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Gamma-ray burst (GRB)

• The most energetic explosion in the universe
• GRBs are classified depending on gamma-ray emission time

• A broken-power-law spectrum is observed
• Detailed emission mechanism is unknown
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FIG. 2.ÈDeconvolved spectra from the CGRO detectors, shown both as photon Ñux and in units. The spectra have been rebinned intoN
E

E2N
E

\ lflwider bins for clarity. Each spectra is calculated using the actual accumulation times (Table 1), except for the EGRET TASC spectrum, which uses a shorter
time interval during which the emission was intense (see text).

MER data is summed from LADs 0 and 4, which had angles
to the burst of and respectively. (For GRB27¡.5 46¡.0,
990123, high time resolution data from the energy channel
from 230 to 320 keV is missing because of a telemetry gap ;
however, all channels are available at 2.048 s resolution via
the CONT data type.) These MER rates show the burstÏs
temporal morphology (see Fig. 1) and are particularly useful
for studying spectral evolution.

Figure 1 (lower panels) shows the evolution of usingE
pÐts to 16 channel MER spectra from LADs 0 and 4

rebinned in time to provide S/N of at least 100. In order to
improve the reliability of the Ðts and because there is little
evidence for temporal variations in b, the GRB function was
used with b Ðxed at [3.11. This value of b was obtained
from the joint Ðt to the BATSE data shown in Figure 2 and
is consistent with the values obtained from the other instru-
ments (see Table 1). As can be seen, increases by a largeE

pfactor every time there is a spike in the light curve, as is
typical of ““ hardness-intensity ÏÏ spectral evolution. Addi-

tionally, the maximum is greater in the Ðrst spike than inE
pthe second, decreases more rapidly than the count rateE

pand has an overall decreasing trend, behaviors that are
typical of ““ hard-to-soft ÏÏ evolution (Ford et al. 1995). The
small maximum for the second spike is consistent withE

pthe absence of that spike in the 4È8 MeV light curve (Fig. 1).
Two intervals during the Ðrst spike have values ofE

p1470 ^ 110 keV. Such values are exceptional : only three
bursts of the 156 studied by Preece et al. (1999) have spectra
with values above 1000 keV.E

pTo investigate the burst spectrum over the broadest
energy range possible, we extend the LAD spectra by also
Ðtting the SD data. The high-energy resolution SHERB
data can be Ðtted satisfactorily by the GRB function dis-
cussed above ; the Ðts are consistent with the Ðts to other
data types. SD 4 provides detections of burst Ñux to at least
the 4.0È8.0 MeV band (Fig. 1).

For the multi-instrument Ðt shown in Figure 2, the
BATSE data from LAD 0, SD 4, and SD discriminators 0

Briggs et al. 1999
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Internal Shock Model  

Photospheric Emission Model  

photosphere Internal shock 
External shock 
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�Low efficiency for gamma-ray production 

�Clustering of peak enegy ~ 1MeV  

(e.g., Rees & Meszaros 2005, 
�����������������������������	� 

flaw 

Natural consequence of fireball model 

�High radiation efficiency 

�Difficult to model hard �����������������������
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Collapsing 
massive star

Relativistic jet

Photosphere

Mechanism of Long GRB

 α ~ -1, β ~ -2.5

✓ Short GRB (    2 s)  → Compact star binary merger 
✓ Long GRB (    2 s)　→Collapsing massive star   

.

&



Numerical reproduction of GRB spectrum

• Radiative transfer computations 
were implemented on steady 
modeling flowfield     　　　 　
(Pe’er & Ryde 2011, Ito+ 2013, Shibata+ 2014) 

• Multi-dimensional relativistic 
hydrodynamics simulations were 
performed                       　　　
(Aloy+ 2000, Mizuta+ 2006, Nagakura+ 2011) 
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Coupled computation of radiative transfer 
with relativistic hydrodynamics

Radiative transfer computation 
should be implemented on 
unsteady background
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Jet

Ito et al. 2013

The Astrophysical Journal, 777:62 (17pp), 2013 November 1 Ito et al.

where νin (νsc) and θin (θsc) are the frequency and angle
between the fluid-velocity and photon-propagation direction
before (after) the scattering, respectively. Hence, if θsc < θin,
photons gain energy and vice versa. Photons that have crossed
the boundary layer from the sheath region to the spine region
tend to gain energy when they are scattered there (upscatter).
This is simply because the photons in the sheath region tend to
have larger angle between their propagation direction and fluid
velocity than do those in the spine region. In contrast, photons
that have crossed the boundary layer from the spine region to
the sheath region tend to lose energy (downscatter) for the same
reason. Consequently, some fraction of photons that cross the
boundary layer multiple times can gain because the energy gain
by the upscattering overcomes the downscattering, on average.
This mechanism can give rise to a non-thermal spectrum at the
high frequencies.

To obtain a rough estimation of the average energy gain
and loss rate (νsc/νin) for each process, we approximate the
radially expanding spine and sheath regions as a plane parallel
flow. Under the aforementioned consideration, the typical angle
between the photon-propagation direction and the fluid-velocity
direction for the photons in the spine (sheath) region can be
estimated as roughly ⟨θv⟩0 ∼ Γ−1

0 (⟨θv⟩1 ∼ Γ−1
1 ). Because the

angle θv is conserved along the photon’s path in the case of
a plane parallel flow, the typical energy gain rate by the
upscattering in the spine region can be evaluated by substituting
θin = ⟨θv⟩1 ∼ Γ−1

1 and θsc = ⟨θv⟩0 ∼ Γ−1
0 in Equation (11) and

is given as follows:

〈
νsc

νin

〉

up
∼ 1 − β0cos ⟨θv⟩1

1 − β0cos ⟨θv⟩0
∼ 1

2

{

1 +
(

Γ0

Γ1

)2
}

. (12)

Similarly, the typical energy-loss rate by the downscattering in
the sheath region is given as follows:

〈
νsc

νin

〉

down
∼ 1 − β1cos⟨θv⟩0

1 − β1cos⟨θv⟩1
∼ 1

2

{

1 +
(

Γ1

Γ0

)2
}

. (13)

From Equations (12) and (13), it is clear that the energy gain by
the upscattering overcomes the energy loss by the downscatter-
ing (⟨νsc/νin⟩up⟨νsc/νin⟩down ∼ (1/4)[2+(Γ0/Γ1)2 +(Γ1/Γ0)2] >
1). It is also clear that the efficiency of the acceleration per each
cycle of crossing ⟨νsc/νin⟩up⟨νsc/νin⟩down ∼ (1/4)[2+(Γ0/Γ1)2 +
(Γ1/Γ0)2] is controlled by the ratio between the bulk Lorentz
factor of the two regions Γ0/Γ1, and the acceleration increases
as the ratio becomes larger.

Although the average value of the energy ratio νsc/νin roughly
obeys Equations (12) and (13), the dispersion around the
average value is large, given that it depends sensitively on
the scattering angles (θin and θsc; see Equation (11)). When
a photon from the sheath region that has an angle θin = f1Γ−1

1
is scattered in the spine region with an angle θsc = f0Γ−1

0 ,
the energy gain by the scattering can be written as νsc/νin ∼
(1 + f 2

0 )−1[1 + f 2
1 (Γ0/Γ1)2]. It is clear from the Equation (11)

that a small change in the scattering angles (θin = ⟨θv⟩0 ∼ Γ−1
0

and θsc = ⟨θv⟩1 ∼ Γ−1
1 ) leads to a large change in the energy

ratio. For example, in the case of f0 = 0 and f1 = 2, the
energy ratio resulting from the upscattering is larger than the
typical value by a factor of (νsc/νin)(⟨νsc/νin⟩up)−1 ∼ 2[1 +
4(Γ0/Γ1)2][1 + (Γ0/Γ1)2]−1 ∼ 8.

Note also that, once the photon energy (evaluated in the
electron rest-frame) approaches the electron rest-mass energy

Figure 3. Observed luminosity spectrum in the case of spine-sheath jet in
which the spine jet with half-opening angle of θ0 = 0.◦5 is embedded in a
wider sheath outflow with half-opening angle of θ1 = 1◦. The values used
for dimensionless entropy (terminal Lorentz factor) and kinetic luminosity are
chosen as η0 = 400 and L0 = 1053 erg s−1 for the spine and η1 = 200 and
L1 = (η1/η0)L0 = 5 × 1052 erg s−1 for the sheath, respectively. The initial
radius of fireball is chosen as ri = 108 cm in both regions. The various lines
show the cases where the observer angle with respect to the jet axis is θobs = 0◦

(red), 0.◦25 (green), 0.◦4 (blue), 0.◦5 (purple), 0.◦6 (light blue) and 0.◦75 (black).
(A color version of this figure is available in the online journal.)

hνcmf ∼ mec
2, where me is the electron rest mass, the scattering

can no longer be approximated as elastic because recoil effect
becomes non-negligible (Klein–Nishina effect). In this case, the
acceleration efficiency is significantly reduced.

In Figure 3, we display the obtained result for the case of
a stratified jet with η0 = 400 and L0 = 1053 erg s−1 for the
spine and η1 = 200 and L1 = (η1/η0)L0 = 5 × 1052 erg s−1

for the sheath. As mentioned in Section 2, the injection radius
is set at a position where a velocity shear between the two
regions develops (rinj = rs1). The corresponding optical depth
is τ (rinj) ∼ 100 for the spine and τ (rinj) ∼ 180 for the
sheath. The various lines in the figure show the cases for the
observer angle with respect to the jet axis being θobs = 0◦

(red), 0.◦25 (green), 0.◦4 (blue), 0.◦5 (purple), 0.◦6 (light blue) and
0.◦75 (black). The spectrum varies sensitively with the observer
angle. The spectrum for θobs = 0◦ is thermal-like and nearly
identical to that obtained in the case of a uniform jet (Figure 2).
The reason for this is simple. Because most of the scattered
photons propagate in a direction within a cone of half-opening
angle ∼1/Γ ∼ 0.◦14(Γ/400)−1, the majority of the observed
photons are from a region of θ ! 0.◦14. Hence, only a small
fraction of photons from the sheath region and the boundary
(θ " θ0 = 0.◦5) can reach the observer, so that the spectrum does
not deviate largely from the case of uniform jet. In contrast, if the
observer angle is larger, photons from the sheath and boundary
layer become observable. As a result, a non-thermal component
appears above the peak energy of the thermal spectrum as a
result of the photon acceleration in the boundary layer. The non-
thermal component is hardest when the observer angle is aligned
to the boundary layer θobs = θ0 = 0.◦5 and becomes softer as
the deviation between θobs and θ0 becomes larger, because the
boundary layer corresponds to the site of photon acceleration. As
mentioned earlier, the photon acceleration becomes inefficient
when the photon energy becomes large enough so that the recoil
of electrons cannot be neglected (Klein–Nishina effect). Hence,
in all cases, the spectrum does not extend up to energies higher
than hν ∼ Γ0mec

2 ∼ 200(Γ0/400) MeV.
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non-thermal spectra 
were generated

Jet structure develops 
inhomogeneously

Nagakura 2010



Coupled computation
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�• Ultra-relativistic flow velocity (Lorentz factor Γ    100)

• Strongly anisotropic radiation
• Radiation mediated shock (A. Levinson 2008, R. Budnik 2010)

• Coupled computation of Monte Carlo radiative transfer (MCRT) with               
relativistic hydrodynamics                                                                          
(N. Roth and D. Kasen 2015, A. M. Beloborodov 2016)

• Appropriate simulation conditions of MCRT with ultra-relativistic hydro 
were examined (Ishii+ 2015, Ishii+2016 (submitted))

Radiative Transfer

Relativistic Hydrodynamics
Background 

flowfield
Feedback from interaction 

of matter with radiation

Requirements for coupled computation in GRB

Previous works



Objectives
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Reproducing GRB emission spectra by coupled computation

Preliminary for coupled computation…

Goal

z

v

z

shock wave

zτ

Shock steepness

Initial emitted position

zτ

E

？N(E)

1D hydro flowfield
without feedback



Numerical method
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Radiative transfer equation including scattering�
1
c

⇤
⇤t + � ·⇥

�
I = j + ⇥

4�

� �
⇤I⌅d��d�� � [k + ⇤] ⇥I

absorption

scattering

CMF electron

photon

OBF

computing 
free path

Lorentz transformation

transport
CMF

transport

OBF

recomputing  
free path, angle

emission CMF : comoving frame
OBF : observer frame

Monte Carlo method
with Compton scattering

no absorption

Computed in comoving frame



Simulation condition

• Photons are tracked with a moving discontinuous or smeared 
shock wave, and sampled at the right boundary

• The shock front is artificially smeared in density distribution 
(ρmax and ρmin satisfy Rankine-Hugoniot relations)

• Flow velocity is determined by the equation of continuity
7

z
i=0 1 2 3 4 imax=105

Sampling photons

1012 cm
5 6 ......

Right boundary

grid number

Discontinuous
shock wave

Every photons are put
behind the shock initially
(106 sample particles)



Simulation condition
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ρ

z
i=0 1 2 3 4 imax=105

Sampling photons

1012 cm

ρmax

ρmin
5 6 ......

Right boundary

grid number

Smeared
shock wave

Every photons are put
behind the shock initially
(106 sample particles)

• Photons are tracked with a moving discontinuous or smeared 
shock wave, and sampled at the right boundary

• The shock front is artificially smeared in density distribution 
(ρmax and ρmin satisfy Rankine-Hugoniot relations)

• Flow velocity is determined by the equation of continuity



10−7

10−5

10−3

10−1

101

103

10−2 100 102 104 106

∆
 N

 (E
) /

 N

photon energy, E [keV]

emission
discontinuous shock

δ τsh ≈ 5.5 × 10−5 (2 cells)
δ τsh ≈ 1.6 × 10−4 (6 cells)

δ τsh ≈ 2.7 × 10−4 (10 cells)

Spectra with different shock widths
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• High-energy component decreases as shock width increases

• In the smeared shock, energy gain by inverse Compton 
scattering process decreases due to small velocity jump

z

v ~ 0.999 c v ~ 0

High-energy gain

shock wave

z
Lower-energy gain

v

Discontinuous shock wave

Smeared shock wave

Compton scattering
cut off

�⌧sh = wsh
sini

wsh : shock width
sini  : photon initial mean free path



Spectra with different emitted positions
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• High-energy component decreases as initial emitted position 
becomes deep in optical depth

• With large τ, photons undergoing inverse Compton scattering 
decreases since photons hardly travel across the shock front

z

v

Set up of emitted positions with τ

z
zτ ~22.06
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∝ E-2

Overlapping spectra with different τ

• Spectra with photon emitted position of τ = 2 - 2.06 are overlapped
• β value approaches the observational one with extended shock front
• Hydro simulation may produce such a widely smeared shock front by 

numerical diffusion                                                             
→appropriate simulation conditions are required for precise prediction
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Summary

• High-energy component of spectra decreases as shock 
width increases

• High-energy component decreases as initial emitted 
position becomes deep in optical depth

• The β value approaches the observational one with widely 
smeared shock front
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Effect of shock steepness and photon initial emitted position 
on radiative transfer computation has been examined

Future works
• Coupled computation of MCRT with 1D relativistic Lagrangian hydro

• Computing radiation mediated shock structure

• Examining the effect of radiative mediated shock structure on the 
emitted spectra Thank you for your attention !


