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Plan of this talk
n Introduction
�Brief overview of Radiation Mediated Shocks (RMS)
�Photon rich and photon starved regime 
�Non-relativistic and Relativistic RMS (RRMS)
�Motivation 

n Self-consistent calculation of RRMS
�Method for deriving steady solution for RRMS
�Photon rich regime
�Photon starved regime

n Summary



Radiation Mediated Shocks (RMS)

Upstream uu

downstream duShock transition 
mediated by Compton scattering

Radiation dominated fluid

Scattered 
photons

§ downstream energy dominated by radiation

§ upstream plasma approaching the shock is decelerated by 
scattering  of counter streaming photons
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- Radiation dominance downstream:

- Jump conditions : !"#$%&'"& ≈ )*+,/3 

But requires photon trapping:

!"#$$ > !&'()) ⇒ + > 	1//0  

shock	width:		∆-~	1/12 (may be altered by  PP and KN)

!"#$$ = 	' ( )⁄ 		
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Under which conditions a RMS forms ?

!"#$ > &#'"#  



Why is it interesting?

Ø The conditions required to form RMS are always 
satisfied below the photosphere of fast flows

Ø properties of RMS are vastly different than those 
of collisionless shocks 

Examples:  shock breakout in SNe, LLGRB, etc
sub-photospheric shocks in GRBs
NSNS mergers

accretion flows 



Shock breakout
• Transition from RMS to collisionless shock..
• Breakout signal depends on structure of RMS

Breakout when !~	1/&' 
- From edge of stellar envelop (SNe).

- From a stellar wind (SNe, LLGRB)

- From a moving ejecta (GRBs, NS mergers)



Upstream
uu

downstream du
Shock transition  mediated by 
collective plasma processes 

Upstream uu

downstream du
Shock transition  mediated by 
Compton scattering

Radiation dominated fluid

Scattered  photons

Collisionless shocks .vs. RMS

• Scale: c/wp ~ 1(n15)-1/2 cm , c/wB~ 3e(B6)-1  cm

• can accelerate particles to non-thermal energies.

• scale: (sT n bs)-1 ~ 109 n15
-1 cm

• microphysics is fully understood
• cannot accelerate particles 
(important implications for HE 
neutrino production)                           

Plasma turbulence
collisionless

RMS



Photon source: two regimes 

n Photon starved shocks: photon production 
inside the shock (SNe, LLGRB, NS merger)

n Photon rich shocks: photon advection by 
upstream fluid (GRBs)

Upstream -u

Photon production - ff

Photon advection

downstream du



Non-relativistic .vs. Relativistic

Non-relativistic RMS
• small energy gain: De/e<<1
• diffusion approximation holds. 
Zeldovich & Raiser 1967; Weaver 1976; Blandford & Payne 1981; 

Relativistic  RMS (RRMS)
• photon distribution is anisotropic
• energy gain large: De/e >1

optical depth depends on angle: t a (1-b cosq)
• copious pair production
Levinson & Bromberg 08; Katz et al. 10; Budnik et al. 10; Beloborodov 2017



Lundman et al. (2018)

Photon Rich regime : photons advected from the upstream is dominant 
Levinson & Bromberg (2008)

Self-consistent numerical calculation of RRMS

Energy integrated intensity, Klein-Nishina effect, pair production neglected
Beloborodov (2017)

Full radiation transfer, effects of magnetic field considered, 
pair production neglected

Full radiation transfer, pair production effect included, 
some approximation is given on the temperature calculation 

Ito et al. (2018)

Full radiation transfer with pair production, no optimistic approximation
wide range of upstream condition is covered

Photon Starved regime : photons produced in the downstream is dominant 
Budnik et al. (2010)

Full radiation transfer with pair production and bremsstrahlung emission
some assumption on cross sections. 6 < Γ < 30 

All studies consider Infinite shocks: 
Shock Breakout simulation has not been performed



Photon Rich regime : photons advected from the upstream is dominant 

Self-consistent numerical calculation of RRMS

Ito et al. (2018)
Full radiation transfer with pair production, no optimistic approximation
wide range of upstream condition is covered 

2< Gu < 10, 0.01 < ξu < 10,   103 < n < 105

structure, spectra, application to GRBs

Ito et al. in prep I .,
Simulation with photon escape (shock breakout)

Infinite shock

finite shock (shock breakout)

Ito et al. in prep II ., Infinite shock

Photon Starved regime : photons produced in the downstream is dominant 

Full radiation transfer with pair production, 
free-free emission + absorption, no optimistic approximation



Photon Rich regime : photons advected from the upstream is dominant 

Self-consistent numerical calculation of RRMS

Ito et al. (2018)
Full radiation transfer with pair production, no optimistic approximation
wide range of upstream condition is covered

2< Gu < 10, 0.01 < ξu < 10,   103 < n < 105

structure, spectra, application to GRBs

Simulation with photon escape (shock breakout)

Infinite shock

Photon Starved regime : photons produced in the downstream is dominant 

Full radiation transfer with pair production, 
free-free emission + absorption, no optimistic approximation

Ito et al. in prep I ., finite shock (shock breakout)

Ito et al. in prep II ., Infinite shock



GRBs: sub-photospheric shocks
Levinson 12, Levinson & Keren 14, Beloborodov 17, HI+18

Evidence for photospheric emission ? (Peer+Ryde)

Band spectrum from photospheric emission? (Beloborodov 13, 
Vurm+ 13, Keren+AL 14, HI + 15, Lazzati 16, Parsotan+18)



Application to GRBs

Mizuta & Ioka 2013

RRMS naturally develops within jet

always satisfied for GRB fireball at 
subphotospheric region 
(e.g., Bromberg + 2011)

Condition for RMS to form
�Optically thick�t>>1�
�propagation velocity

Weaver 1976



RRMS in GRB fireball
Hot upstream (nγ /np~ 104 -106 >>1) 

Thermalization depth

Double Compton:  τ′DC= 106ΛDC
−1 (nu15)−1/2γu

−1

Free-free:  τ′ff = 105Λff
−1 (nu15)−1/8γu

3/4

Photon generation:  Bremst. + double Compton

Thermalization length >> shock width (τ�few)

Photon advection dominant (Photon Rich)
(Photon generation and absorption can be neglected)

Levinson 2012



Solve radiation transfer using 
Monte-Carlo Method

Give plasma profile (n,T,G)

Evaluate the deviation from 
steady profile

Method�Model
feedback

Iterate until convergence

Assumption

�large photon to proton ratio                  
(nph / np = 103 - 105)

�pair production/annihilation included

�electron has Maxwellian distribution

deviation from 
steady state

�advection dominated
�emission�absorption neglected�only scattering�

Gu  = 2 - 10

�thermal distribution at far up stream



Dependences on :  
(I) ξu

Parameters

(II) n

(III) Gu 

~

Gu            : Lorentz factor of shock
n = nph / np : photon to baryon number ratio
ξu = 3nph kB Tu / npmpc2 : photon to baryon inertia ratio

@ far upstream region

~



Dependences on :  

(I) ξu

Parameters

(III) Gu 

n = 105      Gu = 2

Gu            : Lorentz factor of shock
n = nph / np : photon to baryon number ratio
ξu = 3nph kB Tu / npmpc2 : photon to baryon inertia ratio

@ far upstream region

~

(II) n~
~



ξu = 3nph kB Tu / npmpc2 = 10
Monte Carlo simulations of RRMSs 9

Figure 3. The overall shock structure for models g2e1n5 ( top left), g2e0n5 (top right), g2e-1n5 (bottom left), and g2e-2n5 ( bottom right). In each panel,
from top to bottom, we display the four velocity γ β, the plasma temperature T, the effective radiation temperature Tγ , eff, and the pair -to- baryon density ratio
n±/n, as a function of optical depth τ ∗. Note the difference in the scaling of the horizontal and vertical axes in the different models.

since the upstream temperature satisfies Tu ∝ ξ u∗. As a result, KN
effects are diminished, and the average mean-free path of photons
is reduced, ultimately approaching the Thomson limit.

A steeper velocity gradient is also required for lower values of ξ u∗
in order to increase the efficiency at which the bulk kinetic energy
is extracted by bulk Comptonization. As shown in Fig. 4, when the
photon-to-baryon inertia ratio is reduced to the value ξ u∗ = 10−2

(model g2e-2n5), a smooth velocity profile is no longer sufficient to
achieve energy-momentum conservation to the required accuracy
at every grid point, and our calculations imply the formation of a
subshock in the system. It is noted, however, that the subshock is

quite weak, in the sense that it carries only a small fraction (a few
percents at most) of the entire shock energy, and so do not play an
important role in the dissipation process. Therefore, its impact on
the radiation properties is also negligible. Therefore, in what follows
we mainly focus on the global properties of the shock, that are not
affected by the subshock. The details of the subshock structure will
be given later on, in Section 5.1.1.

The bulk Comptonization in the deceleration zone becomes sig-
nificant as ξ u∗ decreases, and results in the emergence of a non-
thermal spectrum. As shown in Fig. 4, the spectral slope is harder
for smaller values of ξ u∗. Concomitant with the hardening of the

10 H. Ito et al.

Figure 4. Shock-frame, local angle integrated SEDs,
∫

νIν (τ∗) d#, for models g2e1n5 (top left), g2e0n5 (top right), g2e-1n5 (bottom left), and g2e-2n5
(bottom right). The red and black lines show, respectively, the spectra near the upstream and downstream boundaries of the simulation domain. The value of
τ ∗ at the boundaries vary among the different models. The green, blue, magenta, cyan, and grey lines display spectra which were computed at locations τ∗ =
− 2, − 1, 0, 1.5, and 2.5 around the shock transition layer, as indicated. The scale on the vertical axis is given in arbitrary units. The absolute value can be
specified once the number density of either baryons or photons at far upstream (nu or nγ , u) is specified. Note that the range of the horizontal axis is identical
in all cases.

spectrum, the departure from isotropy (as seen in the comoving
frame) that develops inside the shock becomes more prominent
(bottom panel of Fig. 5).

The maximum energy attainable through bulk Comptonization
is limited by the kinetic energy of the electrons/positrons to about
(γ u − 1)mec2 ∼ 500 keV. When the pair content is small, this corre-
sponds roughly to the cut-off energy of the non-thermal photons at
high energies (e.g. models g2e0n5 and g2e-1n5). On the other hand,
when gamma-ray production via pair annihilation is important, the
conversion of rest mass energy leads to a moderate increase in the
cut-off energy, roughly to γ umec2 ∼ 1 MeV (e.g. model g2e-2n5).
Also note that, although the temperature is non-relativistic, thermal
motions slightly shift the energy to higher values and produce a
broadening of the spectrum at the highest energies (Fig. 4).

Since Compton equilibrium is achieved throughout the shock
(except for the immediate post-subshock region), as explained in
Appendix C, and higher energy photons can exchange their energy
more efficiently via scattering, the presence of non-thermal photons
will result in an abrupt heating of the plasma up to a temperature
well in excess of Tγ , eff. Therefore, while no departure is found for
model g2e1n5 (T ∼ Tγ , eff), the deviation of the plasma temperature
from Tγ , eff becomes more substantial as ξ u∗ decreases (see Fig. 3).
This implies the presence of a prominent plasma heating precursor

at the onset of the shock transition layer for relatively low values of
ξ u∗.

The pair density profile also changes significantly with ξ u∗. While
there is a significant amount of pairs in model g2e1n5, they are
negligible in models g2e0n5 and g2e-1n5 (n±/n ≪ 10− 10). This
is a direct consequence of the lower peak energy (approximately
3kTγ , eff) that gives rise to an exponential suppression of the number
of photons above the pair creation threshold. On the other hand,
while Tγ , eff is still low, the production of a prominent non-thermal
component leads to enhanced pair production in model g2e-2n5.
The pairs only appear in the vicinity of the transition layer, since
the pair production opacity contributed by the bulk Comptonized
photons peaks there.

It should be noted that the existence of pairs can change the
spatial width of the shock considerably once their density exceeds
the baryon density (n±/n! 1) and begins to govern the scattering
opacity inside the shock. For example, the physical length-scale
per optical depth dz/dτ ∗ at far upstream is longer than that of the
far downstream by roughly 3 orders of magnitude. Therefore, one
should bear in mind that, while the shock width in terms of dτ ∗ is
similar among the models, it could largely differ when measured
in terms of the physical length-scale dz, even when the same far
upstream density nu is invoked.

”force-free“ flow profile
no strong anisotropy appears

Beloborodov 2017

Spectra is mostly thermal

Radiation dominant US

Gu = 2 n = 105~



Monte Carlo simulations of RRMSs 9

Figure 3. The overall shock structure for models g2e1n5 ( top left), g2e0n5 (top right), g2e-1n5 (bottom left), and g2e-2n5 ( bottom right). In each panel,
from top to bottom, we display the four velocity γ β, the plasma temperature T, the effective radiation temperature Tγ , eff, and the pair -to- baryon density ratio
n±/n, as a function of optical depth τ ∗. Note the difference in the scaling of the horizontal and vertical axes in the different models.

since the upstream temperature satisfies Tu ∝ ξ u∗. As a result, KN
effects are diminished, and the average mean-free path of photons
is reduced, ultimately approaching the Thomson limit.

A steeper velocity gradient is also required for lower values of ξ u∗
in order to increase the efficiency at which the bulk kinetic energy
is extracted by bulk Comptonization. As shown in Fig. 4, when the
photon-to-baryon inertia ratio is reduced to the value ξ u∗ = 10−2

(model g2e-2n5), a smooth velocity profile is no longer sufficient to
achieve energy-momentum conservation to the required accuracy
at every grid point, and our calculations imply the formation of a
subshock in the system. It is noted, however, that the subshock is

quite weak, in the sense that it carries only a small fraction (a few
percents at most) of the entire shock energy, and so do not play an
important role in the dissipation process. Therefore, its impact on
the radiation properties is also negligible. Therefore, in what follows
we mainly focus on the global properties of the shock, that are not
affected by the subshock. The details of the subshock structure will
be given later on, in Section 5.1.1.

The bulk Comptonization in the deceleration zone becomes sig-
nificant as ξ u∗ decreases, and results in the emergence of a non-
thermal spectrum. As shown in Fig. 4, the spectral slope is harder
for smaller values of ξ u∗. Concomitant with the hardening of the

ξu = 3nph kB Tu / npmpc2 = 1

10 H. Ito et al.

Figure 4. Shock-frame, local angle integrated SEDs,
∫

νIν (τ∗) d#, for models g2e1n5 (top left), g2e0n5 (top right), g2e-1n5 (bottom left), and g2e-2n5
(bottom right). The red and black lines show, respectively, the spectra near the upstream and downstream boundaries of the simulation domain. The value of
τ ∗ at the boundaries vary among the different models. The green, blue, magenta, cyan, and grey lines display spectra which were computed at locations τ∗ =
− 2, − 1, 0, 1.5, and 2.5 around the shock transition layer, as indicated. The scale on the vertical axis is given in arbitrary units. The absolute value can be
specified once the number density of either baryons or photons at far upstream (nu or nγ , u) is specified. Note that the range of the horizontal axis is identical
in all cases.

spectrum, the departure from isotropy (as seen in the comoving
frame) that develops inside the shock becomes more prominent
(bottom panel of Fig. 5).

The maximum energy attainable through bulk Comptonization
is limited by the kinetic energy of the electrons/positrons to about
(γ u − 1)mec2 ∼ 500 keV. When the pair content is small, this corre-
sponds roughly to the cut-off energy of the non-thermal photons at
high energies (e.g. models g2e0n5 and g2e-1n5). On the other hand,
when gamma-ray production via pair annihilation is important, the
conversion of rest mass energy leads to a moderate increase in the
cut-off energy, roughly to γ umec2 ∼ 1 MeV (e.g. model g2e-2n5).
Also note that, although the temperature is non-relativistic, thermal
motions slightly shift the energy to higher values and produce a
broadening of the spectrum at the highest energies (Fig. 4).

Since Compton equilibrium is achieved throughout the shock
(except for the immediate post-subshock region), as explained in
Appendix C, and higher energy photons can exchange their energy
more efficiently via scattering, the presence of non-thermal photons
will result in an abrupt heating of the plasma up to a temperature
well in excess of Tγ , eff. Therefore, while no departure is found for
model g2e1n5 (T ∼ Tγ , eff), the deviation of the plasma temperature
from Tγ , eff becomes more substantial as ξ u∗ decreases (see Fig. 3).
This implies the presence of a prominent plasma heating precursor

at the onset of the shock transition layer for relatively low values of
ξ u∗.

The pair density profile also changes significantly with ξ u∗. While
there is a significant amount of pairs in model g2e1n5, they are
negligible in models g2e0n5 and g2e-1n5 (n±/n ≪ 10− 10). This
is a direct consequence of the lower peak energy (approximately
3kTγ , eff) that gives rise to an exponential suppression of the number
of photons above the pair creation threshold. On the other hand,
while Tγ , eff is still low, the production of a prominent non-thermal
component leads to enhanced pair production in model g2e-2n5.
The pairs only appear in the vicinity of the transition layer, since
the pair production opacity contributed by the bulk Comptonized
photons peaks there.

It should be noted that the existence of pairs can change the
spatial width of the shock considerably once their density exceeds
the baryon density (n±/n! 1) and begins to govern the scattering
opacity inside the shock. For example, the physical length-scale
per optical depth dz/dτ ∗ at far upstream is longer than that of the
far downstream by roughly 3 orders of magnitude. Therefore, one
should bear in mind that, while the shock width in terms of dτ ∗ is
similar among the models, it could largely differ when measured
in terms of the physical length-scale dz, even when the same far
upstream density nu is invoked.

No pair is present

Gu = 2 n = 105~
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Figure 3. The overall shock structure for models g2e1n5 ( top left), g2e0n5 (top right), g2e-1n5 (bottom left), and g2e-2n5 ( bottom right). In each panel,
from top to bottom, we display the four velocity γ β, the plasma temperature T, the effective radiation temperature Tγ , eff, and the pair -to- baryon density ratio
n±/n, as a function of optical depth τ ∗. Note the difference in the scaling of the horizontal and vertical axes in the different models.

since the upstream temperature satisfies Tu ∝ ξ u∗. As a result, KN
effects are diminished, and the average mean-free path of photons
is reduced, ultimately approaching the Thomson limit.

A steeper velocity gradient is also required for lower values of ξ u∗
in order to increase the efficiency at which the bulk kinetic energy
is extracted by bulk Comptonization. As shown in Fig. 4, when the
photon-to-baryon inertia ratio is reduced to the value ξ u∗ = 10−2

(model g2e-2n5), a smooth velocity profile is no longer sufficient to
achieve energy-momentum conservation to the required accuracy
at every grid point, and our calculations imply the formation of a
subshock in the system. It is noted, however, that the subshock is

quite weak, in the sense that it carries only a small fraction (a few
percents at most) of the entire shock energy, and so do not play an
important role in the dissipation process. Therefore, its impact on
the radiation properties is also negligible. Therefore, in what follows
we mainly focus on the global properties of the shock, that are not
affected by the subshock. The details of the subshock structure will
be given later on, in Section 5.1.1.

The bulk Comptonization in the deceleration zone becomes sig-
nificant as ξ u∗ decreases, and results in the emergence of a non-
thermal spectrum. As shown in Fig. 4, the spectral slope is harder
for smaller values of ξ u∗. Concomitant with the hardening of the

ξu = 3nph kB Tu / npmpc2 = 1

10 H. Ito et al.

Figure 4. Shock-frame, local angle integrated SEDs,
∫

νIν (τ∗) d#, for models g2e1n5 (top left), g2e0n5 (top right), g2e-1n5 (bottom left), and g2e-2n5
(bottom right). The red and black lines show, respectively, the spectra near the upstream and downstream boundaries of the simulation domain. The value of
τ ∗ at the boundaries vary among the different models. The green, blue, magenta, cyan, and grey lines display spectra which were computed at locations τ∗ =
− 2, − 1, 0, 1.5, and 2.5 around the shock transition layer, as indicated. The scale on the vertical axis is given in arbitrary units. The absolute value can be
specified once the number density of either baryons or photons at far upstream (nu or nγ , u) is specified. Note that the range of the horizontal axis is identical
in all cases.

spectrum, the departure from isotropy (as seen in the comoving
frame) that develops inside the shock becomes more prominent
(bottom panel of Fig. 5).

The maximum energy attainable through bulk Comptonization
is limited by the kinetic energy of the electrons/positrons to about
(γ u − 1)mec2 ∼ 500 keV. When the pair content is small, this corre-
sponds roughly to the cut-off energy of the non-thermal photons at
high energies (e.g. models g2e0n5 and g2e-1n5). On the other hand,
when gamma-ray production via pair annihilation is important, the
conversion of rest mass energy leads to a moderate increase in the
cut-off energy, roughly to γ umec2 ∼ 1 MeV (e.g. model g2e-2n5).
Also note that, although the temperature is non-relativistic, thermal
motions slightly shift the energy to higher values and produce a
broadening of the spectrum at the highest energies (Fig. 4).

Since Compton equilibrium is achieved throughout the shock
(except for the immediate post-subshock region), as explained in
Appendix C, and higher energy photons can exchange their energy
more efficiently via scattering, the presence of non-thermal photons
will result in an abrupt heating of the plasma up to a temperature
well in excess of Tγ , eff. Therefore, while no departure is found for
model g2e1n5 (T ∼ Tγ , eff), the deviation of the plasma temperature
from Tγ , eff becomes more substantial as ξ u∗ decreases (see Fig. 3).
This implies the presence of a prominent plasma heating precursor

at the onset of the shock transition layer for relatively low values of
ξ u∗.

The pair density profile also changes significantly with ξ u∗. While
there is a significant amount of pairs in model g2e1n5, they are
negligible in models g2e0n5 and g2e-1n5 (n±/n ≪ 10− 10). This
is a direct consequence of the lower peak energy (approximately
3kTγ , eff) that gives rise to an exponential suppression of the number
of photons above the pair creation threshold. On the other hand,
while Tγ , eff is still low, the production of a prominent non-thermal
component leads to enhanced pair production in model g2e-2n5.
The pairs only appear in the vicinity of the transition layer, since
the pair production opacity contributed by the bulk Comptonized
photons peaks there.

It should be noted that the existence of pairs can change the
spatial width of the shock considerably once their density exceeds
the baryon density (n±/n! 1) and begins to govern the scattering
opacity inside the shock. For example, the physical length-scale
per optical depth dz/dτ ∗ at far upstream is longer than that of the
far downstream by roughly 3 orders of magnitude. Therefore, one
should bear in mind that, while the shock width in terms of dτ ∗ is
similar among the models, it could largely differ when measured
in terms of the physical length-scale dz, even when the same far
upstream density nu is invoked.

Deceleration in Δt ~ 1

Anistropy and 
Non-thermal spectra appears

Gu = 2 n = 105~
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Figure 3. The overall shock structure for models g2e1n5 ( top left), g2e0n5 (top right), g2e-1n5 (bottom left), and g2e-2n5 ( bottom right). In each panel,
from top to bottom, we display the four velocity γ β, the plasma temperature T, the effective radiation temperature Tγ , eff, and the pair -to- baryon density ratio
n±/n, as a function of optical depth τ ∗. Note the difference in the scaling of the horizontal and vertical axes in the different models.

since the upstream temperature satisfies Tu ∝ ξ u∗. As a result, KN
effects are diminished, and the average mean-free path of photons
is reduced, ultimately approaching the Thomson limit.

A steeper velocity gradient is also required for lower values of ξ u∗
in order to increase the efficiency at which the bulk kinetic energy
is extracted by bulk Comptonization. As shown in Fig. 4, when the
photon-to-baryon inertia ratio is reduced to the value ξ u∗ = 10−2

(model g2e-2n5), a smooth velocity profile is no longer sufficient to
achieve energy-momentum conservation to the required accuracy
at every grid point, and our calculations imply the formation of a
subshock in the system. It is noted, however, that the subshock is

quite weak, in the sense that it carries only a small fraction (a few
percents at most) of the entire shock energy, and so do not play an
important role in the dissipation process. Therefore, its impact on
the radiation properties is also negligible. Therefore, in what follows
we mainly focus on the global properties of the shock, that are not
affected by the subshock. The details of the subshock structure will
be given later on, in Section 5.1.1.

The bulk Comptonization in the deceleration zone becomes sig-
nificant as ξ u∗ decreases, and results in the emergence of a non-
thermal spectrum. As shown in Fig. 4, the spectral slope is harder
for smaller values of ξ u∗. Concomitant with the hardening of the

ξu = 3nph kB Tu / npmpc2 = 0.1

10 H. Ito et al.

Figure 4. Shock-frame, local angle integrated SEDs,
∫

νIν (τ∗) d#, for models g2e1n5 (top left), g2e0n5 (top right), g2e-1n5 (bottom left), and g2e-2n5
(bottom right). The red and black lines show, respectively, the spectra near the upstream and downstream boundaries of the simulation domain. The value of
τ ∗ at the boundaries vary among the different models. The green, blue, magenta, cyan, and grey lines display spectra which were computed at locations τ∗ =
− 2, − 1, 0, 1.5, and 2.5 around the shock transition layer, as indicated. The scale on the vertical axis is given in arbitrary units. The absolute value can be
specified once the number density of either baryons or photons at far upstream (nu or nγ , u) is specified. Note that the range of the horizontal axis is identical
in all cases.

spectrum, the departure from isotropy (as seen in the comoving
frame) that develops inside the shock becomes more prominent
(bottom panel of Fig. 5).

The maximum energy attainable through bulk Comptonization
is limited by the kinetic energy of the electrons/positrons to about
(γ u − 1)mec2 ∼ 500 keV. When the pair content is small, this corre-
sponds roughly to the cut-off energy of the non-thermal photons at
high energies (e.g. models g2e0n5 and g2e-1n5). On the other hand,
when gamma-ray production via pair annihilation is important, the
conversion of rest mass energy leads to a moderate increase in the
cut-off energy, roughly to γ umec2 ∼ 1 MeV (e.g. model g2e-2n5).
Also note that, although the temperature is non-relativistic, thermal
motions slightly shift the energy to higher values and produce a
broadening of the spectrum at the highest energies (Fig. 4).

Since Compton equilibrium is achieved throughout the shock
(except for the immediate post-subshock region), as explained in
Appendix C, and higher energy photons can exchange their energy
more efficiently via scattering, the presence of non-thermal photons
will result in an abrupt heating of the plasma up to a temperature
well in excess of Tγ , eff. Therefore, while no departure is found for
model g2e1n5 (T ∼ Tγ , eff), the deviation of the plasma temperature
from Tγ , eff becomes more substantial as ξ u∗ decreases (see Fig. 3).
This implies the presence of a prominent plasma heating precursor

at the onset of the shock transition layer for relatively low values of
ξ u∗.

The pair density profile also changes significantly with ξ u∗. While
there is a significant amount of pairs in model g2e1n5, they are
negligible in models g2e0n5 and g2e-1n5 (n±/n ≪ 10− 10). This
is a direct consequence of the lower peak energy (approximately
3kTγ , eff) that gives rise to an exponential suppression of the number
of photons above the pair creation threshold. On the other hand,
while Tγ , eff is still low, the production of a prominent non-thermal
component leads to enhanced pair production in model g2e-2n5.
The pairs only appear in the vicinity of the transition layer, since
the pair production opacity contributed by the bulk Comptonized
photons peaks there.

It should be noted that the existence of pairs can change the
spatial width of the shock considerably once their density exceeds
the baryon density (n±/n! 1) and begins to govern the scattering
opacity inside the shock. For example, the physical length-scale
per optical depth dz/dτ ∗ at far upstream is longer than that of the
far downstream by roughly 3 orders of magnitude. Therefore, one
should bear in mind that, while the shock width in terms of dτ ∗ is
similar among the models, it could largely differ when measured
in terms of the physical length-scale dz, even when the same far
upstream density nu is invoked.
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Figure 3. The overall shock structure for models g2e1n5 ( top left), g2e0n5 (top right), g2e-1n5 (bottom left), and g2e-2n5 ( bottom right). In each panel,
from top to bottom, we display the four velocity γ β, the plasma temperature T, the effective radiation temperature Tγ , eff, and the pair -to- baryon density ratio
n±/n, as a function of optical depth τ ∗. Note the difference in the scaling of the horizontal and vertical axes in the different models.

since the upstream temperature satisfies Tu ∝ ξ u∗. As a result, KN
effects are diminished, and the average mean-free path of photons
is reduced, ultimately approaching the Thomson limit.

A steeper velocity gradient is also required for lower values of ξ u∗
in order to increase the efficiency at which the bulk kinetic energy
is extracted by bulk Comptonization. As shown in Fig. 4, when the
photon-to-baryon inertia ratio is reduced to the value ξ u∗ = 10−2

(model g2e-2n5), a smooth velocity profile is no longer sufficient to
achieve energy-momentum conservation to the required accuracy
at every grid point, and our calculations imply the formation of a
subshock in the system. It is noted, however, that the subshock is

quite weak, in the sense that it carries only a small fraction (a few
percents at most) of the entire shock energy, and so do not play an
important role in the dissipation process. Therefore, its impact on
the radiation properties is also negligible. Therefore, in what follows
we mainly focus on the global properties of the shock, that are not
affected by the subshock. The details of the subshock structure will
be given later on, in Section 5.1.1.

The bulk Comptonization in the deceleration zone becomes sig-
nificant as ξ u∗ decreases, and results in the emergence of a non-
thermal spectrum. As shown in Fig. 4, the spectral slope is harder
for smaller values of ξ u∗. Concomitant with the hardening of the
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Figure 4. Shock-frame, local angle integrated SEDs,
∫

νIν (τ∗) d#, for models g2e1n5 (top left), g2e0n5 (top right), g2e-1n5 (bottom left), and g2e-2n5
(bottom right). The red and black lines show, respectively, the spectra near the upstream and downstream boundaries of the simulation domain. The value of
τ ∗ at the boundaries vary among the different models. The green, blue, magenta, cyan, and grey lines display spectra which were computed at locations τ∗ =
− 2, − 1, 0, 1.5, and 2.5 around the shock transition layer, as indicated. The scale on the vertical axis is given in arbitrary units. The absolute value can be
specified once the number density of either baryons or photons at far upstream (nu or nγ , u) is specified. Note that the range of the horizontal axis is identical
in all cases.

spectrum, the departure from isotropy (as seen in the comoving
frame) that develops inside the shock becomes more prominent
(bottom panel of Fig. 5).

The maximum energy attainable through bulk Comptonization
is limited by the kinetic energy of the electrons/positrons to about
(γ u − 1)mec2 ∼ 500 keV. When the pair content is small, this corre-
sponds roughly to the cut-off energy of the non-thermal photons at
high energies (e.g. models g2e0n5 and g2e-1n5). On the other hand,
when gamma-ray production via pair annihilation is important, the
conversion of rest mass energy leads to a moderate increase in the
cut-off energy, roughly to γ umec2 ∼ 1 MeV (e.g. model g2e-2n5).
Also note that, although the temperature is non-relativistic, thermal
motions slightly shift the energy to higher values and produce a
broadening of the spectrum at the highest energies (Fig. 4).

Since Compton equilibrium is achieved throughout the shock
(except for the immediate post-subshock region), as explained in
Appendix C, and higher energy photons can exchange their energy
more efficiently via scattering, the presence of non-thermal photons
will result in an abrupt heating of the plasma up to a temperature
well in excess of Tγ , eff. Therefore, while no departure is found for
model g2e1n5 (T ∼ Tγ , eff), the deviation of the plasma temperature
from Tγ , eff becomes more substantial as ξ u∗ decreases (see Fig. 3).
This implies the presence of a prominent plasma heating precursor

at the onset of the shock transition layer for relatively low values of
ξ u∗.

The pair density profile also changes significantly with ξ u∗. While
there is a significant amount of pairs in model g2e1n5, they are
negligible in models g2e0n5 and g2e-1n5 (n±/n ≪ 10− 10). This
is a direct consequence of the lower peak energy (approximately
3kTγ , eff) that gives rise to an exponential suppression of the number
of photons above the pair creation threshold. On the other hand,
while Tγ , eff is still low, the production of a prominent non-thermal
component leads to enhanced pair production in model g2e-2n5.
The pairs only appear in the vicinity of the transition layer, since
the pair production opacity contributed by the bulk Comptonized
photons peaks there.

It should be noted that the existence of pairs can change the
spatial width of the shock considerably once their density exceeds
the baryon density (n±/n! 1) and begins to govern the scattering
opacity inside the shock. For example, the physical length-scale
per optical depth dz/dτ ∗ at far upstream is longer than that of the
far downstream by roughly 3 orders of magnitude. Therefore, one
should bear in mind that, while the shock width in terms of dτ ∗ is
similar among the models, it could largely differ when measured
in terms of the physical length-scale dz, even when the same far
upstream density nu is invoked.
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Figure 3. The overall shock structure for models g2e1n5 ( top left), g2e0n5 (top right), g2e-1n5 (bottom left), and g2e-2n5 ( bottom right). In each panel,
from top to bottom, we display the four velocity γ β, the plasma temperature T, the effective radiation temperature Tγ , eff, and the pair -to- baryon density ratio
n±/n, as a function of optical depth τ ∗. Note the difference in the scaling of the horizontal and vertical axes in the different models.

since the upstream temperature satisfies Tu ∝ ξ u∗. As a result, KN
effects are diminished, and the average mean-free path of photons
is reduced, ultimately approaching the Thomson limit.

A steeper velocity gradient is also required for lower values of ξ u∗
in order to increase the efficiency at which the bulk kinetic energy
is extracted by bulk Comptonization. As shown in Fig. 4, when the
photon-to-baryon inertia ratio is reduced to the value ξ u∗ = 10−2

(model g2e-2n5), a smooth velocity profile is no longer sufficient to
achieve energy-momentum conservation to the required accuracy
at every grid point, and our calculations imply the formation of a
subshock in the system. It is noted, however, that the subshock is

quite weak, in the sense that it carries only a small fraction (a few
percents at most) of the entire shock energy, and so do not play an
important role in the dissipation process. Therefore, its impact on
the radiation properties is also negligible. Therefore, in what follows
we mainly focus on the global properties of the shock, that are not
affected by the subshock. The details of the subshock structure will
be given later on, in Section 5.1.1.

The bulk Comptonization in the deceleration zone becomes sig-
nificant as ξ u∗ decreases, and results in the emergence of a non-
thermal spectrum. As shown in Fig. 4, the spectral slope is harder
for smaller values of ξ u∗. Concomitant with the hardening of the
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Figure 4. Shock-frame, local angle integrated SEDs,
∫

νIν (τ∗) d#, for models g2e1n5 (top left), g2e0n5 (top right), g2e-1n5 (bottom left), and g2e-2n5
(bottom right). The red and black lines show, respectively, the spectra near the upstream and downstream boundaries of the simulation domain. The value of
τ ∗ at the boundaries vary among the different models. The green, blue, magenta, cyan, and grey lines display spectra which were computed at locations τ∗ =
− 2, − 1, 0, 1.5, and 2.5 around the shock transition layer, as indicated. The scale on the vertical axis is given in arbitrary units. The absolute value can be
specified once the number density of either baryons or photons at far upstream (nu or nγ , u) is specified. Note that the range of the horizontal axis is identical
in all cases.

spectrum, the departure from isotropy (as seen in the comoving
frame) that develops inside the shock becomes more prominent
(bottom panel of Fig. 5).

The maximum energy attainable through bulk Comptonization
is limited by the kinetic energy of the electrons/positrons to about
(γ u − 1)mec2 ∼ 500 keV. When the pair content is small, this corre-
sponds roughly to the cut-off energy of the non-thermal photons at
high energies (e.g. models g2e0n5 and g2e-1n5). On the other hand,
when gamma-ray production via pair annihilation is important, the
conversion of rest mass energy leads to a moderate increase in the
cut-off energy, roughly to γ umec2 ∼ 1 MeV (e.g. model g2e-2n5).
Also note that, although the temperature is non-relativistic, thermal
motions slightly shift the energy to higher values and produce a
broadening of the spectrum at the highest energies (Fig. 4).

Since Compton equilibrium is achieved throughout the shock
(except for the immediate post-subshock region), as explained in
Appendix C, and higher energy photons can exchange their energy
more efficiently via scattering, the presence of non-thermal photons
will result in an abrupt heating of the plasma up to a temperature
well in excess of Tγ , eff. Therefore, while no departure is found for
model g2e1n5 (T ∼ Tγ , eff), the deviation of the plasma temperature
from Tγ , eff becomes more substantial as ξ u∗ decreases (see Fig. 3).
This implies the presence of a prominent plasma heating precursor

at the onset of the shock transition layer for relatively low values of
ξ u∗.

The pair density profile also changes significantly with ξ u∗. While
there is a significant amount of pairs in model g2e1n5, they are
negligible in models g2e0n5 and g2e-1n5 (n±/n ≪ 10− 10). This
is a direct consequence of the lower peak energy (approximately
3kTγ , eff) that gives rise to an exponential suppression of the number
of photons above the pair creation threshold. On the other hand,
while Tγ , eff is still low, the production of a prominent non-thermal
component leads to enhanced pair production in model g2e-2n5.
The pairs only appear in the vicinity of the transition layer, since
the pair production opacity contributed by the bulk Comptonized
photons peaks there.

It should be noted that the existence of pairs can change the
spatial width of the shock considerably once their density exceeds
the baryon density (n±/n! 1) and begins to govern the scattering
opacity inside the shock. For example, the physical length-scale
per optical depth dz/dτ ∗ at far upstream is longer than that of the
far downstream by roughly 3 orders of magnitude. Therefore, one
should bear in mind that, while the shock width in terms of dτ ∗ is
similar among the models, it could largely differ when measured
in terms of the physical length-scale dz, even when the same far
upstream density nu is invoked.
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Figure 3. The overall shock structure for models g2e1n5 ( top left), g2e0n5 (top right), g2e-1n5 (bottom left), and g2e-2n5 ( bottom right). In each panel,
from top to bottom, we display the four velocity γ β, the plasma temperature T, the effective radiation temperature Tγ , eff, and the pair -to- baryon density ratio
n±/n, as a function of optical depth τ ∗. Note the difference in the scaling of the horizontal and vertical axes in the different models.

since the upstream temperature satisfies Tu ∝ ξ u∗. As a result, KN
effects are diminished, and the average mean-free path of photons
is reduced, ultimately approaching the Thomson limit.

A steeper velocity gradient is also required for lower values of ξ u∗
in order to increase the efficiency at which the bulk kinetic energy
is extracted by bulk Comptonization. As shown in Fig. 4, when the
photon-to-baryon inertia ratio is reduced to the value ξ u∗ = 10−2

(model g2e-2n5), a smooth velocity profile is no longer sufficient to
achieve energy-momentum conservation to the required accuracy
at every grid point, and our calculations imply the formation of a
subshock in the system. It is noted, however, that the subshock is

quite weak, in the sense that it carries only a small fraction (a few
percents at most) of the entire shock energy, and so do not play an
important role in the dissipation process. Therefore, its impact on
the radiation properties is also negligible. Therefore, in what follows
we mainly focus on the global properties of the shock, that are not
affected by the subshock. The details of the subshock structure will
be given later on, in Section 5.1.1.

The bulk Comptonization in the deceleration zone becomes sig-
nificant as ξ u∗ decreases, and results in the emergence of a non-
thermal spectrum. As shown in Fig. 4, the spectral slope is harder
for smaller values of ξ u∗. Concomitant with the hardening of the
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Figure 4. Shock-frame, local angle integrated SEDs,
∫

νIν (τ∗) d#, for models g2e1n5 (top left), g2e0n5 (top right), g2e-1n5 (bottom left), and g2e-2n5
(bottom right). The red and black lines show, respectively, the spectra near the upstream and downstream boundaries of the simulation domain. The value of
τ ∗ at the boundaries vary among the different models. The green, blue, magenta, cyan, and grey lines display spectra which were computed at locations τ∗ =
− 2, − 1, 0, 1.5, and 2.5 around the shock transition layer, as indicated. The scale on the vertical axis is given in arbitrary units. The absolute value can be
specified once the number density of either baryons or photons at far upstream (nu or nγ , u) is specified. Note that the range of the horizontal axis is identical
in all cases.

spectrum, the departure from isotropy (as seen in the comoving
frame) that develops inside the shock becomes more prominent
(bottom panel of Fig. 5).

The maximum energy attainable through bulk Comptonization
is limited by the kinetic energy of the electrons/positrons to about
(γ u − 1)mec2 ∼ 500 keV. When the pair content is small, this corre-
sponds roughly to the cut-off energy of the non-thermal photons at
high energies (e.g. models g2e0n5 and g2e-1n5). On the other hand,
when gamma-ray production via pair annihilation is important, the
conversion of rest mass energy leads to a moderate increase in the
cut-off energy, roughly to γ umec2 ∼ 1 MeV (e.g. model g2e-2n5).
Also note that, although the temperature is non-relativistic, thermal
motions slightly shift the energy to higher values and produce a
broadening of the spectrum at the highest energies (Fig. 4).

Since Compton equilibrium is achieved throughout the shock
(except for the immediate post-subshock region), as explained in
Appendix C, and higher energy photons can exchange their energy
more efficiently via scattering, the presence of non-thermal photons
will result in an abrupt heating of the plasma up to a temperature
well in excess of Tγ , eff. Therefore, while no departure is found for
model g2e1n5 (T ∼ Tγ , eff), the deviation of the plasma temperature
from Tγ , eff becomes more substantial as ξ u∗ decreases (see Fig. 3).
This implies the presence of a prominent plasma heating precursor

at the onset of the shock transition layer for relatively low values of
ξ u∗.

The pair density profile also changes significantly with ξ u∗. While
there is a significant amount of pairs in model g2e1n5, they are
negligible in models g2e0n5 and g2e-1n5 (n±/n ≪ 10− 10). This
is a direct consequence of the lower peak energy (approximately
3kTγ , eff) that gives rise to an exponential suppression of the number
of photons above the pair creation threshold. On the other hand,
while Tγ , eff is still low, the production of a prominent non-thermal
component leads to enhanced pair production in model g2e-2n5.
The pairs only appear in the vicinity of the transition layer, since
the pair production opacity contributed by the bulk Comptonized
photons peaks there.

It should be noted that the existence of pairs can change the
spatial width of the shock considerably once their density exceeds
the baryon density (n±/n! 1) and begins to govern the scattering
opacity inside the shock. For example, the physical length-scale
per optical depth dz/dτ ∗ at far upstream is longer than that of the
far downstream by roughly 3 orders of magnitude. Therefore, one
should bear in mind that, while the shock width in terms of dτ ∗ is
similar among the models, it could largely differ when measured
in terms of the physical length-scale dz, even when the same far
upstream density nu is invoked.
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Figure 3. The overall shock structure for models g2e1n5 ( top left), g2e0n5 (top right), g2e-1n5 (bottom left), and g2e-2n5 ( bottom right). In each panel,
from top to bottom, we display the four velocity γ β, the plasma temperature T, the effective radiation temperature Tγ , eff, and the pair -to- baryon density ratio
n±/n, as a function of optical depth τ ∗. Note the difference in the scaling of the horizontal and vertical axes in the different models.

since the upstream temperature satisfies Tu ∝ ξ u∗. As a result, KN
effects are diminished, and the average mean-free path of photons
is reduced, ultimately approaching the Thomson limit.

A steeper velocity gradient is also required for lower values of ξ u∗
in order to increase the efficiency at which the bulk kinetic energy
is extracted by bulk Comptonization. As shown in Fig. 4, when the
photon-to-baryon inertia ratio is reduced to the value ξ u∗ = 10−2

(model g2e-2n5), a smooth velocity profile is no longer sufficient to
achieve energy-momentum conservation to the required accuracy
at every grid point, and our calculations imply the formation of a
subshock in the system. It is noted, however, that the subshock is

quite weak, in the sense that it carries only a small fraction (a few
percents at most) of the entire shock energy, and so do not play an
important role in the dissipation process. Therefore, its impact on
the radiation properties is also negligible. Therefore, in what follows
we mainly focus on the global properties of the shock, that are not
affected by the subshock. The details of the subshock structure will
be given later on, in Section 5.1.1.

The bulk Comptonization in the deceleration zone becomes sig-
nificant as ξ u∗ decreases, and results in the emergence of a non-
thermal spectrum. As shown in Fig. 4, the spectral slope is harder
for smaller values of ξ u∗. Concomitant with the hardening of the
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Figure 5. Dependence of the four-velocity profile (top) and the normalized
comoving first and second moments of the radiation intensity, I

′
1/I

′
0 and

I
′
2/I

′
0 (bottom), on the far upstream photon-to-baryon inertia ratio ξu∗, for

γ u = 2 and ñ = 105. The green, red, blue, and magenta lines correspond
to models g2e-2n5, g2e-1n5, g2e0n5, and g2e1n5, respectively. For a given
pair of lines in each model in the bottom panel, the upper one corresponds
to the second moment I

′
2/I

′
0, and the lower one to the first moment I

′
1/I

′
0.

The two dashed lines in the bottom panel mark the values of the radiation
moments of an isotropic radiation field (I

′
1/I

′
0 = 0 and I

′
2/I

′
0 = 1/3).

5.1.1 Emergence of a weak subshock

As mentioned earlier, emergence of a weak subshock seems neces-
sary in model g2e-2n5. Although its contribution to the overall dissi-
pation is quite small, its existence is required to achieve steady flow
solutions (see Section 4.2 for details). As described in Section 4.2,
we treat the subshock as a discontinuity in the flow parameters
that satisfy the Rankin–Hugoniot condition for a plasma isolated
from the radiation. A notable feature of the subshock is a sharp
spike followed by a dip in the velocity and temperature profiles.
The drop in the velocity to a value smaller than the far downstream
velocity is an inevitable consequence of the plasma sound speed,
cs ≈ [5Ppl/3ρpl]1/2, being small (cs/c ∼ 0.09 for kT ∼ 500 keV and
n ± /n ∼ 10). The rise of the temperature just behind the subshock,
up to kTd,sub ∼ 500 keV, is caused by the self-generated heat of the
plasma within the subshock. Since the photons cannot interact with
particles over the plasma scale, the post-shock temperature is well
above that obtained in Compton equilibrium. Consequently, follow-
ing shock heating, the pairs exposed to the intense radiation field
rapidly cool via Compton scattering until the temperature reaches
the equilibrium value (roughly equals to that ahead of the sub-
shock). As a result, a structure that resembles an isothermal shock
is formed (see a magnified view in Fig. 6). Within the cooling layer
(τ ∗ ! 0.001), the bulk plasma rapidly accelerates, predominantly
by its pressure gradient force. Above the cooling layer, the acceler-
ation continues more gradually, mainly due to the radiation force,
up to the distance where it reaches the far downstream velocity (at
τ ∗ ∼ 0.6).

A crude evaluation of the thickness of the cooling layer, dτ ∗, cool,
can be derived as follows: The number of scatterings per unit
time for a single electron/positron is given by ∼ nγ cσ T in the
comoving frame. Hence, given the energy loss per scattering,
∼ 4 < hν > kTd,sub/mec2, and the downstream thermal energy
per electron/positron, 3kTd,sub, the cooling time is derived as

Figure 6. Enlarged view of the four velocity and temperature profiles
around the weak subshock, for model g2e-2n5.

tcool ∼ 3/4(⟨hν⟩ /mec2)− 1(nγ cσ T)− 1, where ⟨hν⟩ and kTd,sub de-
note the average photon energy and the temperature at the im-
mediate downstream of the subshock. In terms of the effective
temperature, the average photon energy at the subshock can be
expressed as ⟨hν⟩ ∼ 3kTγ ,eff. While the photon number density is
approximately nγ ∼ ñn over most of the RRMS layer, it is given by
nγ ∼ ñnβu,sub/βd,sub at the immediate downstream of the subshock,
owing to the sudden compression of the plasma there, where βu, sub

(βd, sub) is the velocity at the immediate upstream (downstream) of
the subshock. Taking into account the above factors, the cooling
layer thickness can be expressed as

dτ∗,cool ∼ βd,subc(n + n±)σTtcool

∼ 1.5 × 10− 3
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Pair creation and annihilation were ignored in the above derivation,
as they are negligible over the cooling layer given its small thickness
relative to the entire RRMS transition layer (see bottom right panel
of Fig. 3).

We can confirm from Fig. 6 (as well as from Figs 9, 14, and 17
for the other models with subshocks) that this rough estimation is
in agreement with our numerical results within a factor of a few.
Note that there are several factors that were ignored in our crude
estimation of the cooling layer thickness, and which can lead to
some differences between the analytic and numerical results.

For example, we have neglected the effect of adiabatic cooling
as well as the effect of broad radiation spectrum. Moreover, in
evaluating the cooling rate, we have used an expression which is
only valid in the non-relativistic limit, kTu, sub, kTd, sub ≪ mec2,
while the temperature is typically mildly relativistic. In view of
these simplifications, we find the mild disagreement between the
numerical result and the analytic result derived above reasonable.

It is worth noting that, while this weak subshock strongly affects
the properties of the plasma in its vicinity, it has almost no influ-
ence on the radiation. This is simply because the thermal energy
generated by the subshock, 3(n + n±)kTd,sub, is negligible compared
with that contained in the radiation, 3nγ kTγ ,eff. Therefore, the weak
subshock does not affect the overall energetics of the system nor
the radiation properties. This is also true for all the other cases in
which subshocks were found, and for which the photon-to-baryon

Rapid IC cooling produces 
isothermal shock-like structure 

* negligible fraction of energy is dissipated in the weak subshock

Gu = 2 n = 105~

Monte Carlo simulations of RRMSs 11

Figure 5. Dependence of the four-velocity profile (top) and the normalized
comoving first and second moments of the radiation intensity, I

′
1/I

′
0 and

I
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2/I

′
0 (bottom), on the far upstream photon-to-baryon inertia ratio ξu∗, for

γ u = 2 and ñ = 105. The green, red, blue, and magenta lines correspond
to models g2e-2n5, g2e-1n5, g2e0n5, and g2e1n5, respectively. For a given
pair of lines in each model in the bottom panel, the upper one corresponds
to the second moment I

′
2/I

′
0, and the lower one to the first moment I

′
1/I

′
0.

The two dashed lines in the bottom panel mark the values of the radiation
moments of an isotropic radiation field (I

′
1/I

′
0 = 0 and I
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2/I

′
0 = 1/3).

5.1.1 Emergence of a weak subshock

As mentioned earlier, emergence of a weak subshock seems neces-
sary in model g2e-2n5. Although its contribution to the overall dissi-
pation is quite small, its existence is required to achieve steady flow
solutions (see Section 4.2 for details). As described in Section 4.2,
we treat the subshock as a discontinuity in the flow parameters
that satisfy the Rankin–Hugoniot condition for a plasma isolated
from the radiation. A notable feature of the subshock is a sharp
spike followed by a dip in the velocity and temperature profiles.
The drop in the velocity to a value smaller than the far downstream
velocity is an inevitable consequence of the plasma sound speed,
cs ≈ [5Ppl/3ρpl]1/2, being small (cs/c ∼ 0.09 for kT ∼ 500 keV and
n ± /n ∼ 10). The rise of the temperature just behind the subshock,
up to kTd,sub ∼ 500 keV, is caused by the self-generated heat of the
plasma within the subshock. Since the photons cannot interact with
particles over the plasma scale, the post-shock temperature is well
above that obtained in Compton equilibrium. Consequently, follow-
ing shock heating, the pairs exposed to the intense radiation field
rapidly cool via Compton scattering until the temperature reaches
the equilibrium value (roughly equals to that ahead of the sub-
shock). As a result, a structure that resembles an isothermal shock
is formed (see a magnified view in Fig. 6). Within the cooling layer
(τ ∗ ! 0.001), the bulk plasma rapidly accelerates, predominantly
by its pressure gradient force. Above the cooling layer, the acceler-
ation continues more gradually, mainly due to the radiation force,
up to the distance where it reaches the far downstream velocity (at
τ ∗ ∼ 0.6).

A crude evaluation of the thickness of the cooling layer, dτ ∗, cool,
can be derived as follows: The number of scatterings per unit
time for a single electron/positron is given by ∼ nγ cσ T in the
comoving frame. Hence, given the energy loss per scattering,
∼ 4 < hν > kTd,sub/mec2, and the downstream thermal energy
per electron/positron, 3kTd,sub, the cooling time is derived as

Figure 6. Enlarged view of the four velocity and temperature profiles
around the weak subshock, for model g2e-2n5.

tcool ∼ 3/4(⟨hν⟩ /mec2)− 1(nγ cσ T)− 1, where ⟨hν⟩ and kTd,sub de-
note the average photon energy and the temperature at the im-
mediate downstream of the subshock. In terms of the effective
temperature, the average photon energy at the subshock can be
expressed as ⟨hν⟩ ∼ 3kTγ ,eff. While the photon number density is
approximately nγ ∼ ñn over most of the RRMS layer, it is given by
nγ ∼ ñnβu,sub/βd,sub at the immediate downstream of the subshock,
owing to the sudden compression of the plasma there, where βu, sub

(βd, sub) is the velocity at the immediate upstream (downstream) of
the subshock. Taking into account the above factors, the cooling
layer thickness can be expressed as

dτ∗,cool ∼ βd,subc(n + n±)σTtcool
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Pair creation and annihilation were ignored in the above derivation,
as they are negligible over the cooling layer given its small thickness
relative to the entire RRMS transition layer (see bottom right panel
of Fig. 3).

We can confirm from Fig. 6 (as well as from Figs 9, 14, and 17
for the other models with subshocks) that this rough estimation is
in agreement with our numerical results within a factor of a few.
Note that there are several factors that were ignored in our crude
estimation of the cooling layer thickness, and which can lead to
some differences between the analytic and numerical results.

For example, we have neglected the effect of adiabatic cooling
as well as the effect of broad radiation spectrum. Moreover, in
evaluating the cooling rate, we have used an expression which is
only valid in the non-relativistic limit, kTu, sub, kTd, sub ≪ mec2,
while the temperature is typically mildly relativistic. In view of
these simplifications, we find the mild disagreement between the
numerical result and the analytic result derived above reasonable.

It is worth noting that, while this weak subshock strongly affects
the properties of the plasma in its vicinity, it has almost no influ-
ence on the radiation. This is simply because the thermal energy
generated by the subshock, 3(n + n±)kTd,sub, is negligible compared
with that contained in the radiation, 3nγ kTγ ,eff. Therefore, the weak
subshock does not affect the overall energetics of the system nor
the radiation properties. This is also true for all the other cases in
which subshocks were found, and for which the photon-to-baryon

Post subshock plasma is 
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by the radiation
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Figure 5. Dependence of the four-velocity profile (top) and the normalized
comoving first and second moments of the radiation intensity, I

′
1/I

′
0 and

I
′
2/I

′
0 (bottom), on the far upstream photon-to-baryon inertia ratio ξu∗, for

γ u = 2 and ñ = 105. The green, red, blue, and magenta lines correspond
to models g2e-2n5, g2e-1n5, g2e0n5, and g2e1n5, respectively. For a given
pair of lines in each model in the bottom panel, the upper one corresponds
to the second moment I

′
2/I

′
0, and the lower one to the first moment I

′
1/I

′
0.

The two dashed lines in the bottom panel mark the values of the radiation
moments of an isotropic radiation field (I

′
1/I

′
0 = 0 and I

′
2/I

′
0 = 1/3).

5.1.1 Emergence of a weak subshock

As mentioned earlier, emergence of a weak subshock seems neces-
sary in model g2e-2n5. Although its contribution to the overall dissi-
pation is quite small, its existence is required to achieve steady flow
solutions (see Section 4.2 for details). As described in Section 4.2,
we treat the subshock as a discontinuity in the flow parameters
that satisfy the Rankin–Hugoniot condition for a plasma isolated
from the radiation. A notable feature of the subshock is a sharp
spike followed by a dip in the velocity and temperature profiles.
The drop in the velocity to a value smaller than the far downstream
velocity is an inevitable consequence of the plasma sound speed,
cs ≈ [5Ppl/3ρpl]1/2, being small (cs/c ∼ 0.09 for kT ∼ 500 keV and
n ± /n ∼ 10). The rise of the temperature just behind the subshock,
up to kTd,sub ∼ 500 keV, is caused by the self-generated heat of the
plasma within the subshock. Since the photons cannot interact with
particles over the plasma scale, the post-shock temperature is well
above that obtained in Compton equilibrium. Consequently, follow-
ing shock heating, the pairs exposed to the intense radiation field
rapidly cool via Compton scattering until the temperature reaches
the equilibrium value (roughly equals to that ahead of the sub-
shock). As a result, a structure that resembles an isothermal shock
is formed (see a magnified view in Fig. 6). Within the cooling layer
(τ ∗ ! 0.001), the bulk plasma rapidly accelerates, predominantly
by its pressure gradient force. Above the cooling layer, the acceler-
ation continues more gradually, mainly due to the radiation force,
up to the distance where it reaches the far downstream velocity (at
τ ∗ ∼ 0.6).

A crude evaluation of the thickness of the cooling layer, dτ ∗, cool,
can be derived as follows: The number of scatterings per unit
time for a single electron/positron is given by ∼ nγ cσ T in the
comoving frame. Hence, given the energy loss per scattering,
∼ 4 < hν > kTd,sub/mec2, and the downstream thermal energy
per electron/positron, 3kTd,sub, the cooling time is derived as

Figure 6. Enlarged view of the four velocity and temperature profiles
around the weak subshock, for model g2e-2n5.

tcool ∼ 3/4(⟨hν⟩ /mec2)− 1(nγ cσ T)− 1, where ⟨hν⟩ and kTd,sub de-
note the average photon energy and the temperature at the im-
mediate downstream of the subshock. In terms of the effective
temperature, the average photon energy at the subshock can be
expressed as ⟨hν⟩ ∼ 3kTγ ,eff. While the photon number density is
approximately nγ ∼ ñn over most of the RRMS layer, it is given by
nγ ∼ ñnβu,sub/βd,sub at the immediate downstream of the subshock,
owing to the sudden compression of the plasma there, where βu, sub

(βd, sub) is the velocity at the immediate upstream (downstream) of
the subshock. Taking into account the above factors, the cooling
layer thickness can be expressed as

dτ∗,cool ∼ βd,subc(n + n±)σTtcool

∼ 1.5 × 10− 3
(

kTγ ,eff
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)− 1 (
ñ
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)− 1
(

n+n±
n
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)

×

⎛

⎝
βu,sub
βd,sub

8

⎞

⎠
(

βd,sub

0.03

)
. (33)

Pair creation and annihilation were ignored in the above derivation,
as they are negligible over the cooling layer given its small thickness
relative to the entire RRMS transition layer (see bottom right panel
of Fig. 3).

We can confirm from Fig. 6 (as well as from Figs 9, 14, and 17
for the other models with subshocks) that this rough estimation is
in agreement with our numerical results within a factor of a few.
Note that there are several factors that were ignored in our crude
estimation of the cooling layer thickness, and which can lead to
some differences between the analytic and numerical results.

For example, we have neglected the effect of adiabatic cooling
as well as the effect of broad radiation spectrum. Moreover, in
evaluating the cooling rate, we have used an expression which is
only valid in the non-relativistic limit, kTu, sub, kTd, sub ≪ mec2,
while the temperature is typically mildly relativistic. In view of
these simplifications, we find the mild disagreement between the
numerical result and the analytic result derived above reasonable.

It is worth noting that, while this weak subshock strongly affects
the properties of the plasma in its vicinity, it has almost no influ-
ence on the radiation. This is simply because the thermal energy
generated by the subshock, 3(n + n±)kTd,sub, is negligible compared
with that contained in the radiation, 3nγ kTγ ,eff. Therefore, the weak
subshock does not affect the overall energetics of the system nor
the radiation properties. This is also true for all the other cases in
which subshocks were found, and for which the photon-to-baryon
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Figure 7. Same as Fig. 3, but for g2e0n4 (top left), g2e-1n4 (top right), and g2e-2n4 (bottom).

number ratio is sufficiently above the critical value ñcrt given in
equation (16) (see Section 3.2).

While our numerical simulations predict their existence, we could
not identify the physical origin of the ‘weak’ subshocks that we
found in the regime ñ ! ncrt (models g2e-2n5, g4e-2n5, g10e-1n5,
and g10e-2n5), unlike the case of a photon-starved shock, ñ < ncrt

(models g2e-1n3 and g2e-2n3), where formation of a ‘strong’ sub-
shock is dictated by inefficient energy extraction thorough Compton
scattering, as will be discuss in greater detail in Section 5.2 below.
Though non-trivial, this presumably indicates that no steady, con-
tinuous flow solutions exist in a certain regime of the parameter
space. As seen in Fig. 5, the flow velocity gradient tends to steepen
as the value of ξ u∗ is reduced. Our result suggests that there is a
threshold value of ξ u∗ below which the continuous steepening of the

velocity profile ultimately turns into a weak subshock at the edge
of the RRMS transition layer. It is worth mentioning that Budnik
et al. (2010) also found a weak subshock in their simulations of
photon-starved RRMS (in which photon generation is included). It
should be stressed, however, that these weak subshocks are merely
small disturbances in the global shock structure, and their physics
is not important in evaluating the overall dynamics of the bulk flow
as well as the radiation properties.

5.2 Dependence on ñ

To explore the dependence of the shock properties on the photon-to-
baryon number ratio, we performed several calculations that invoke
smaller values of ñ (104 and 103) than that used in the fiducial

n = nph / np = 104 ξu = 0.1 Gu = 2
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Figure 8. Same as Fig. 4, but for g2e0n4 (top left), g2e-1n4 (top right), and g2e-2n4 (bottom).

models, but the same values of γ u and ξ u∗. In the models with ñ =
104, three cases with different values of photon-to-baryon inertia
ratio (ξ u∗ = 1, 0.1, and 0.01) are considered (g2e0n4, g2e-1n4, and
g2e-2n4). Their overall structures and spectra are summarized in
Figs 7 and 8. As seen, the general trends are quite similar to those
of the fiducial models; the decrease in ξ u∗ results in a steepening
of their velocity gradient dγβ/dτ ∗ and in the enhancement of the
non-thermal spectrum.

Apart from the similarities, there are also interesting differences
from the fiducial models (ñ = 105). For a fixed value of ξ u∗, lower
ñ results in a higher temperature (T ∝ ñ−1), since the same amount
of energy is shared by a smaller number of particles (photons,
protons, and pairs). Hence, the overall temperature and average
photon energy are roughly 10 times higher in these models. This
shifts the average mean-free path of photons to larger values owning
to the increase in the population of photons that are scattered in the
KN regime. As a result, the deceleration lengths are found to be
longer than those in the corresponding fiducial models (g2e0n5,
g2e-1n5, and g2e-2n5). The higher temperature and photon energy
are probably the reason for the absence of a weak subshock in model
g2e-2n4, in difference from model g2e-2n5 (that has the same ξ u∗
value).

We speculate that the smoother velocity profile in model g2e-2n4,
that results from the larger penetration depth of the photons, enables
the existence of steady solutions with no subshock. However, it is
expected that a weak subshock will form also in these models for
sufficiently low values of ξ u∗ (<0.01).

The larger temperature or, equivalently, average photon energy,
also leads to enhanced pair production rate. In particular, while the
pair content is negligible for ξ u∗ = 1 and 0.1 in the fiducial models

(g2e0n5 and g2e-1n5), the models with ñ = 104 and the same ξ u∗
values (g2e0n4 and g2e-1n4) give rise to a significant amount of
pairs. Likewise, the pair density in model g2e-2n4 is higher by an
order of magnitude than that in the fiducial model g2e-2n5.

Comparing the structures, the profiles in model g2e0n4 are similar
to those in model g2e1n5, rather than in model g2e0n5 that has the
same ξ u∗ value. Accordingly, as in model g2e1n5, the radiation
and pairs are well approximated to be in Wien equilibrium at far
upstream and downstream, while the in the transition layer they
depart from the equilibrium due to a slight deviation from the Wien
distribution. On the other hand, the shape of the spectrum in models
g2e-1n4 and g2e-2n4 is similar to that of the counterpart fiducial
models with same ξ u∗ (g2e-1n5 and g2e-2n5), but its average energy
is shifted towards higher energies, by a factor of ∼10, while the
cut-off energy remains unchanged ∼γ umec2 ∼ 1 MeV. The higher
photon energies in models g2e-1n4 and g2e-2n4 give rise to a higher
pair production rate than in the fiducial models. Therefore, in all of
these models, we find a non-negligible pair content.

The properties of the shocks drastically change in the models
with ñ = 103. In this study, two cases with the values ξ u∗ = 0.1 and
0.01 are computed (g2e-1n3 and g2e-2n3). Their overall structures
and spectra are exhibited in Figs 9 and 10, respectively. The notable
difference from the models with higher ñ is the formation of a
‘strong’ subshock. Unlike the ‘weak’ subshocks found in some of
the other models (see Section 5.1.1 for details), the physical origin
of the strong subshocks is understood, and will be described in
detail in Section 5.2.1.

As equation (15) predicts, the temperature downstream of the sub-
shock in the models with ñ = 103 approaches the pair equilibrium
value, kT ∼ 200 keV, as seen in Fig. 9. The pair density increases

Pair enrichment is enhanced 
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Figure 9. Same as Fig. 3, but for g2e-1n3 (left) and g2e-2n3 (right).

Figure 10. Same as Fig. 4, but for g2e-1n3 (left) and g2e-2n3 (right).

rapidly inside the shock and approaches the Wien equilibrium value,
n± ≈ nγ K2("−1)/"2, just downstream of the subshock. At this
temperature, the pair density becomes comparable to the photon
density, n± ∼ nγ . Since in the absence of an internal photon source
the number of quanta is conserved, we have ñ = (nγ + n±)/n in the
downstream region, which effectively reduces the number of pho-
tons that can extract energy, and strengthens the subshock further.
One should keep in mind that while the subshock is relatively strong,
it dissipates only about 30 per cent of the entire shock energy (in
model g2e-2n3). Thus, a moderate increment in the photon density
downstream (by no more than a factor of a few) will consider-
ably weaken, or completely eliminate, the subshock. We anticipate
this to happen once internal photon sources (in particular free–free
emission by the hot pairs) are included.

Shock solutions that correspond to the fiducial models with fixed
ξ u∗ = 0.1 are compared, for clarity, in Fig. 11. The distinct prop-
erties of the marginally starved shock (g2e-1n3) stand out. The
discontinuity in the profiles of the moments I

′
1/I

′
0 and I

′
2/I

′
0 in the

marginally starved shock arises from the sudden change in the ve-
locity of fluid elements (and, hence, in the frame in which these
moments are computed) across the subshock.

5.2.1 Transition to the photon-starved regime

Next, let us examine the transition from the photon-rich to the
photon-starved regime in some greater detail. In Section 3.2, it has
been argued that once the photon-to-baryon number ratio far up-
stream becomes smaller than the critical value ñcrt, the advected
photons cannot support the shock anymore, and the shock becomes
photon starved. In the absence of photon production processes,
one expects that the strength of the subshock will dramatically in-
crease as ñ approaches ñcrt ≃ 103. This is the situation in models
g2e-1n3 and g2e-2n3. Fig. 9 exhibits results obtained for these
models, verifying that the subshock is indeed substantially stronger
than in the runs with ñ > ñcrt. As also seen, the downstream tem-
perature reaches 200 keV (except for the spike produced by the
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Figure 9. Same as Fig. 3, but for g2e-1n3 (left) and g2e-2n3 (right).

Figure 10. Same as Fig. 4, but for g2e-1n3 (left) and g2e-2n3 (right).
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the number of quanta is conserved, we have ñ = (nγ + n±)/n in the
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tons that can extract energy, and strengthens the subshock further.
One should keep in mind that while the subshock is relatively strong,
it dissipates only about 30 per cent of the entire shock energy (in
model g2e-2n3). Thus, a moderate increment in the photon density
downstream (by no more than a factor of a few) will consider-
ably weaken, or completely eliminate, the subshock. We anticipate
this to happen once internal photon sources (in particular free–free
emission by the hot pairs) are included.
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Figure 9. Same as Fig. 3, but for g2e-1n3 (left) and g2e-2n3 (right).

Figure 10. Same as Fig. 4, but for g2e-1n3 (left) and g2e-2n3 (right).
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the number of quanta is conserved, we have ñ = (nγ + n±)/n in the
downstream region, which effectively reduces the number of pho-
tons that can extract energy, and strengthens the subshock further.
One should keep in mind that while the subshock is relatively strong,
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Figure 9. Same as Fig. 3, but for g2e-1n3 (left) and g2e-2n3 (right).

Figure 10. Same as Fig. 4, but for g2e-1n3 (left) and g2e-2n3 (right).
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the number of quanta is conserved, we have ñ = (nγ + n±)/n in the
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stream becomes smaller than the critical value ñcrt, the advected
photons cannot support the shock anymore, and the shock becomes
photon starved. In the absence of photon production processes,
one expects that the strength of the subshock will dramatically in-
crease as ñ approaches ñcrt ≃ 103. This is the situation in models
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Figure 11. Same as Fig. 5, but for models g2e-1n5 (red), g2e-1n4 (blue),
and g2e-1n3 (magenta).

subshock), in accord with equation (15), leading to a vigorous pair
creation in the shock transition layer. The pair photon–plasma down-
stream quickly reaches equilibrium, with roughly equal densities,
n±/nγ ≃ 1.

From equation (12), it is anticipated that under these conditions
photon generation (not included in our simulations) will start dom-
inating over photon advection, so that in reality the shock will be
supported by photons produced inside and just behind the shock,
and the subshock will disappear or remain insignificant. For higher
upstream Lorentz factors, γ u ≫ 1, we expect that photon generation
will dominate at somewhat higher ñ values, roughly by a factor of
γ u/2, since even though the shock can be supported by the advected
photons the temperature downstream exceeds the pair production
threshold, at which e± pair equilibrium is established. The results
of Budnik et al. (2010) confirm this. We are currently in the process
of modifying the code to include free–free and DC emissions. Re-
sults of simulations of photon-starved shocks will be presented in a
future publication.

5.3 Dependence on γ u

To investigate the dependence of the shock properties on the Lorentz
factor, we have calculated two sets of models with higher γ u (4 and
10), but with the values of ñ and ξ u∗ being identical to those in
the fiducial models. In both cases, three calculations that invoke
different ξ u∗ values (1, 0.1, and 0.01) were performed, and are
described next.

The structures and spectra obtained in the models with γ u = 4
and 10 are displayed in Figs 12–17. Like in the fiducial models, also
here the velocity profile steepens as ξ u∗ is reduced. The trends of the
temperature profile are also similar to those in the fiducial models,
albeit with a higher downstream temperature, since it is roughly
proportional to the four-velocity far upstream when ξ u∗ ! 1 (see
equation 15). At low values of ξ u∗, a weak subshock appears (see
Figs 14 and 17 for a magnified view), as in the fiducial models. The
larger γ u the larger the value of ξ u∗ at which the subshock forms
(ξ u∗ ≤ 0.01 for γ u = 4 and ξ u∗ ≤ 0.1 for γ u = 10). The reason
for this is unclear at present. It might be related to the fact that the
condition for starvation is proportional to γ u (see equation 26).

The main effects caused by increasing the shock Lorentz factor
can be observed in the resulting spectra and pair populations, and
can be summarized as follows: (i) The heating precursor broadens
and the peak temperature increases as γ u increases, and likewise the
width of the shock transition layer. (ii) The pair content rises sharply
as γ u increases, as is evident from a comparison of Figs 12 and 15.
This is a direct consequence of the fact that the number of bulk
Comptonized photons that surpass the pair production threshold
and, hence, the pair production rate, are sensitive functions of γ u.
The large pair enrichment gives rise to a pronounced signature of
the 511 keV pair annihilation line in the spectrum (the small spectral
bumps seen in Figs 13 and 16). (iii) For fixed values of ñ and ξ u∗,
the high-energy cut-off of the spectrum is roughly proportional to
γ u, as naively expected.

To summarize the dependence of the shock structure on the bulk
Lorentz factor, we compare, in Fig. 18, the profiles of γβ, I

′
1/I

′
0,

and I
′
2/I

′
0 in the three models (g2e-1n5, g24-1n5, and g10e-1n5)

that have different values for γ u, but same values of ξ u∗ (=0.1)
and ñ (=105). As seen, the shock width slowly increases with in-
creasing γ u, in rough agreement with the analytic solution derived
in Section 3.2.1. The level of anisotropy of the photon distribution
and its extent also become larger as γ u is increased. In the highest
Lorentz factor case, the radiation intensity achieves nearly com-
plete beaming (I

′
2/I

′
0 = 1andI

′
1/I

′
0 = − 1). This reflects the rise in

the population of high-energy photons that penetrate against the
flow to larger distances upstream.

6 A PPLICATIONS

So far, we have focused on the fundamental properties of RRMSs.
Here, let us consider the applications to GRBs.

Since RRMSs are expected to form in subphotospheric regions,
they should have substantial imprints on the resulting emissions
(Bromberg et al. 2011; Levinson 2012; Keren & Levinson 2014).
As shown in the previous section, when the energy density of the
radiation at far upstream is much larger than that of the rest mass
energy of the plasma, viz., ξ u∗ ≫ 1, thermal spectra with roughly
the same peak energy and flux are found at any location in the shock
(see top left panel of Fig. 4). This implies that observed spectra pro-
duced by a subphotospheric shock (even if strong) should be nearly
thermal when the photosphere is located far below the saturation
radius.

On the other hand, significant broadening is expected when the
rest mass energy is comparable or larger than that of the radiation
at far upstream (ξ u∗ ! 1). This corresponds to shocks that form
around or above the saturation radius. To gain some insight into
how the radiation will be seen by an observer during the breakout
of an RRMS under such conditions, we plot, in Fig. 19, spectra
that were averaged over a certain physical interval $z, for models
g2e-1n5 and g2e-2n5. In addition to the angle integrated spectra
that are computed by summing up the contribution of photons in
all directions (4π steradians), we also display cases where only
the photons in a half hemisphere (2π steradians) propagating along
(θ < π/2) and against (θ > π/2) the flow are summed up. The
former (latter) represents the spectra emitted during the breakout
of the reverse (forward) shock that is advancing relativistically in
the central engine frame. Hereafter, we (loosely) refer to the cases
that correspond to photons propagating along and against the flow
as reverse and forward shocks, respectively. We emphasize that
oblique shocks, that are likely to form near the photosphere, are
also referred to here as reverse shocks, as their radiation escapes
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Figure 15. Same as Fig. 3, but for g10e0n5 (top left), g10e-1n5 (top right), and g10e-2n5 (bottom).

within the outflow, which in turn determines the relative importance
of each emission region. This is set by the nature of the central
engine as well as by the environment into which the outflow is
propagating. Moreover, our calculations are restricted to infinite,
steady shocks in planar geometry. While our analysis can describe
the shocks at regions well beneath the photosphere, it cannot ade-
quately address the breakout phase during which the photons diffuse
out from the system. One must take into account the drastic change
in the shock structure during breakout (Beloborodov 2017; Granot
et al. 2017) for a more accurate analysis of the released emission.
To that end, dynamical calculations must be performed which is
beyond the scope of this study. Nevertheless, we emphasize that our
steady-state simulations confirm that a broad, non-thermal spectrum
is an inherent feature of RRMSs which should also be present at

the breakout phase. Although more sophisticated computations are
necessary for a firm conclusion, we suggest that subphotospheric
shocks may provide a possible explanation for the non-thermal
shape in the observed prompt emission spectra of GRBs.

7 SU M M A RY A N D C O N C L U S I O N S

We performed Monte Carlo simulations of RRMSs for a broad
range of upstream conditions. Since photon generation is not in-
cluded in the current version of the code our results are applicable
only to photon-rich shocks, for which the shock is supported by
scattering of back streaming photons that were advected by the
upstream flow. To gain insight into the physical processes that
shape the structure and spectrum of the shock, the results of the

Gu = 10 ξu = 0.1 n = 105

Monte Carlo simulations of RRMSs 19

Figure 16. Same as Fig. 4, but for g10e0n5 (top left), g10e-1n5 (top right), and g10e-2n5 (bottom).

Figure 17. Enlarged view of four velocity and temperature profile around the weak subshock region for model g10e-1n5 and g10e-2n5.

simulations are compared with analytic results whenever possi-
ble. Our simulations confirm that the transition from photon-rich
to photon-starved regime occurs when the photon-to-baryon num-
ber ratio far upstream satisfies ñ ≃ (mp/me)γu, as expected from
an analytic comparison of the advection rate and the photon gen-
eration rate by the downstream plasma. At this critical value, the
downstream temperature approaches the saturation value, roughly
200 keV, at which it is regulated by vigorous pair creation (Budnik
et al. 2010). At sufficiently higher values of ñ, the downstream tem-
perature is much lower, pair loading is significantly reduced, and
the shock is supported by the advected photons.

We find that the deceleration of the bulk plasma occurs over a
scale of a few pair loaded Thomson depths, with only a weak de-
pendence on upstream conditions; the actual physical scale may be
much smaller in cases where vigorous pair production ensues. The
shock width increases, but only slightly, when the relative contri-
bution of high-energy photons, that are scattered in the KN regime,
becomes larger. This is in difference to photon-starved shocks
in which the shock width is essentially governed by KN effects
(Budnik et al. 2010; Granot et al. 2017).

We also find that in the photon-rich shocks we studied, the tem-
perature of the plasma is determined almost solely by the Compton
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to photon-starved regime occurs when the photon-to-baryon num-
ber ratio far upstream satisfies ñ ≃ (mp/me)γu, as expected from
an analytic comparison of the advection rate and the photon gen-
eration rate by the downstream plasma. At this critical value, the
downstream temperature approaches the saturation value, roughly
200 keV, at which it is regulated by vigorous pair creation (Budnik
et al. 2010). At sufficiently higher values of ñ, the downstream tem-
perature is much lower, pair loading is significantly reduced, and
the shock is supported by the advected photons.

We find that the deceleration of the bulk plasma occurs over a
scale of a few pair loaded Thomson depths, with only a weak de-
pendence on upstream conditions; the actual physical scale may be
much smaller in cases where vigorous pair production ensues. The
shock width increases, but only slightly, when the relative contri-
bution of high-energy photons, that are scattered in the KN regime,
becomes larger. This is in difference to photon-starved shocks
in which the shock width is essentially governed by KN effects
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We also find that in the photon-rich shocks we studied, the tem-
perature of the plasma is determined almost solely by the Compton
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within the outflow, which in turn determines the relative importance
of each emission region. This is set by the nature of the central
engine as well as by the environment into which the outflow is
propagating. Moreover, our calculations are restricted to infinite,
steady shocks in planar geometry. While our analysis can describe
the shocks at regions well beneath the photosphere, it cannot ade-
quately address the breakout phase during which the photons diffuse
out from the system. One must take into account the drastic change
in the shock structure during breakout (Beloborodov 2017; Granot
et al. 2017) for a more accurate analysis of the released emission.
To that end, dynamical calculations must be performed which is
beyond the scope of this study. Nevertheless, we emphasize that our
steady-state simulations confirm that a broad, non-thermal spectrum
is an inherent feature of RRMSs which should also be present at

the breakout phase. Although more sophisticated computations are
necessary for a firm conclusion, we suggest that subphotospheric
shocks may provide a possible explanation for the non-thermal
shape in the observed prompt emission spectra of GRBs.

7 SU M M A RY A N D C O N C L U S I O N S

We performed Monte Carlo simulations of RRMSs for a broad
range of upstream conditions. Since photon generation is not in-
cluded in the current version of the code our results are applicable
only to photon-rich shocks, for which the shock is supported by
scattering of back streaming photons that were advected by the
upstream flow. To gain insight into the physical processes that
shape the structure and spectrum of the shock, the results of the

Gu = 10 ξu = 0.1 n = 105

Monte Carlo simulations of RRMSs 19

Figure 16. Same as Fig. 4, but for g10e0n5 (top left), g10e-1n5 (top right), and g10e-2n5 (bottom).

Figure 17. Enlarged view of four velocity and temperature profile around the weak subshock region for model g10e-1n5 and g10e-2n5.

simulations are compared with analytic results whenever possi-
ble. Our simulations confirm that the transition from photon-rich
to photon-starved regime occurs when the photon-to-baryon num-
ber ratio far upstream satisfies ñ ≃ (mp/me)γu, as expected from
an analytic comparison of the advection rate and the photon gen-
eration rate by the downstream plasma. At this critical value, the
downstream temperature approaches the saturation value, roughly
200 keV, at which it is regulated by vigorous pair creation (Budnik
et al. 2010). At sufficiently higher values of ñ, the downstream tem-
perature is much lower, pair loading is significantly reduced, and
the shock is supported by the advected photons.

We find that the deceleration of the bulk plasma occurs over a
scale of a few pair loaded Thomson depths, with only a weak de-
pendence on upstream conditions; the actual physical scale may be
much smaller in cases where vigorous pair production ensues. The
shock width increases, but only slightly, when the relative contri-
bution of high-energy photons, that are scattered in the KN regime,
becomes larger. This is in difference to photon-starved shocks
in which the shock width is essentially governed by KN effects
(Budnik et al. 2010; Granot et al. 2017).

We also find that in the photon-rich shocks we studied, the tem-
perature of the plasma is determined almost solely by the Compton
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Figure 18. Same as Fig. 5, but for model g2e-1n5 (red), g4e-1n5 (blue),
and g10e-1n5 (magenta).

equilibrium throughout the shock, owing to the high photon-to-
baryon number ratio (ñ ≫ 1), with the exception of the immediate
downstream temperature of the subshock whenever it is present.
Apart from these common features, our simulations indicate that the
properties of the shock and its emission has a notable dependence
on the upstream parameters, ξ u∗, ñ, and γ u. Below we summarize
our main findings:

(i) When the energy density of the radiation far upstream largely
exceeds the rest mass energy density (ξ u∗ ≫ 1), the net increase in
the radiation energy across the shock is small. The dominance of the
radiation renders the Lorentz factor profile smooth and broad; any
attempt of steepening is readily smeared out by the large radiation
drag acting upon the plasma.

Since the plasma cannot affect much the radiation, the photon
distribution is well described by a Wien distribution with a temper-
ature that is equal to that of the local plasma temperature throughout
the shock. In our fiducial model with ñ = 105, the large value of
ξ u∗ renders the temperature high enough to induce significant pair
production. The resulting population of pairs in this case can be
well approximated by the Wien equilibrium.

Figure 19. Shock-frame, angle integrated spectra,
∫

νIνd$ dz, averaged over physical distance within a given interval %τ∗, for models g2e-1n5 (left) and
g2e-2n5 (right). The upper panels show spectra that were integrated over all directions. The middle panels display spectra that were integrated only over
photons that propagate towards the downstream (θ ≤ π/2), and the bottom panels over photons that propagate towards the upstream (θ > π/2). The different
colours correspond to the special domain over which each spectrum was computed, with red, green, blue, magenta, cyan, grey, and black corresponding to
−1 < τ ∗ < 1, −2 < τ ∗ < 2, −3 < τ ∗ < 3, −4 < τ ∗ < 4, −5 < τ ∗ < 5, −10 < τ ∗ < 10, and −15 < τ ∗ < 15, respectively. The scale on the vertical axis is
given in an arbitrary units. The absolute value can be determined once either nu or nγ , u are specified.

Dependence on Gu
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Figure 18. Same as Fig. 5, but for model g2e-1n5 (red), g4e-1n5 (blue),
and g10e-1n5 (magenta).

equilibrium throughout the shock, owing to the high photon-to-
baryon number ratio (ñ ≫ 1), with the exception of the immediate
downstream temperature of the subshock whenever it is present.
Apart from these common features, our simulations indicate that the
properties of the shock and its emission has a notable dependence
on the upstream parameters, ξ u∗, ñ, and γ u. Below we summarize
our main findings:

(i) When the energy density of the radiation far upstream largely
exceeds the rest mass energy density (ξ u∗ ≫ 1), the net increase in
the radiation energy across the shock is small. The dominance of the
radiation renders the Lorentz factor profile smooth and broad; any
attempt of steepening is readily smeared out by the large radiation
drag acting upon the plasma.

Since the plasma cannot affect much the radiation, the photon
distribution is well described by a Wien distribution with a temper-
ature that is equal to that of the local plasma temperature throughout
the shock. In our fiducial model with ñ = 105, the large value of
ξ u∗ renders the temperature high enough to induce significant pair
production. The resulting population of pairs in this case can be
well approximated by the Wien equilibrium.

Figure 19. Shock-frame, angle integrated spectra,
∫

νIνd$ dz, averaged over physical distance within a given interval %τ∗, for models g2e-1n5 (left) and
g2e-2n5 (right). The upper panels show spectra that were integrated over all directions. The middle panels display spectra that were integrated only over
photons that propagate towards the downstream (θ ≤ π/2), and the bottom panels over photons that propagate towards the upstream (θ > π/2). The different
colours correspond to the special domain over which each spectrum was computed, with red, green, blue, magenta, cyan, grey, and black corresponding to
−1 < τ ∗ < 1, −2 < τ ∗ < 2, −3 < τ ∗ < 3, −4 < τ ∗ < 4, −5 < τ ∗ < 5, −10 < τ ∗ < 10, and −15 < τ ∗ < 15, respectively. The scale on the vertical axis is
given in an arbitrary units. The absolute value can be determined once either nu or nγ , u are specified.
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Figure 18. Same as Fig. 5, but for model g2e-1n5 (red), g4e-1n5 (blue),
and g10e-1n5 (magenta).

equilibrium throughout the shock, owing to the high photon-to-
baryon number ratio (ñ ≫ 1), with the exception of the immediate
downstream temperature of the subshock whenever it is present.
Apart from these common features, our simulations indicate that the
properties of the shock and its emission has a notable dependence
on the upstream parameters, ξ u∗, ñ, and γ u. Below we summarize
our main findings:

(i) When the energy density of the radiation far upstream largely
exceeds the rest mass energy density (ξ u∗ ≫ 1), the net increase in
the radiation energy across the shock is small. The dominance of the
radiation renders the Lorentz factor profile smooth and broad; any
attempt of steepening is readily smeared out by the large radiation
drag acting upon the plasma.

Since the plasma cannot affect much the radiation, the photon
distribution is well described by a Wien distribution with a temper-
ature that is equal to that of the local plasma temperature throughout
the shock. In our fiducial model with ñ = 105, the large value of
ξ u∗ renders the temperature high enough to induce significant pair
production. The resulting population of pairs in this case can be
well approximated by the Wien equilibrium.

Figure 19. Shock-frame, angle integrated spectra,
∫

νIνd$ dz, averaged over physical distance within a given interval %τ∗, for models g2e-1n5 (left) and
g2e-2n5 (right). The upper panels show spectra that were integrated over all directions. The middle panels display spectra that were integrated only over
photons that propagate towards the downstream (θ ≤ π/2), and the bottom panels over photons that propagate towards the upstream (θ > π/2). The different
colours correspond to the special domain over which each spectrum was computed, with red, green, blue, magenta, cyan, grey, and black corresponding to
−1 < τ ∗ < 1, −2 < τ ∗ < 2, −3 < τ ∗ < 3, −4 < τ ∗ < 4, −5 < τ ∗ < 5, −10 < τ ∗ < 10, and −15 < τ ∗ < 15, respectively. The scale on the vertical axis is
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the shock. In our fiducial model with ñ = 105, the large value of
ξ u∗ renders the temperature high enough to induce significant pair
production. The resulting population of pairs in this case can be
well approximated by the Wien equilibrium.

Figure 19. Shock-frame, angle integrated spectra,
∫

νIνd$ dz, averaged over physical distance within a given interval %τ∗, for models g2e-1n5 (left) and
g2e-2n5 (right). The upper panels show spectra that were integrated over all directions. The middle panels display spectra that were integrated only over
photons that propagate towards the downstream (θ ≤ π/2), and the bottom panels over photons that propagate towards the upstream (θ > π/2). The different
colours correspond to the special domain over which each spectrum was computed, with red, green, blue, magenta, cyan, grey, and black corresponding to
−1 < τ ∗ < 1, −2 < τ ∗ < 2, −3 < τ ∗ < 3, −4 < τ ∗ < 4, −5 < τ ∗ < 5, −10 < τ ∗ < 10, and −15 < τ ∗ < 15, respectively. The scale on the vertical axis is
given in an arbitrary units. The absolute value can be determined once either nu or nγ , u are specified.
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Figure 18. Same as Fig. 5, but for model g2e-1n5 (red), g4e-1n5 (blue),
and g10e-1n5 (magenta).

equilibrium throughout the shock, owing to the high photon-to-
baryon number ratio (ñ ≫ 1), with the exception of the immediate
downstream temperature of the subshock whenever it is present.
Apart from these common features, our simulations indicate that the
properties of the shock and its emission has a notable dependence
on the upstream parameters, ξ u∗, ñ, and γ u. Below we summarize
our main findings:

(i) When the energy density of the radiation far upstream largely
exceeds the rest mass energy density (ξ u∗ ≫ 1), the net increase in
the radiation energy across the shock is small. The dominance of the
radiation renders the Lorentz factor profile smooth and broad; any
attempt of steepening is readily smeared out by the large radiation
drag acting upon the plasma.

Since the plasma cannot affect much the radiation, the photon
distribution is well described by a Wien distribution with a temper-
ature that is equal to that of the local plasma temperature throughout
the shock. In our fiducial model with ñ = 105, the large value of
ξ u∗ renders the temperature high enough to induce significant pair
production. The resulting population of pairs in this case can be
well approximated by the Wien equilibrium.

Figure 19. Shock-frame, angle integrated spectra,
∫

νIνd$ dz, averaged over physical distance within a given interval %τ∗, for models g2e-1n5 (left) and
g2e-2n5 (right). The upper panels show spectra that were integrated over all directions. The middle panels display spectra that were integrated only over
photons that propagate towards the downstream (θ ≤ π/2), and the bottom panels over photons that propagate towards the upstream (θ > π/2). The different
colours correspond to the special domain over which each spectrum was computed, with red, green, blue, magenta, cyan, grey, and black corresponding to
−1 < τ ∗ < 1, −2 < τ ∗ < 2, −3 < τ ∗ < 3, −4 < τ ∗ < 4, −5 < τ ∗ < 5, −10 < τ ∗ < 10, and −15 < τ ∗ < 15, respectively. The scale on the vertical axis is
given in an arbitrary units. The absolute value can be determined once either nu or nγ , u are specified.
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Fig. 9.— Snapshot of a shock propagating in the flow with up-
stream radiation enthalpy wu = 0.1 and upstream magnetization
�u = 0 (upper panel) or 0.1 (lower panel). The shock is propagat-
ing to the left and the Thomson optical depth ⌧T is measured from
the site of shock formation (caustic of the initial supersonic wave).
The solid curves show the profiles of momentum p = �� and proper
density ⇢̃ (normalized to the upstream proper density ⇢̃u). A strong
subshock has formed in the magnetized case; it is highlighted by
the grey strip. The subshock is resolved (not a discontinuous jump)
due to a finite viscosity employed in the simulation of plasma dy-
namics; the small subshock thickness �⌧T ⇡ 0.2 is controlled by
viscosity. Radiation is everywhere simulated directly as a large
collection of individual photons whose propagation and scattering
is followed using the Monte-Carlo technique. The photon spectra
measured at three locations (indicated as sp1, sp2, sp3) are shown
in Figure 10.

perature to quickly return to the Compton equilibrium
with the local radiation field. Subshock cooling is accom-
panied by additional processes that will be discussed in
Section 6 below.
The Monte-Carlo simulation provides photon statistics

that show how the radiation spectrum evolves across the
shock front. Figure 10 shows this evolution in the sim-
pler case of � = 0 where there is no subshock and no
synchrotron emission. Then the spectrum is shaped by
the bulk Comptonization e↵ect, which was discussed pre-
viously (Blandford & Payne 1981; Levinson & Bromberg
2008): a fraction of photons cross the shock back and

Fig. 10.— Photon spectrum dN/d lnE at three locations in
Model A: upstream (black), in the middle of the shock (red), and
downstream (blue); the three locations are indicated in Figure 9.
Everywhere photon energy E is measured relative to the down-
stream frame. The overall scale on the vertical axis is arbitrary (it
was chosen to reflect the photon number per energy bin used to
construct the histogram). The shock has the upstream radiation
enthalpy wu = 0.1, magnetization � = 0, and amplitude p0 = 1.6.
The snapshot of the simulation is taken at the same time as in
Figure 9. The shock structure is nearly steady by this time, and
the high-energy spectrum inside the RMS approaches saturation.
The high-energy component seen in the upstream spectrum (the
gamma-ray precursor) weakens with distance from the shock. The
downstream spectrum is relaxing toward Compton equilibrium and
reaches the Wien shape further downstream.

forth multiple times, with the energy boost ⇠ �
2
0 in ev-

ery cycle, similar to Fermi di↵usive acceleration. As a re-
sult, the photon spectrum extends somewhat above mec

2

in the fluid frame. Further energy growth is hindered
by downscattering due to the strong electron recoil (and
also by photon conversion to e

± pairs, see below). At
large optical depths downstream of the shock, the mul-
tiple downscattering of high-energy photons drives the
spectrum toward a Wien shape in Compton equilibrium
with the electrons.

5.2. Pair creation

Let us consider the weakly magnetized RMS, with no
collisionless subshock. The ability of bulk Comptoniza-
tion to generate photons with energies E > mec

2 =
511 keV in the fluid frame implies a significant rate of e±

pair creation due to reaction � + � ! e
+ + e

�. This re-
action was not included in our Monte-Carlo simulations,
and below we discuss its e↵ect on the RMS structure.
The rate of pair creation can be estimated by noting

that the absorbed MeV photons are replenished with rate
⇠ n1/t1 where n1 = dn�/d lnE at E = mec

2 and t1 ⇠

(3 � 10)`ph/c is the time it takes a 0.5-MeV photon to
double its energy through bulk Comptonization. The
radiation spectrum inside the RMS shows n1 ⇠ 10�2

n� ,
where n� is the total photon density. Therefore, one can

Certain fraction of DS 
energy is contained in 
compressed B-field

Subshock is formed

2 Lundman & Beloborodov

the Compton temperature. This o↵ers a mechanism for
photon production inside the RMS.

The purpose of this paper is to examine the subshock
synchrotron emission and assess under what conditions it
becomes important. We find that a key parameter con-
trolling photon production is the dimensionless momen-
tum of the upstream motion relative to the downstream,
�r�r. The importance of this parameter stems from the
fact that it controls the multiplicity of e± pair creation
in the RMS (LBV17; see also B17 and Ito et al. 2017).

RMSs with �r�r >⇠ 1 inevitably energize a fraction
of photons to energies above the electron rest mass
mec2, and the RMS develops a huge e±-to-proton ra-
tio, Z± ⌘ n±/np >⇠ 102. This results in a relatively low
thermal electron Lorentz factor behind the subshock, re-
ducing the e�ciency of synchrotron photon production.
In contrast, mildly relativistic RMSs (�r�r <⇠ 1) do not
scatter photons to energies above mec2. Then inverse
Compton (IC) photons from the hot subshock create e±

pairs. This gives a smaller Z± and much more e�cient
production of synchrotron photons.

The paper is organized as follows. In Section 2 we pro-
vide a concise, qualitative description of the RMS and
subshock structure. The subshock synchrotron source is
considered in detail in Section 3, and in Section 4 we
examine absorption of the synchrotron photons in the
cooler plasma outside the subshock region. In Section 5,
we estimate the number of surviving synchrotron pho-
tons that populate the RMS. In Section 6 we apply the
results to GRB shocks. Our conclusions are summarized
in Section 7.

2. QUALITATIVE DESCRIPTION OF THE RMS

Consider a shock that propagates in an optically thick
magnetized plasma. Such shocks will develop a colli-
sionless subshock (B17). The presence of the subshock
can be qualitatively understood as follows. The down-
stream energy densities of radiation and magnetic field
are determined by the shock jump conditions. The hot
downstream photons di↵use into the upstream, attempt-
ing to decelerate the incoming upstream as they scatter.
However, photons carry only a fraction of the total down-
stream energy density (the energy is partially stored in
the compressed magnetic field), and therefore they can
only partially decelerate the incoming upstream flow. A
collisionless subshock must develop close to the down-
stream side of the RMS in order to dissipate the remain-
ing incoming kinetic energy.

A schematic view of the flow profile is shown in Fig-
ure 1. The RMS has a width of at least a few scattering
mean free paths. The subshock width is microscopic in
comparison. It is comparable to the proton Larmor ra-
dius, which is many order of magnitudes smaller than
the photon scattering mean free path. The plasma par-
ticles are impulsively heated by the subshock. Magnetic
fields frozen in expanding flows are expected to become
transverse to the flow velocity and parallel to internal
shocks. Then Fermi acceleration of particles is ine�cient
and they form quasi-Maxwellian distribution. The elec-
tron component typically obtains a fraction 0.3 � 0.5 of
the dissipated (subshock) energy (Sironi & Spitkovsky
2011).1 Behind the subshock the heated e± will quickly

1 Collisionless shocks in electron-ion plasma loaded with copious

Figure 1. A schematic view of the shock structure. The flow
moves from left to right. The gray line shows the (dimensionless)
momentum �� relative to the downstream frame. It equals �r�r
far upstream and decreases inside the RMS. The subshock is lo-
cated in the immediate RMS downstream and indicated by the
discontinous jump in ��. The red line shows the electron (or pair)
temperature ✓ = kT/mec2. The hot electrons cool by IC scatter-
ings and synchrotron emission, and can act as a photon source for
the RMS. The electrons cool until they reach the Compton tem-
perature ✓C of the local radiation field; ✓C is shown by the blue
line. The width of the cooling region indicated by the red line is
much smaller than the RMS width.

radiate their energy due to inverse Compton and syn-
chrotron emission.

We will refer to the high-temperature region of the
flow behind the subshock as the “cooling region” or the
“source.” Synchrotron photons supplied by the source
can participate in mediating the RMS and increase their
energies via bulk Comptonization by the plasma with the
velocity profile shown in Figure 1.

The synchrotron spectrum emitted by the subshock is
essentially that expected from a fast-cooling thermal e±

population. A few important characteristic frequencies
can be identified. The frequency

⌫0 ⇡ �2
0⌫B , ⌫B ⌘ eB

2⇡mec
, (1)

corresponds to the (thermal) electron Lorentz factor �0
just behind the subshock. Here e is the electron charge,
B is the magnetic field strength, me is the electron rest
mass and c is the speed of light. The synchrotron emis-
sion will become self-absorbed at some frequency ⌫bb.
We refer to the partially self-absorbed synchrotron spec-
trum emitted from the cooling region as the “source spec-
trum.”

Figure 2 highlights the most relevant properties of the
source region and its surroundings. The source spec-
trum is emitted into the surrounding plasma (blue re-
gion in Figure 2), which is locked to the local Comp-
ton temperature of the RMS radiation. The synchrotron
photons have low energies, and only a fraction of them
may be able to avoid free-free absorption in the blue re-
gion. The synchrotron radiation has a high brightness
temperature, and therefore experiences induced down-
scattering (discussed in more detail in Section 4.2). The
downscattered photons are inevitably absorbed by the
plasma. The competition between absorption and bulk
Comptonization in the RMS defines an e↵ective absorp-

e± pairs have not been studied in detail yet; we will assume that in
this case the e± receive a similar large fraction of the shock energy.
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Table 1
Equilibrium Values of x+, Balancing the Pair Production and

Annihilation Rates at Different Temperatures

T̂ xanalytic xnum

0.3 550 425
0.5 541 500
0.8 421 421
1.5 259 266
10 43 43

4.3.2. Pair Quasi-equilibrium for Given T

This test checks the numerical description of the (integral)
pair production and annihilation. We use a setup with a given
Wien spectrum of the radiation field,

Iν̂(µ) ∝ ν̂2e−ν̂/T̂ . (71)

For a given T̂ , we find the equilibrium value of x+ = n+/np

for which the positron production and annihilation rates cancel
each other analytically and numerically. A comparison between
the two values obtained is given in Table 1 for different
temperatures.

Note that x+ does not necessarily grow with T̂ , since we use
different densities n for convenience. We obtain an accuracy of a
few % except for very low temperature, where higher resolution
is needed in order to account for the exponential cutoff near
ν̂ = 1. The resolution used here is νn+1/νn = 1.4, Nµ = 12.

5. NUMERICAL RESULTS

In this section, we present the numerical results, solving
Equations (14)–(18) self-consistently for different values of the
US Lorentz factor Γu. We divide the presentation of the results
into two parts: the structure (Section 5.1) and the radiation
spectrum (Section 5.2). The structure is the spatial distribution
of integral parameters such as temperature, velocity (or Lorentz
factor), pair density, and radiation pressure. The spectrum is the
distribution of radiation intensity at different angles and photon
energies (at given locations across the shock), measured in a
specific reference frame. Two important frames of reference
are the shock frame, in which the solution is a steady state
solution, and the local rest frame of the plasma, which is useful
for understanding the interaction between the radiation and the
plasma.

5.1. Structure

The values of Γβ, T̂ and x+ for Γu = 6, 10, 20, and 30 are
shown in Figures 6–11 as functions of the Thomson optical depth
for US-going photons τ∗ (defined in Equation (27)) or τ∗/Γu.
Figures zoomed on the DS region (τ∗ ! 0) are separately given.
The results are calculated for nu = 1015 cm−3, over regimes
where bremsstrahlung absorption is negligible (i.e., they are in
the low density limit, see Section 2.3.5).

The shock profiles can be divided to four regions.

1. Far upstream. The velocity is constant, while the radiation
intensity and positron fraction grow exponentially until they
hold a significant fraction of the energy and momentum of
the flow.

2. The velocity transition. Here, the flow decelerates consid-
erably, reaching a velocity close to the DS velocity. For
RRMS, this regime is bound by a subshock.
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Figure 6. Relativistic velocity of the flow Γβ vs. τ∗/Γu for different values of
Γu, from the US to the subshock (τ∗ = 0).
(A color version of this figure is available in the online journal.)
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Figure 7. Relativistic velocity of the flow Γβ vs. τ∗ for different values of Γu,
around the subshock (τ∗ = 0). Note that the last mean free path on the right-
hand side is influenced by the boundary conditions, however the flow near the
subshock is not affected by this boundary condition.
(A color version of this figure is available in the online journal.)

3. Immediate downstream. In the first β−1
d optical depths

behind the velocity transition the flow approximately stays
at constant velocity, while the plasma and radiation are
in CE. A gradual cooling by bremsstrahlung emission
and inverse Compton scattering takes place. This region
produces the radiation that diffuses US and decelerates the
incoming plasma.

4. Far downstream. Further than approximately β−1
d optical

depths into the DS, from where most photons cannot diffuse
US. From this point on, a slow thermalization takes place
accompanied by a slow decline in the plasma temperature
and photon energies, ending when the temperature reaches
the DS temperature. The decline in temperature leads
first to a decrease in positron number, until the pair
density becomes negligible compared to that of the original
electrons (x+ < 1) at T ∼ 50 keV. Then the thermalization
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Figure 8. Normalized temperature T̂ vs. τ∗/Γu for different values of Γu, from
the US to the subshock.
(A color version of this figure is available in the online journal.)
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Figure 9. Normalized temperature T̂ vs. τ∗ for different values of Γu, around the
subshock (note that the last mean free path on the right-hand side is influenced
by the boundary conditions).
(A color version of this figure is available in the online journal.)

continues until bremsstrahlung absorption takes over and
thermal radiation at equilibrium is established.

We do not solve the equations in the fourth region since the
solution there is straightforward (the radiation is isotropic and
in equilibrium with the plasma). Also, note that since the far DS
is supersonic, a second sonic point is expected in RRMS. This,
however, is a stable point with no special physical significance.

Figures 6 and 7 show, for different values of Γu, the structure
of the relativistic velocity Γβ across the shock. It can be seen that
the deceleration length in units of τ∗ is much larger than unity
and grows with Γu in a manner faster than linear. A subshock is
obtained at the sonic point, with a discontinuous deceleration of
δ(Γβ) ∼ 0.1. Behind the subshock, the velocity approaches its
far DS value in a few Thomson optical depths. The last optical
depth is affected by the boundary conditions imposed on the
right-hand side. This effect will be discussed in Section 5.4.2.

Figures 8 and 9 show, for different values of Γu, the structure
of the temperature T̂ across the shock. The far US shows an
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Figure 10. Positron to proton ratio x+ vs. τ∗/Γu for different values of Γu, from
the US to the subshock.
(A color version of this figure is available in the online journal.)
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Figure 11. Positron to proton ratio x+ vs. τ∗ for different values of Γu, around
the subshock.
(A color version of this figure is available in the online journal.)

exponential growth of T̂ as a function of τ∗. The temperature
then saturates at a maximum which is approximately linear in Γu,
and then decreases toward the subshock. Behind the subshock
the temperature jumps, reaching a value of T̂jump ∼ 0.5, which
grows with Γu, and then cools with a typical distance of a few
Thomson optical depths (τ∗).

Figures 10 and 11 show, for different values of Γu, the
structure of the positron to proton number ratio, x+, across the
shock. The growth of x+ as a function of τ∗ when approaching the
subshock is super exponential, and its value reaches a maximum
a few optical depths behind the subshock. The maximal value is
approximately linear in Γu (see Figure 12). Figure 13shows x+T̂
across the shock, which represents the pressure of the positrons
and their relative importance in setting the speed of sound in the
plasma, compared to the protons. The value of x+T̂ goes above
a few hundreds at the subshock for Γu ! 6.

Figure 14 shows the ratio of thermal energy flux carried
by electrons and positrons to the radiation energy flux, Fsh,
versus Γβ/(Γuβu). The energy flux (“taken” from the protons)
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continues until bremsstrahlung absorption takes over and
thermal radiation at equilibrium is established.

We do not solve the equations in the fourth region since the
solution there is straightforward (the radiation is isotropic and
in equilibrium with the plasma). Also, note that since the far DS
is supersonic, a second sonic point is expected in RRMS. This,
however, is a stable point with no special physical significance.

Figures 6 and 7 show, for different values of Γu, the structure
of the relativistic velocity Γβ across the shock. It can be seen that
the deceleration length in units of τ∗ is much larger than unity
and grows with Γu in a manner faster than linear. A subshock is
obtained at the sonic point, with a discontinuous deceleration of
δ(Γβ) ∼ 0.1. Behind the subshock, the velocity approaches its
far DS value in a few Thomson optical depths. The last optical
depth is affected by the boundary conditions imposed on the
right-hand side. This effect will be discussed in Section 5.4.2.

Figures 8 and 9 show, for different values of Γu, the structure
of the temperature T̂ across the shock. The far US shows an

−60 −50 −40 −30 −20 −10 0
10

−2

10
−1

10
0

10
1

10
2

10
3

τ
*
/Γ

u

x +

Γ
u
=6

Γ
u
=10

Γ
u
=20

Γ
u
=30

Figure 10. Positron to proton ratio x+ vs. τ∗/Γu for different values of Γu, from
the US to the subshock.
(A color version of this figure is available in the online journal.)
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Figure 11. Positron to proton ratio x+ vs. τ∗ for different values of Γu, around
the subshock.
(A color version of this figure is available in the online journal.)

exponential growth of T̂ as a function of τ∗. The temperature
then saturates at a maximum which is approximately linear in Γu,
and then decreases toward the subshock. Behind the subshock
the temperature jumps, reaching a value of T̂jump ∼ 0.5, which
grows with Γu, and then cools with a typical distance of a few
Thomson optical depths (τ∗).

Figures 10 and 11 show, for different values of Γu, the
structure of the positron to proton number ratio, x+, across the
shock. The growth of x+ as a function of τ∗ when approaching the
subshock is super exponential, and its value reaches a maximum
a few optical depths behind the subshock. The maximal value is
approximately linear in Γu (see Figure 12). Figure 13shows x+T̂
across the shock, which represents the pressure of the positrons
and their relative importance in setting the speed of sound in the
plasma, compared to the protons. The value of x+T̂ goes above
a few hundreds at the subshock for Γu ! 6.

Figure 14 shows the ratio of thermal energy flux carried
by electrons and positrons to the radiation energy flux, Fsh,
versus Γβ/(Γuβu). The energy flux (“taken” from the protons)

Budnik + 2010 

DS temperature is regulated to � 200 keV
for Gu >> 1 due to vigorous pair production

Subshock is stronger

subshockz



Photon Starved regime
Comparison with Budnik + 2010 
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Spectrum inside the shock
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Peak position is fixed at ~ 3 kTd ~ 600 keV for Gu >> 1

Notable difference in the high energy spectrum
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� As in the previous studies we find the deceleration length to 

be Δt ~ 1

Summary
Self consistent simulation of RRMS is performed

Future work

� Strong anisotropy develops near the shock and give rise to 

highly non-thermal spectrum and copious pair production

� Necessity of subshock at certain regime

�Implementation of magnetic fields 

� Possible origin of Band spectrum 

� Broad agreement with Budnik + 2010 is obtained for photon 

starved regime, but there is also notable difference

�photon escape calculation at photon starved regime 


