively significant
collision, xs should be smaller than 2r ⇡ 6. We choose
seven di↵erent values of xs in the simulations (Table 5).
Among these models, “Model:xs1.0” is the same as the
example model with resolution 2563.
The upper panel of Figure 11 shows the Eem evolution
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Fig. 10.— The relationship between �b,f and �b,i. The red cross
points are the calculated results of �b,f corresponding to di↵erent
�b,i from our simulations. The black dashed line is the linear fitting
result.

of these seven models. We find that, with increasing xs,
the Eem dissipation e�ciency first increases, and then
decreases after reaching the maximum e�ciency around
xs ⇡ 3.0. Such a behavior can be understood using the
two lower panels in Figure 1. The 2D cuts of Bx, By
show the directions and strength distributions of these
two components of the magnetic field. Due to the ini-
tial expansion, the actual size of these configuration dur-
ing collision would become about three times larger than
the initial cuts. We consider the anti-parallel regions
as the free energy source for reconnection-induced dis-
sipation. When xs = 0, only the Bx component can
be reconnected. With an increasing xs from 0 to 3.0,
the anti-parallel region of Bx becomes smaller while the
anti-parallel region of By increases. Since the strength
of By is larger than Bx, the total dissipated magnetic
energy becomes larger, which increases the dissipation
e�ciency to a higher value. When xs = 3.0, the anti-
parallel region of By reaches the maximum so that the
maximum e�ciency is achieved. After this critical point,
the anti-parallel region of By decreases with increasing
xs, which leads to a decrease in e�ciency. Finally, when
xs becomes larger than the size of the two blobs (6.0),
the Eem evolution is nearly the same as the non-collision
case due to the lack of significant collision between the
two blobs.
Another important feature is that the change of e�-

ciency as a function of xs is not linear. In fact, in our
studied the cases only the two extreme cases xs = 0
and xs = 7.0 have significantly lower e�ciencies com-
pared with the other cases. Even if there is a very small
misalignment, e.g. xs = 0.002, the e�ciency could be-
come significantly larger than the xs = 0 case. Inspecting
the energy evolution plot (Fig.11), one can see that the
main di↵erence comes from the “normal decay” phase.
A smaller xs would delay the “normal decay” phase to
a later time, whereas there is no “normal decay” phase
if xs = 0. In order to understand this feature, we draw
Figure 12. The three panels in the first row are the 2D
contour cuts of B2/4⇡ in the XZ-plane (y=0), corre-
sponding to t = 0, t = 80, and t = 120 for “Model:xs0.0”,
respectively. The following two panels in the second row
are the 2D contour cuts of the y-component of the out-
flow velocity (Vy) in the Y Z-plane (x=0), correspond-
ing to t = 80 and t = 120 for “Model:xs0.0”. The

following five panels are the corresponding cuts for the
“Model:xs0.002”. One can see that for the complete
alignment case (“Model:xs0.0”), the two blobs merge to-
gether and enter the quasi-steady phase without an ob-
vious reconnection feature. For “Model:xs0.002”, on the
other hand, the merged blobs start to rotate at t ⇠ 80,
which just corresponds to the starting time in the energy
evolution plot (Fig.11) when the two models become dis-
tinctly di↵erent. The last panel of Vy in Figure 12 shows
the feature of the reconnection-driven outflows during
the “normal decay” phase of “Model:xs0.002”, which
is not seen in “Model:xs0.07. From these analyses, we
can draw conclusion that, besides the initial anti-parallel
region caused by xs, the collision-triggered rotation is
another important process to change the magnetic field
configuration and dissipate more magnetic energy. This
rotation-driven dissipation seems to correspond to the
“normal decay” phase in the energy evolution plot.

TABLE 5

The xs-varying models

Model name �b,i Bb,0 ↵
��Vb,z

�� P ⇢bkg zd xs

Model:xs0.0 8
p
4⇡ 3 0.3c 10�2 10�1 4.4 0

Model:xs0.002 8
p
4⇡ 3 0.3c 10�2 10�1 4.4 0.002

Model:xs0.02 8
p
4⇡ 3 0.3c 10�2 10�1 4.4 0.1

Model:xs0.1 8
p
4⇡ 3 0.3c 10�2 10�1 4.4 1.0

Model:xs1.0 8
p
4⇡ 3 0.3c 10�2 10�1 4.4 3.0

Model:xs1.6 8
p
4⇡ 3 0.3c 10�2 10�1 4.4 5.0

Model:xs1.6 8
p
4⇡ 3 0.3c 10�2 10�1 4.4 7.0
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Fig. 11.— The Eem evolution of six xs models: xs = 0 (red),
xs = 0.002 (green), xs = 0.1 (blue), xs = 1.0 (magenta), xs = 3.0
(cyan), xs = 5.0 (yellow), and xs = 7.0 (gray). Similar to the
example model, we also show the non-collision cases for each model
to calculate the Eem dissipation e�ciency. Since the non-collision
case does not depend on xs, there is only one non-collision evolution
case (dashed line). Besides the xs7.0 model which no collision is
observed, Only the “xs0.0” model has obvious di↵erence in Eem
dissipation e�ciency, which is only about half of the other models
in the final quasi-steady phase.

4.3. Initial relative Lorentz factor (�rel) between the
two blobs

A larger initial velocity Vb,z means a larger initial ki-
netic energy of the two blobs, which would provide a

7 The outflows look like asymmetric on that 2D cut, but the 3D
configuration is more complex.



256 Basic Theoretical Framework

!Fig. 7.5 An energy flow chart for GRBs.

medium, as a relativistic shock propagates into the medium. Early on a reverse
shock propagates into the jet itself and crosses the jet in a short duration of
time. If the central engine is long-lived or if the ejecta has a Lorentz factor
“stratification” (a wide distribution of Γ), the reverse shock can be long lived.
Emission from these external shocks powers the long-lasting afterglow emission
of GRBs.

• The spatial range between the photosphere (included) and the external for-
ward/reverse shocks (excluded) is called an internal emission site of a GRB.
GRB prompt emission likely originates from one or more internal emission re-
gions. The radiation mechanism of prompt emission is an open question. The
leading candidates include synchrotron radiation from an optically thin region,
and a quasi-thermal, Comptonized emission near the photosphere. Synchrotron
self-Compton (SSC), external inverse Compton (EIC), and hadronic cascade
have been also discussed in the literature to account for (part of) the prompt
emission spectra.

• The main radiation mechanism of afterglow emission has been identified as syn-
chrotron radiation from the external shocks.

Figure 7.4 is a cartoon picture of the evolution of a GRB jet within this general
theoretical framework. Figure 7.5 outlines the energy flow in a GRB jet, describing
how various forms of energy convert from one to another and give rise to the
observed radiation from GRBs.

Hybrid models

ICMARTphotosphere IS



Initial central engine parameters   (η, σ0) 
define jet dynamics and dissipation physics
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Figure 1. Examples of GRB jet dynamics. Black lines are for Γ evolution and
blue lines are for σ evolution. Vertical dashed lines denote some characteristic
radii: rapid acceleration radius rra, photosphere radius rph, coasting radius rc,
internal shock radius rIS , ICMART radius rICMART , and deceleration radius
rdec. Following parameters are adopted: Lw = 1052 erg s−1, and r0 = 109 cm.
Different panels correspond to different combinations of η and σ0. Top panel:
η = 10 and σ0 = 30. Internal shocks can form, which dissipate energy and
reduce the total kinetic energy in the system; Middle panel: η = 10 and
σ0 = 80; Bottom panel, η = 10 and σ0 = 300. In both cases, σ is above
unity at 1015 cm, suggesting that ICMART events may be the main mechanism
to dissipate magnetic energy and power non-thermal radiation. The dashed lines
denote the consequences of ICMART events: an abrupt reduction of σ and a
sudden acceleration of the system (Zhang & Yan 2011).

(e.g., Equation (23) of Deng & Zhang 2014), θ is the angle
from line-of-sight, mp is proton mass, c is speed of light,
and V is the lepton-to-baryon number ratio. We assume that
V ≪ mp/me is satisfied, so that the inertia of the leptons is

negligible. Considering the line-of-sight direction (θ = 0), one
has ds = (1 − β)dr ≃ dr/(2Γ2). For Γ evolution as shown
in Equation (13), the line-of-sight photosphere radius can be
derived as

rph =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(
LwVσTr2

0
8πmpc3η(1+σ0)

)1/3
, r0 < rph < rra;

(
LwVσTr2δ

ra
8πmpc3Γ2

raη(1+σ0)

)1/(2δ+1)
, rra < rph < rc;

LwVσT
8πmpc3Γ2

cη(1+σ0) , rph > rc.

(18)

As shown in Pe’er et al. (2007), for quasi-thermal photosphere
emission as expected in a non-dissipative photosphere, the
observed temperature and thermal flux can be derived as

Tob = C1ΓphT
′

ph/(1 + z), (19)

FBB = R2σSBT 4
ob, (20)

where

R = C2
(1 + z)2

dL

rph

Γph
, (21)

z is the redshift, dL is the luminosity distance, σSB is the
Stefan–Boltzmann constant, T ′

ph is the comoving temperature
at the photosphere radius rph, and C1 ≃1.48 and C2 ≃1.06 are
the factors derived from detailed numerical integration of angle-
and distance-dependent photosphere emission.

The photosphere properties depend on whether significant
magnetic energy dissipation happens below the photosphere
radius rph. This is an open question, and no firm conclusion
has been drawn from the first principles. In the following, we
discuss both scenarios.

3.1. The Case of No Magnetic Dissipation

This scenario assumes that no magnetic field reconnection
occurs below the photosphere, so that no magnetic energy
is directly converted to particle energy and heat. Magnetic
acceleration in any case proceeds, so that some magnetic energy
is converted to the kinetic energy of the outflow. Such a scenario
may be relevant to helical jets or self-sustained magnetic
bubbles (e.g., Spruit et al. 2001; Uzdensky & MacFadyen 2006;
Yuan & Zhang 2012). This scenario predicts a quasi-thermal
photosphere emission component, which is consistent with the
data of several Fermi GRBs (e.g., Ryde et al. 2010; Zhang
et al. 2011; Guiriec et al. 2011; Axelsson et al. 2012; Guiriec
et al. 2013).

Without magnetic heating, the thermal energy undergoes
adiabatic cooling, with r2e3/4Γ = const (e.g., Piran et al. 1993).
Noticing e ∝ T ′4 and the dynamical evolution Equation (13),
one can derive the comoving temperature at the photosphere
radius rph as

T ′
ph =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

T0

(
rph

r0

)−1
, r0 < rph < rra;

T0

(
rra
r0

)−1 (
rph

rra

)−(2+δ)/3
, rra < rph < rc;

T0

(
rra
r0

)−1 (
rc
rra

)−(2+δ)/3 (
rph

rc

)−2/3
, rph > rc.

(22)

Here

T0 ≃
(

Lw

4πr2
0 ac(1 + σ0)

)1/4

(23)
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7.2 A general theoretical framework 279

Figure 7.5 An energy flow chart in GRBs.

rate Ṁ(t), and the dimensionless entropy1 defined by

η(t) ≡
Lm,0(t)

Ṁ(t)c2
. (7.17)

Averaging over a duration ∆t (say within a broad pulse of a GRB or the

1 In thermodynamics, entropy is defined as internal energy divided by temperature. The
parameter η strictly speaking denotes internal energy per baryon at the central engine. The
temperature of the fireball (T0) is defined by the fireball wind luminosity (Lw) and the size of
the central engine (R0), see Eq.(7.42 below). It does not depend on the amount of baryon
loading (η parameter). As a result, for explosions with the same Lw (and hence, the same
T0), the entropy per baryon is therefore proportional to η.



Hybrid model (thermal + non-thermal)

Gao & Zhang (2015, ApJ, 801: 103)
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Figure 3. Example model spectra of GRB prompt emission. Red, blue, and black lines are for the thermal (non-dissipative photosphere scenario), non-thermal, and
total spectral components, respectively. Here we adopt Lw = 1052 erg s−1, r0 = 109 cm, and z = 1. Different panels correspond to different combination of η and σ0
(as marked in the inset of each panel). The non-thermal radiation efficiency is assumed as 50%, and a typical Band function shape is adopted. Dashed lines represent
the flux and Ep range of photosphere emission for the dissipative photosphere scenario. The lower limit of Ep is calculated assuming that the photosphere emission is
thermal, and the upper limit is fixed as 20 MeV (Beloborodov 2013).

In the following, we derive constraints on the central engine
parameters η and σ0. We define fγ = Lγ /Lw, which connects
the total flux Fob to the wind luminosity Lw. We also define
fth = FBB/Fob, which can be directly measured from the data.
We then express η and σ0 in terms of the measurables Tob and
fth, along with fγ and r0; both are taken as constants and can be
estimated to a typical value (e.g., fγ = 0.5, r0 = 108 cm).

We also derive the radius of the photosphere rph, the Lorentz
factor Γph, and the magnetization parameter (1 + σph) at the
photosphere. In order to check whether IS or ICMART is
responsible for the non-thermal emission, we also derive the
magnetization parameter at ∼1015 cm, (1 + σ15), based on a
simple Γ ∝ r1/3 scaling law. If the derived (1 + σ15) is smaller
than 1, it means that 1015 cm is already in the coasting regime,
and IS should be the main mechanism for non-thermal energy
dissipation (e.g., Daigne et al. 2011). In this case, the real σ15
should be ≪1, so that (1 + σ15) ≃1. If the derived (1 + σ15) is
larger than 1, it suggests that significant non-thermal emission
is generated through ICMART (Zhang & Yan 2011).

We again consider the six regimes for the non-dissipative
photosphere studied in Section 3.1. Similar to Pe’er et al.
(2007), Regimes I and IV (rph < rra) introduce an additional
degeneracy, so that central engine parameters cannot be inferred.
We therefore focus on the other four regimes. The criteria for the
four regimes based on observations are summarized in Table 2.

For regime II, we have

1 + σ0 = 25.5(1 + z)4/3
!

kTob

50 keV

"4/3

×
!

FBB

10−8 erg s−1 cm−2

"−1/3

r
2/3
0,9 f −1

th,−1f
−1
γ d

−2/3
L,28 ,

η = 74.8(1 + z)11/12
!

kTob

50 keV

"11/12

×
!

FBB

10−8 erg s−1 cm−2

"1/48

r
5/24
0,9 d

1/24
L,28,

10

Variable jet in GRB110721A 3

νF
  

[k
eV

 c
m

   
s 

 ]
-2

   
 -

1 
ν

σ

Energy [keV]

LLE

Figure 1. Time resolved spectrum for the time bin 2.2� 2.7 s after the GBM trigger. The spectrum is best modelled using a blackbody
(kT ⇠ 100 keV) and the Band function (Ep ⇠ 1 MeV).
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Figure 2. Left panel: Fraction of thermal flux to total flux, FBB/F . The ratio initially increases from approximately 1% to 10% and
then decreases. The grey points correspond to the time resolution used in (Axelsson et al. 2012). The solid (open) circles correspond to
a significance of the thermal component of >⇠ 5� (3�). Right panel: Blackbody component: its normalisation, R (squares/ blue), and its
temperature (circles/ black). While the temperature decays as a broken power law, the R parameter increases as a single power law,
without any obvious breaks.

energy part of the flow. During the coasting phase the ratio
of these parts depends mainly on the amount of adiabatic
cooling that takes place below the photosphere. As these
parts radiate they give rise to the observed thermal and the
non-thermal spectral components. Therefore, in the absence
of any time dependence of the adiabatic cooling, the ther-
mal and the non-thermal light curves are expected to track
each other and follow the variations in the fireball lumi-
nosity. The time lag will be ⇠ rNT/2c�

2, where rNT is the
non-thermal emission radius. However, in GRB110721A the
non-thermal and the thermal pulses clearly have di↵erent
peaks and the non-thermal emission even peaks earlier. A
possibility is that the amount of adiabatic losses varies with
time, thereby changing the ratio between the thermal and
the non-thermal fluxes. The adiabatic parameter is given by

✏ad =
⇣
rph

rs

⌘�2/3

=
FBB

FNT
(1)

where rs is the saturation radius after which the � of the
flow coasts with a constant value, FBB is the blackbody en-
ergy flux, and FNT is the non-thermal, kinetic energy flux.
(Ryde et al. 2006). An estimation of the adiabatic parame-
ter (eq. 1) is given by the ratio of the blackbody flux, FBB,
to the �-ray flux in the observed energy band, F . This is
a good estimation as long as the e�ciency of the radiative
process of the prompt emission is high and the blackbody
is subdominant in the spectrum. In general, these require-
ments are met, see further equation (6) and discussion in
§4.4.1.

c� 2013 RAS, MNRAS 000, 1–??

(Dec.) = −61°18′00″ (10), with an uncertainty of
2.8° at 68% confidence level (C.L.).

At the time of the trigger, the GRB was
located ~48° from the LAT boresight, and on-
ground analysis revealed a bright source con-
sistent with the GRB location. Using the events
collected during the first 66 s after T0, within 20°
around the GBM burst position, the LAT pro-
vided a localization of RA = 07h59m31s, Dec. =
−56°35′24″ (11) with a statistical uncertainty of
0.09° at 68% C.L. (0.13° at 90% C.L.) and a sys-
tematic uncertainty smaller than ~0.1° (movie S1).

Follow-up x-ray and optical observations re-
vealed a fading source at RA = 07h59m23.24s,
Dec. = −56°38′16.8″ (T1.9″ at 90% C.L.) (12) by
Swift/X-Ray Telescope (XRT) and RA =
07h59m23.32s, Dec. = −56°38′18.0″ (T0.5″)
(13, 14) by Gamma-Ray Burst Optical/Near-
Infrared Detector (GROND), respectively, consist-
ent with the LAT localization within the estimated
uncertainties. GROND determined the redshift
of this source to be z = 4.35 T0.15 (15). The
afterglow was also observed in the near-infrared
band by theNagoya-SAAO1.4m telescope (IRSF)
(16). The x-ray light curve of the afterglow from
T0 + 61 ks to T0 + 1306 ks shows two temporal
breaks at about 2 and 4 days after the trigger
(17). The light curves before, between, and after
the breaks can be fit with a power-law function
with decay indices ~−2.3, ~−0.2. and ~−1.4,
respectively.

The light curve of GRB 080916C, as ob-
served with Fermi GBM and LAT, is shown in
Fig. 1. The total number of LAT counts after
background subtraction in the first 100 s after the
trigger was >3000. For most of the low-energy
events, however, extracting reliable directional
and energy information was not possible. After
we applied standard selection cuts (9) for tran-
sient sources with energies greater than 100MeV
and directions compatible with the burst location,
145 events remained (panel 4), and 14 events had
energies > 1 GeV (panel 5).

Because of the energy-dependent temporal
structure of the light curve, we divided the light
curve into five time intervals (a, b, c, d, and e)
delineated by the vertical lines (Fig. 1). The GRB
light curve at low energy has two bright peaks,
one between 0 and 3.6 s after the trigger (inter-
val a) and one between 3.6 and 7.7 s (interval b).
The two peaks are distinct in the BGO light curve
but less so in the NaI. In the LAT detector the first
peak is not significant though the light curve
shows evidence of activity in time interval a, most-
ly in events below 100 MeV. Above 100 MeV,
peak b is prominent in the LAT light curve. Interval
c coincides with the tail of the main pulse, and the
last two intervals reflect temporal structure in the
NaI light curve and have been chosen to provide
enough statistics in the LAT energy band for
spectral analysis. The highest energy photon was
observed during interval d:Eh ¼ 13:22þ0:70

−1:54 GeV.
Most of the emission in peak b shifts toward later
times as the energy increases (inset).

Spectral analysis. We performed simulta-
neous spectral fits of the GBM and LAT data
for each of the five time bins described above
and shown in Fig. 1 (see Fig. 2 for an example of
the fits). GBM NaI data from detectors 3 and 4
were selected from 8 keV to 1.0 MeV, as well as
BGO detector 0 data from 0.26 to 40 MeV. LAT
photons were selected by using the “transient”
event class (9) for the energies from 100 MeV to
200 GeV. This event class provides the largest
effective area and highest background rates
among the LAT standard event classes, which is
appropriate for bright sources with small back-
grounds like this burst. This combination of the
GBM and LAT data results in joint spectral fits
by using forward-folding techniques covering over
7 decades of energy [supporting online material
(SOM) text].

The spectra of all five time intervals are well
fit by the empirical Band function (18), which
smoothly joins low- and high-energy power laws.
The first time interval, with a relative paucity of

photons in the LAT, also has the most distinct
spectral parameter values. The low-energy pho-
ton index a is larger (indicating harder emission),
and the high-energy photon index b is smaller
(indicating softer emission), consistent with the
small number of LAT photons observed at this
time. After the first interval there was no
significant evolution in either a or b, as is evident
in Fig. 3. In contrast, Epeak, the energy at which
the energy emission peaks in the sense of energy
per photon energy decade, evolved from the first
time bin to reach its highest value in the second
time bin, then softened through the remainder of
the GRB. The higher Epeak and overall intensity
of interval b, combined with the hard value of b
that is characteristic of the later intervals, are the
spectral characteristics that lead to the emission
peaking in the LAT light curve (Fig. 1). The
spectrum of interval b with a Band function fit
is shown in Fig. 2. Comparing the parameters
of this interval to the ensemble of EGRET burst
detections, we find that the flux at around 1MeV
and b are similar to those for GRB 910503 and
that Epeak resembles that for GRB 910814 (19).

We searched for deviations from the Band
function, such as an additional component at high
energies (5). Three photons in the fourth time bin
had energies above 6 GeV. We tried modeling
these high-energy photons with a power law as
an additional high-energy spectral component.
Compared to the null hypothesis that the data
originated from a simple Band GRB function,
adding the additional power-law component
resulted in a probability of 1% that there was no
additional spectral component for this time bin;
with five time bins, this is not strong evidence for
any additional component. Our sensitivity to
higher-energy photons may be reduced at z ~
4.35 through absorption by extragalactic back-
ground light (EBL). Because the effect of various
EBL models ranges widely, from leaving the
single time bin spectral-fit probability of an extra
component unchanged (20) to decreasing the

Fig. 2. (A) Count spectrum for
NaI, BGO, and LAT in time bin
b: The data points have 1s er-
ror bars, whereas upper limits
are 2 s. The histograms show
the number of counts obtained
by folding the photon model
through the instrument re-
sponse models. Spectra for
time intervals a to e over the
entire energy fit range are
available in figs. S1 to S5. (B)
The model spectra in nFn units
for all five time intervals, in
which a flat spectrum would
indicate equal energy per dec-
ade of photon energy, and the
changing shapes show the
evolution of the spectrum over
time. The curves end at the
energy of the highest-energy photon observed in each time interval.
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How to tell which picture is correct 
from the data?



Spectral properties



Debate (! battle): 
What is the origin of the “Band” component?

(Dec.) = −61°18′00″ (10), with an uncertainty of
2.8° at 68% confidence level (C.L.).

At the time of the trigger, the GRB was
located ~48° from the LAT boresight, and on-
ground analysis revealed a bright source con-
sistent with the GRB location. Using the events
collected during the first 66 s after T0, within 20°
around the GBM burst position, the LAT pro-
vided a localization of RA = 07h59m31s, Dec. =
−56°35′24″ (11) with a statistical uncertainty of
0.09° at 68% C.L. (0.13° at 90% C.L.) and a sys-
tematic uncertainty smaller than ~0.1° (movie S1).

Follow-up x-ray and optical observations re-
vealed a fading source at RA = 07h59m23.24s,
Dec. = −56°38′16.8″ (T1.9″ at 90% C.L.) (12) by
Swift/X-Ray Telescope (XRT) and RA =
07h59m23.32s, Dec. = −56°38′18.0″ (T0.5″)
(13, 14) by Gamma-Ray Burst Optical/Near-
Infrared Detector (GROND), respectively, consist-
ent with the LAT localization within the estimated
uncertainties. GROND determined the redshift
of this source to be z = 4.35 T0.15 (15). The
afterglow was also observed in the near-infrared
band by theNagoya-SAAO1.4m telescope (IRSF)
(16). The x-ray light curve of the afterglow from
T0 + 61 ks to T0 + 1306 ks shows two temporal
breaks at about 2 and 4 days after the trigger
(17). The light curves before, between, and after
the breaks can be fit with a power-law function
with decay indices ~−2.3, ~−0.2. and ~−1.4,
respectively.

The light curve of GRB 080916C, as ob-
served with Fermi GBM and LAT, is shown in
Fig. 1. The total number of LAT counts after
background subtraction in the first 100 s after the
trigger was >3000. For most of the low-energy
events, however, extracting reliable directional
and energy information was not possible. After
we applied standard selection cuts (9) for tran-
sient sources with energies greater than 100MeV
and directions compatible with the burst location,
145 events remained (panel 4), and 14 events had
energies > 1 GeV (panel 5).

Because of the energy-dependent temporal
structure of the light curve, we divided the light
curve into five time intervals (a, b, c, d, and e)
delineated by the vertical lines (Fig. 1). The GRB
light curve at low energy has two bright peaks,
one between 0 and 3.6 s after the trigger (inter-
val a) and one between 3.6 and 7.7 s (interval b).
The two peaks are distinct in the BGO light curve
but less so in the NaI. In the LAT detector the first
peak is not significant though the light curve
shows evidence of activity in time interval a, most-
ly in events below 100 MeV. Above 100 MeV,
peak b is prominent in the LAT light curve. Interval
c coincides with the tail of the main pulse, and the
last two intervals reflect temporal structure in the
NaI light curve and have been chosen to provide
enough statistics in the LAT energy band for
spectral analysis. The highest energy photon was
observed during interval d:Eh ¼ 13:22þ0:70

−1:54 GeV.
Most of the emission in peak b shifts toward later
times as the energy increases (inset).

Spectral analysis. We performed simulta-
neous spectral fits of the GBM and LAT data
for each of the five time bins described above
and shown in Fig. 1 (see Fig. 2 for an example of
the fits). GBM NaI data from detectors 3 and 4
were selected from 8 keV to 1.0 MeV, as well as
BGO detector 0 data from 0.26 to 40 MeV. LAT
photons were selected by using the “transient”
event class (9) for the energies from 100 MeV to
200 GeV. This event class provides the largest
effective area and highest background rates
among the LAT standard event classes, which is
appropriate for bright sources with small back-
grounds like this burst. This combination of the
GBM and LAT data results in joint spectral fits
by using forward-folding techniques covering over
7 decades of energy [supporting online material
(SOM) text].

The spectra of all five time intervals are well
fit by the empirical Band function (18), which
smoothly joins low- and high-energy power laws.
The first time interval, with a relative paucity of

photons in the LAT, also has the most distinct
spectral parameter values. The low-energy pho-
ton index a is larger (indicating harder emission),
and the high-energy photon index b is smaller
(indicating softer emission), consistent with the
small number of LAT photons observed at this
time. After the first interval there was no
significant evolution in either a or b, as is evident
in Fig. 3. In contrast, Epeak, the energy at which
the energy emission peaks in the sense of energy
per photon energy decade, evolved from the first
time bin to reach its highest value in the second
time bin, then softened through the remainder of
the GRB. The higher Epeak and overall intensity
of interval b, combined with the hard value of b
that is characteristic of the later intervals, are the
spectral characteristics that lead to the emission
peaking in the LAT light curve (Fig. 1). The
spectrum of interval b with a Band function fit
is shown in Fig. 2. Comparing the parameters
of this interval to the ensemble of EGRET burst
detections, we find that the flux at around 1MeV
and b are similar to those for GRB 910503 and
that Epeak resembles that for GRB 910814 (19).

We searched for deviations from the Band
function, such as an additional component at high
energies (5). Three photons in the fourth time bin
had energies above 6 GeV. We tried modeling
these high-energy photons with a power law as
an additional high-energy spectral component.
Compared to the null hypothesis that the data
originated from a simple Band GRB function,
adding the additional power-law component
resulted in a probability of 1% that there was no
additional spectral component for this time bin;
with five time bins, this is not strong evidence for
any additional component. Our sensitivity to
higher-energy photons may be reduced at z ~
4.35 through absorption by extragalactic back-
ground light (EBL). Because the effect of various
EBL models ranges widely, from leaving the
single time bin spectral-fit probability of an extra
component unchanged (20) to decreasing the

Fig. 2. (A) Count spectrum for
NaI, BGO, and LAT in time bin
b: The data points have 1s er-
ror bars, whereas upper limits
are 2 s. The histograms show
the number of counts obtained
by folding the photon model
through the instrument re-
sponse models. Spectra for
time intervals a to e over the
entire energy fit range are
available in figs. S1 to S5. (B)
The model spectra in nFn units
for all five time intervals, in
which a flat spectrum would
indicate equal energy per dec-
ade of photon energy, and the
changing shapes show the
evolution of the spectrum over
time. The curves end at the
energy of the highest-energy photon observed in each time interval.
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Simplest
photosphere 
prediction

Simplest
synchrotron 
prediction

Two distinct views:
• The Band component is the synchrotron emission in 

optically-thin region.
• The Band component is reprocessed quasi-thermal 

emission in a dissipative photosphere.

L. Nava et al.: Spectral properties of 438 GRBs detected by Fermi/GBM 5

Fig. 3. Distribution of the peak energy for the GRBs listed in
Tab. 2 fitted with either the Band or CPL model and with de-
termined Eobspeak (318 GRBs). The solid line shows the fit with a
Gaussian. Also shown (hatched blue and red histograms) are the
distributions for 274 long and 44 short GRBs, respectively, and
their gaussian fits (dot–dashed and dashed line for long and short
events, respectively).

Fig. 4. Distribution of the low-energy photon index for the 318
GRBs listed in Tab. 2 fitted with either the Band or CPL model
and with determined Eobspeak. The solid (black) line shows the fit
with a Gaussian. Also shown (hatched blue and red histograms)
are the distributions for 274 long and 44 short GRBs, respec-
tively, and their gaussian fits (dot–dashed and dashed line for
long and short events, respectively).

have also verified that in most cases the peak of the count rate
coincides with the peak of the flux.

Out of 432 GRBs analyzed the peak spectrum could be ex-
tracted and fitted with a Band or CPL model in 235 cases. As
before, the best fit model is defined by requiring an improve-
ment in the C–stat value of 9 (between a given model and a more

Fig. 5. Distribution of the high-energy photon index for 60
GRBs whose time integrated spectrum is best fit with the Band
model.

Parameter Type # of GRBs Central value σ

Log(Eobspeak) All 318 2.27 0.40
Short 44 2.69 0.19
Long 272 2.21 0.36

α All 318 –0.86 0.39
Short 44 –0.50 0.40
Long 274 –0.92 0.35

Table 1. Parameters of the gaussian fits of the distributions of
the spectral parameters of Fermi/GBM bursts analyzed in this
work.We report the central value and the standard deviation con-
sidering all GRBs (318 events), short (44) and long (274) events
with determined Eobspeak.

complex one with one parameter more), and well constrained
spectral parameters. In 27 cases (26 long and 1 short) the best fit
model of the peak spectrum is different from that of the time–
integrated spectrum. The spectral parameters of the peak spectra
fitted with these two models are reported in Tab. 4.

In Fig. 6 we compare the peak energy Eobspeak and the low
spectral index α at the peak flux with the values of the time in-
tegrated spectrum for bursts having all these informations (227
events.). Empty (filled) symbols refer to GRBs for which the
time–integrated and the peak spectrum are described by the same
(a different) best fit model. On average, the time integrated and
peak spectrum values of Eobspeak are very similar, while the low
energy spectral index, at the peak, is harder.

4.3. Comparison with GCN results

Since August 2008, the Fermi GBM team is providing, through
the GCN Circulars, preliminary results of the spectral analysis of
a large number of the detected GRBs. For each burst, the GCN
circular reports the burst’s duration, spectral parameters, fluence
and photon peak flux (all with their associated errors). GCN
Circulars are promptly released when a burst occurs and are not
updated since their first release. On the other hand, the GBM
team is continuously providing, through the online archive, new

Nava et al. (2011)

cf. Burgess’ talk, Oganesyan’s talk, Ryde’s talk



Synchrotron Model:
Fast Cooling Spectrum Can Be Harder!

(Uhm & Zhang, 2014, Nature Physics, 10, 351)

• B is decreasing with radius
• Electrons are not in steady state
• Electron spectrum deviates 

significantly from -2 below the 
injection energy

LETTERS NATURE PHYSICS DOI: 10.1038/NPHYS2932

1047

1045

1043

1041

1039

1037

1035

1047

1045

1043

1041

1039

1037

1035

1047

1045

1043

1041

1039

1037

1035

1047

1045

1043

1041

1039

1037

1035

f (
e)

 =
 d
N e

/d
e

102 103 104 105 106 107

tobs = 1 s

103 104 105 106 107 103 104 105 106 107 103 104 105 106 107

eγ

γ
γ

eγ eγ eγ

[a] [b] [c] [d]

Figure 3 | Decomposition of electron spectrum at 1 s in the observer’s frame. To see the contributions of electrons injected at di�erent epochs, the
electrons are grouped into 10 slices in injection time, each with a duration of 0.1 s. The contributions of each group to the instantaneous electron spectrum
at 1 s are marked in di�erent colours. Older groups are cooled down further towards lower energies, so from left to right, curves with di�erent colours
denote the electron energy distribution of the electron groups injected from progressively later epochs, with a 0.1 s time step. Dashed curves are the
summed total of all electrons.
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Figure 4 | A comparison of our 1 s and 3 s model spectra (solid) with the empirical Band function fits (dashed) for all four models in a narrower band pass
from 5 keV to 5MeV. The energy spectra (⌫F⌫) are presented to show clear peak energy (Ep) in the spectra. It is seen that the model spectra can mimic the
Band function spectra well. The plotted Band function parameters are the following: model [a]: ↵=�1.5, � =�2.3, E0 = 1,800 keV for both 1 s and 3 s;
model [b]: ↵=�1.22, � =�2.26, E0 =490 keV for 1 s, and ↵=�1.17, � =�2.26, E0 =220 keV for 3 s; model [c]: ↵=�1.16, � =�2.25, E0 =400 keV for 1 s,
and ↵=�1.12, � =�2.19, E0 = 160 keV for 3 s; model [d]: ↵=�1.1, � =�2.21, E0 =320 keV for 1 s, and ↵=�1.05, � =�2.09, E0 =90 keV for 3 s.

Band component23–25. Whereas the Band component is probably of
a synchrotron origin13,26,27, the quasi-thermal component is widely
interpreted as emission from the GRB photosphere28–31, the relative
strength of which with respect to the synchrotron component
depends on the composition of the GRB ejecta, and could be
dominant if the ejecta is a matter-dominated fireball. As the hardest
↵ value we get is about �0.8, an observed ↵ harder than this
value would be evidence of a dominant photosphere component28.
Second, some requirements on the parameters are needed to
account for the GRB data. The observed high-energy spectral
index � requires a relatively large, yet reasonable, value of the
electron injection index p (for example, >2.5). More importantly,
to interpret the observed ↵ distribution peaking at ↵ ⇠ �1 in
our model, one demands a relatively high �m ⇠ 105 and low
B0
0 ⇠ (10–100)G. A plausible scenario to satisfy these parameter

constraints may be magnetic dissipation models that invoke a
large dissipation radius, such as the internal collision-induced
magnetic reconnection and turbulence (ICMART) model19. Owing
to the large emission radius R&1015 cm, this model allows seconds-
duration broad pulses as fundamental radiation units, during which
particles are continuously accelerated. Owing to a moderately high
magnetization parameter � in the emission region, the minimum
injected electron Lorentz factor �m ⇠105 can be achieved, because
a small amount of electrons share a similar amount of dissipated
energy. One potential di�culty is that there is a preferred range
of B0

0 (10–100G) for ↵ to fall into the observed distribution. The
magnetization parameter

� =2.4⇥10�4

✓
�

300

◆2✓ B0

30G

◆2✓ R
1015 cm

◆2

L�1
52

is required to be in the range of 2.7⇥10�5 �2.7⇥10�3 for � =300,
R= 1015 cm and L= 1052 erg s�1, which is relatively low. Within
the ICMART scenario, the electrons probably radiate in the outflow
region of a reconnection layer, in which magnetic fields are largely
dissipated. One therefore expects a relatively low B0

0 (and hence,
low � ) as compared with the undissipated regions in the outflow.
Nonetheless, detailed studies of magnetic reconnection and particle
acceleration processes are needed to address whether the B0

0 range
demanded by the model could be achieved.

The new physics in the moderately fast-cooling regime discussed
in this paper would find applications in many other astrophysical
systems invoking jets and explosions, such as active galactic
nuclei, galactic ‘micro-quasars’ in X-ray binaries and jets from
tidal disruption of stars by supermassive black holes. Within the
GRB context, it also finds application in the afterglow phase
where electrons never enter a deep fast-cooling regime. Further
investigations of this physical process in other astrophysical
environment are called for.

Methods
Asymptotic value of ↵. The asymptotic low-energy spectral index can be derived
analytically from equation (2). Assuming a constant Lorentz factor � (which is
relevant for GRB prompt emission), one has r=c t 0� . We first solve a simpler
equation by dropping the adiabatic term, that is

d
dt 0

✓
1
�e

◆
=at 0�2b

where

a⌘ �T

6⇡mec
B0
0
2
(c� /r0)�2b
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Synchrotron Model: close to (slightly wider 
than) the“Band” Function

(Uhm & Zhang, 2014, Nature Physics, 10, 351)

• In the BATSE or GBM band, the spectrum mimics a “Band” 
function with “correct” indices: α ~ -1, β ~ -2.2

Requirement: Large emission radius where B is low!



�Band� Function is made from synchrotron
(B.-B. Zhang et al., 2016)

• One should apply models directly to data!

• Example: GRB 130606B – no difference between synchrotron 
and Band models in terms of goodness of fitting 

Band & synchrotron model fits See also talks of  Burgess, Guirec, Oganesyan, Ravasio, Piron …



2019, Nature Astronomy



Band Function from Photosphere Emission
• Low-energy photon index

– Typically hard

– Narrow Peak
• May reach -1 for some special types 

of structured jets, but not -1.5
• Mechanism for 090902B-like GRBs
• Not easy to interpret “typical” Band

Deng & Zhang, 2014, ApJ, 785, 112Beloborodov, 2010, MNRAS, 407, 1033 Lundman, Pe’er & Ryde, 2013, MNRAS, 428, 2430

Parsotan et al., 2018, ApJ, 869, 103



Correlations

(Amati / Yonetoku / Liang)



Amati / Yonetoku relations

• One may not be too 
proud of reproducing 
the relations

• In all models, Ep is a 
function of L and !. 
The relations can be 
reproduced given a 
particular L-! relation. Amati et al. 2002; Yonetoku et al. 2004

Zhang & Meszaros, 2002, ApJ, 581, 1236



Liang fundamental-plane relations

• More challenging to 
reproduce

• Simple photosphere 
and internal shock 
models fail

• ICMART possible

Liang et al. 2015, ApJ, 813, 116



Temporal properties



Characteristic time scale:



Model lightcurves

Kobayashi et al. (1997); Dermer & Mitman (1999)
Narayan & Kumar 2009; Zhang & Zhang (2014)





Joint spectral & temporal properties:

Spectral lags
Ep evolution patterns



Smoking gun #1:
GRB pulses, Spectral lags & Ep evolutions

Norris et al. (1996)

(Lu et al. 2012)



Spectral lags & Ep evolutions

Uhm & Zhang (2016) Uhm, Zhang & Racusin (2018)

Model requirements:
1. Large emission radius
2. Bulk acceleration



Other constraints:

Polarization
Neutrino flux

…



Polarization data

• Bright GRBs with 
polarization detections in 
gamma-rays: GRB 
100826A: 27%�11% 
(Yonetoku et al. 2011); POLAR 
results (S.-N. Zhang et al. 2019); 

• Early optical emission has 
“residual” ~10% 
polarization from reverse 
shock (Steele et al. 2009; 
Mundell et al. 2013)

• Prompt optical emission 
8.3%�0.3% polarization 
(Troja et al. 2017)

Yonetoku et al. (2011)



Non-detection of neutrinos by IceCube

• Icecube so far has not detected 
any high-energy neutrino 
associated with GRBs!

• Consistent with a large emission 
radius (magnetic dissipation) IceCube 2012

Zhang & Kumar 2013

511 High energy neutrinos from GRBs
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!Fig. 12.4 The PeV neutrino spectra of GRBs. Top left: The 2012 IceCube upper limit compared
against early model predictions (Abbasi et al., 2012); Top right: The 2012 IceCube
upper limit confronted with numerical results of the internal shock model (He et al.,
2012); Middle left: Model-dependent PeV neutrino flux (Zhang and Kumar, 2013);
Middle right: Constraints on the parameter space with the non-detection of neutrinos
from GRB 130427A (Gao et al., 2013d). Lower: The constraints on the internal shock
(left), photosphere (middle), and ICMART (right) models using six-year IceCube
data. Here fp = 1/fγ/p. From Aartsen et al. (2016).

The IceCube collaboration (Aartsen et al., 2015, 2016) applied progressively strin-
gent non-detection upper limits to constrain the parameter space of the three models
discussed in Zhang and Kumar (2013). The six-year limit by Aartsen et al. (2016)
rules out both the photosphere model and the internal shock model for the nominal

Icecube collaboration 2016

Liu’s talk



438 Prompt Emission Physics

Table 9.1 Grading chart for three representative GRB
prompt emission models.

Criterion photosphere IS ICMART

Lightcurve properties:

Slow variability Yes Yes Yes
Fast variability Yes Yes Yes

Superposition Yes Yes Yes

Ep evolution: hard-to-soft No Yes(?) Yes
Ep evolution: tracking Yes Yes(?) Yes(?)

Spectral lags No No(?) Yes

Power density spectrum Yes Yes Yes

Spectral properties:

Origin of Ep Yes Yes Yes
α ∼ −1 Yes(?) Yes(?) Yes(?)

α > −2/3 Yes No No

β Yes Yes Yes
narrowness Yes Yes(?) Yes(?)

Ep distribution Yes(?) Yes(?) Yes(?)
thermal component Yes No No

high-energy component No(?) Yes(?) Yes(?)

Other properties:

γ-ray radiative efficiency Yes Yes(?) Yes

γ-ray polarization Yes(?) Yes(?) Yes

optical polarization No(?) No(?) Yes
neutrino upper limit No(?) No(?) Yes

three-parameter correlations No(?) No(?) Yes(?)

regions). Adding neutrons to the jet would introduce another emission site where
decayed neutron shells dissipate.
Table 9.1 lists three representative models. The basic ingredients of the three

models are summarized below:

• Dissipative photosphere (ph) model: Smallest emission radius (RGRB = Rph ∼
(1010−1012) cm), optically thick, quasi-thermal, Comptonized spectrum, with
synchrotron contribution, low σ;

• Internal shock (IS) model: Intermediate emission radius (RGRB = RIS ∼ (1013 −
1014) cm), optically thin, low-σ, synchrotron radiation, likely randomized mag-
netic fields;

• ICMART model: Large emission radius (RGRB = RICMART ∼ (1015 − 1016) cm),

THE PHYSICS  OF 

GAMMA-RAY 
BURSTS
Bing Zhang



Big Picture: GRB jet composition

• GRB jets have diverse 
compositions: 
– Photosphere dominated 

(GRB 090902B), rare 
– Intermediate bursts (weak 

but not fully suppressed 
photosphere, GRB 
100724B, 110721A)

– Photosphere suppressed, 
Poynting flux dominated 
(GRB 080916C)

Most GRBs have significant 
magnetization

GRB 090902B

GRB 110721A

GRB 080916C



GW170817 / GRB 170817A

Provided T0!



Origin of the 1.7 s delay?

~1.7 s~2 s

Delay time ~ duration
Not evidence of  forming a BH

waiting time for 
jet launching

jet breakout 
time

Time to reach 
GRB radius

BH NS

CBC
Core collapse

GW
@T0

or

T0+△tjet T0+△tjet +△tbo

jet

T0+△tjet +△tbo +△tGRB

GRB

GRB

GRB
Rph

RIS

RICMART

(1) (2) (3) (4)

Rout

Zhang, 2019, Frontiers of  Physics, 14, 64402, arXiv:1905.00781
Talks of Burns & Hamidani



Origin of the 1.7 s delay?

Delay time ~ duration
Not evidence of  forming a BH

BH NS

CBC
Core collapse

GW
@T0

or

T0+△tjet T0+△tjet +△tbo

jet

T0+△tjet +△tbo +△tGRB

GRB

GRB

GRB
Rph

RIS

RICMART

(1) (2) (3) (4)

Rout

• Mostly contributed by 

• Too long for photosphere / 
small-radius internal shock

• Consistent with ICMART 
(B.-B. Zhang et al. 2018, Nature 
Communications, 9, 447)   



Summary
• The GRB prompt emission mechanism is still subject to 

debate.
• Open questions:

– Jet composition 
– Energy dissipation mechanisms
– Radiation mechanisms

• My best bet:
– Jet composition is diverse
– At least some (or most) GRBs carry significant Poynting flux
– No model can interpret all GRBs

Everybody is correct (to some degree)!
All the models are probably relevant for some GRBs!


