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Numerical works of GRB
• Some radiative transfer 

simulations on the steady 
background have been performed !

• Jet structure can affect the 
observed spectrum               
(Mizuta 2006, Lazzati 2009, Nagakura 2011)!

• Radiative transfer computation  
should be implemented on 
inhomogeneous background
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No. 1, 1999 CGRO OBSERVATIONS OF GRB 990123 85

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

∝Eα ∝Eβ

Coupled computation of radiative transfer with relativistic hydrodynamics

Radiative transfer computation on the 
unsteady fluid background is necessary

reproduce!
observed spectra

Numerical$Study$of$Jet$PropagaBons,$Breakouts$and$$
Photospheric$Emissions$from$RotaBng$Collapsing$Stars�



Preparation for coupled computation
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Flow velocity of jet → almost speed of light 
( Lorentz factor Γ    100)�

• Coupled computation with time-dependent ultrarelativistic flow 
has not been performed yet (Radiation hydrodynamics)!

• Radiative transfer method on the ultrarelativistic background 
should be validated for a reliable computation

shock

photon

• Relativistic hydrodynamics simulation of jets                                  
(Aloy 2000, Zhang 2003, Mizuta 2006, Morsony 2007, Nagakura 2011, Matsumoto 2013)!

• Radiative transfer computation (Monte Carlo, photospheric emission) 
in a simple model                                                                           
(Pe’er 2011, Ito 2013, Ito 2014, Shibata 2014)

Past study

mesh



Objectives
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• Implementing radiative transfer 
simulation in the shock rest frame 
and the shock moving frame!

• Comparing results in the same frame!

• Performing photon transport with the 
shock moving on the computational 
grids

GRBs originated with relativistic jets by coupled computation

Are simulation results in different inertial frames equivalent each other 
in computing radiative transfer on the ultrarelativistic background?

Preparation of coupled computation

Goal

(shock is at rest)
Γ = 1

Γ = 10

Γ = 100

v1 ~ -0.666c v2 ~ -0.999c

v1 ~ 0.975c v2 ~ -0.996c

v1 ~ 0.999c

v2 ~ -0.666c

shock rest 
frame

Γ = 10 frame

Γ = 100 frame



Numerical method
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radiative transfer equation including scatterings

     : speed of light          : time                  : incident direction           : scattered direction!

         : specific intensity     : emissivity          : incident frequency        : scattered frequency   !
         : scattering cross-section          : scattering kernel          : absorption cross-section
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absorption

scattering

computed in comoving frame

CMF
electron

photon

OBF

computing 
cross-section

Lorentz transformation

computing!
free path

transport
CMF

transport

OBF

recomputing 
cross-section, 
free path, angle

emission

Monte Carlo method!
no absorption !

including Thomson scattering

ignoring thermal 
motion of electron

CMF : comoving frame!
OBF : observer frame



Computing in the different inertial frames
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Simulation condition
• Setting of shock wave  
→relativistic Rankine-Hugoniot 
relations!

• In the comoving frame, putting 
every photons at the single 
point initially                 
(isotropic emission)!

• Computing until all photons 
reach the boundary!

• Simulating in shock rest frame 
and shock moving frames       
(Γ = 1, 10, 100) 
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106 sample particles

t

x (shock moving frames)

x’ (shock rest frame)

t’ boundary

                         (shock speed)

boundary

shock wave

          
� L

L/�

tan � = v

� = 1

      or          � = 10 100

r

z
(ρ1, p1, v1)

(ρ2, p2, v2)

shock

dividing to 2 cells across the shock

photon



Directional distribution of the escaped photons

• In the shock rest frame, photons are deflected backward because of 
flow velocity to the negative z-direction!

• In the shock moving frames, photons are deflected forward in contrast!

• After transformation, the profiles are identical in all frames

after transforming to the shock rest frame
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Difference due to time duration

• Computation with limited Δt should be 
performed for convergent result!

• Shock speed (= boundary speed) is 
almost speed of light

Γ =100Γ =10
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cΔt / L ~ 10-3 

cΔt / L ~ 10-4

cΔt / L ~ 10-5

cΔt / L ~ 10-3

cΔt / L ~ 10-4

cΔt / L ~ 10-5

L : width of computational cell
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Constraint for time duration

• α is almost 0.2!

• We should adopt Δt that resolves the mean free path to five 
steps
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Γ =10

Γ =100

flow velocity

 　       : mean free path of photon traveling opposite to flow velocity !
 　       : speed of light　　　: time duration
smin

c

Relation of mean free path with Δt

transformation of free path

�t

c �t
smin =

�
1�(v/c)2

1+v/c scmf

comoving frame

� = c�t
smin

c�t
smin

� 0.1931

c�t
smin

� 0.1935



Energy spectra of the escaped photons

• In each frame, the peak energy is shifted due to difference 
of flow velocity!

• After transforming to the same frame, the profiles are 
identical each other!

• Double peaks are found → bulk-Compton scattering
11

in each frame after transforming to the shock rest frame
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Summary

• Simulation results in the differential frames were identical 
in the same frame!

• Double peaks of energy spectrum were found due to 
bulk-Compton scattering!

• In the Eulerian fluid background, no photon can catch up 
the shock front of Γ ~ 220!

• Validation in more realistic situation should be performed
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Radiative transfer computation in ultrarelativistic 
fluid background has been validated



Future works

• Introducing electron energy distribution!

• Selecting proper emission position!

• Performing coupled computation with one-dimensional 
relativistic hydrodynamics

Reproducing observed high energy photons by coupled 
computation of radiative transfer with relativistic hydrodynamics

Goal
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Thank you for your attention !



Bulk-Compton scattering

• Double peaks are found!

• Bulk-Compton scattering occurs across the shock
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after transformation to the shock rest frame
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Trajectory of high-energy photon
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