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Radiation Mediated Shocks (RMS)

Scattered

' photons
! >

Upstream U,

Radiation dominated fluid

Shock transition downstream U ;

mediated by Compton scattering

* downstream energy dominated by radiation

= upstream plasma approaching the shock is decelerated by
scattering of counter streaming photons




Under which conditions a RMS forms ?

- Radiation dominance downstream: aTC;L > ngkT,

- Jump conditions : n,m,c?p2 ~ aTy;/3

—4 nu 1/6
= B, > 10 (1015 Cm_B)

taif = TL/c But requires photon trapping:
Ccross = L/U tdiff > leross =2 T > 1/,Bu

shock width: At~ 1/8,, (may be altered by PP and KN)




Why is it interesting?

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

> 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~ 1/[,

- From edge of stellar envelop (SNe).
- From a stellar wind (SNe, LLGRRB)
- From a moving ejecta (6RBs, NS mergers)



Collisionless shocks .vs. RMS

collisionless * Scale: c/w, ~ 1(n45)"2cm, clog~ 3¢(Bg)! cm

Plasma turbulence
L=

* can accelerate particles to non-thermal energies.

1

Upstream E
u

=5l

;

! downstream J

Shock transition mediated by
collective plasma processes

RMS e scale: (ornBs)!T ~10%n,5"cm

Scattered photons . . .
P * microphysics is fully understood

% * cannot accelerate particles

Radiation dominated fluid (important implications for HE

| downstream 11, neutrino production)

Shock transition mediated by
Compton scattering

Upstream uu




Photon source: two regimes

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

Photon rich shocks: photon advection by
upstream fluid (6RBs)

Photon advection

Upstream U _

downstream U ;

Phdton production - ff




Non-relativistic .vs. Relativistic

Non-relativistic RMS

- small energy gain: Ag/e<<1
e diffusion approximation holds.

Relativistic RMS (RRMYS)

e photon distribution is anisotropic
 energy gain large: Ae/e >1

optical depth depends on angle: t o (1-3 cos0)
e copious pair production




Self-consistent numerical calculation of RRMS

Photon Rich regime : photons advected from the upstream is dominant

Levinson & Bromberg (2008)
Energy integrated intensity, Klein-Nishina effect, pair production neglected
Beloborodov (2017)

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

Lundman et al. (2018)
Full radiation transfer, pair production effect included,
some approximation is given on the temperature calculation

lto 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 <[ <30

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



Self-consistent numerical calculation of RRMS

Photon Rich regime : photons advected from the upstream is dominant

Ito et al. (2018) Infinite shock

Full radiation transfer with pair production, no optimistic approximation
wide range of upstream condition is covered
2<T,<10, 0.01<¢§, <10, 103<n<10°

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

structure, spectra, application to GRBs

Photon Starved regime : photons produced in the downstream is dominant

Ito etal. in prep ll ., [nfinite shock

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




Self-consistent numerical calculation of RRMS

Photon Rich regime : photons advected from the upstream is dominant

Ito et al. (2018) Infinite shock

Full radiation transfer with pair production, no optimistic approximation
wide range of upstream condition is covered
2<T,<10, 0.01<¢§, <10, 103<n<10°

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

structure, spectra, application to GRBs
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GRBs: sub-photospheric shocks
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r (cm)

8e+09 |-
4e+09
-4e+09
-8e+09 M'izuta & loka 2013
0 2e+10 4e+10 100109 1(;10
z (cm) z (cm) @ r=0 cm
RRMS naturally develops within jet
4 Condition for RMS to form Weaver 1976 )

- Optically thick (t>>1)
. : : always satisfied for GRB fireball at
propagation velomty L/6 subphotospheric region
,Bs > 4 x l() n, / (e.g., Bromberg + 2011)

\ n = 10%n;5 cm™ /




RRMS in GRB fireball

Hot upstream (n, /n,~ 104 -10° >>1)

Thermalization depth Ly~ po e

Photon generation: Bremst. + double Compton Oy ett

Free-free: tv'4= 10°Ax" (ny5) Y8y, 34

Double Compton: t'p= 106 Aps! (n,5) 12y, !
Thermalization length >> shock width (1~few)

Photon advection dominant (Photon Rich)

(Photon generation and absorption can be neglected)

Levinson 2012
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Method-Model

01k unmodified

modified
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. deviation from

modified

J?y state
L — \lt
2 3 4 5 6 7 8
T= Ilu O X

Assumption

-advection dominated

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

Give plasma profile (n,T,I")

|

Solve radiation transfer using
Monte-Carlo Method

|

Evaluate the deviation from
steady profile

Iterate until convergence

|

Noeqpas)

Al _ _ - pair production/annihilation included
(emission, absorption neglected. only scattering) .tnermal distribution at far up stream

electron has Maxwellian distribution

r,=2-10



Parameters

I, . Lorentz factor of shock
n = n,, / n,: photon to baryon number ratio
&u =3nph ks Ty / npmyc?  : photon to baryon inertia ratio
@ far upstream region

Dependences on :
N S

() 7
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Parameters

I, . Lorentz factor of shock
n = n,, / n,: photon to baryon number ratio
&u =3nph ks Ty / npmyc?  : photon to baryon inertia ratio
@ far upstream region

Dependences on :

(1) &
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Dependence on ¢,

-12 -10 -8 -6 -4 -2 0 2 4
1= J T (n+ni) c dz




Parameters

I, : Lorentz factor of shock
n =n,, / n,: photon to baryon number ratio
§u =3npn ks Ty / nymyc? @ photon to baryon inertia ratio
@ far upstream region

Dependences on :

(I n
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from kinetic energy to radiation
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* Reasonable range of parameter, photon generation cannot be neglected
=> subshock may disappear or be significantly weaker



Dependence on n
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Parameters

I, . Lorentz factor of shock
n = n,, / n,: photon to baryon number ratio
&u =3nph ks Ty / npmyc?  : photon to baryon inertia ratio
@ far upstream region

Dependences on :
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Dependence on T,
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Simulation with escape

Tu = infinite

Tu=3

Tu=2

.

Tu =1 (~30% escape)
Tu = 0.5 (~50% escape)

i As Escape fraction
| Increases

Compression ratio
Increases

Subshock appears

HI + in prep,



Escaped Spectrum

Tu=1 (~30% escape) —————— Infinite shock @ =1
Tu = 0.5 (~50% escape) Infinite shock @ © = 0.5
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Broad non-thermal spectrum appears
Small difference from the infinite shock at same position

Infinite shock is a good approximation for
the breakout emission

HI + in prep,



Spacially averaged spectra
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Highly non—thermal spectra appears near the shock




Spacially averaged spectra
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Effects of magnetic field
Beloborodov 2017

2_ I IIIII T T T T II_

p=78 5 Certain fraction of DS
] energy is contained in
compressed B-field

» Subshock is formed

t | 1 1 I
64 62 60 58 56

Lundman et al. 2018

B |
N Synchrotron emission at
oy subshock can be an
important source of photons




Self-consistent numerical calculation of RRMS

Photon Starved regime : photons produced in the downstream is dominant

Itoetal.inprepll ., Infinite shock
Full radiation transfer with pair production,

free-free emission + absorgtion, no oEtimistic aEEroximation
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Photon Starved regime

Comparison with Budnik + 2010
US region
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Photon Starved regime
Comparison with Budnik + 2010
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Photon Starved regime
Comparison with Budnik + 2010

Spectrum 1nside the shock

1| Budnik + 2010

10

102 10"  10° 10" 10° 10° 10*

hv/(mgc?)

Peak position is fixed at ~ 3 kT, ~ 600 keV for I, >> 1

Notable difference in the high energy spectrum



I'p

T (keV)

n,/n

0.6 ¢
0.5 ¢
0.4
0.3
0.2 t
0.1 ¢

10

1L

0.1

10 ¢
1t

0.1 ¢

100 ¢

Photon Starved regime

B,=0.5 n,=10"%cm3 N=10

10% 10° 108 107

hv (eV)

Spectrum of NS-NS
merger breakout ?

-25

20 -15 -10 -5 0 5 10
t-=/ T (n+n,) o dx




Summary

Self consistent simulation of RRMS is performed

— As in the previous studies we find the deceleration length to
be At ~ 1

— Strong anisotropy develops near the shock and give rise to
highly non-thermal spectrum and copious pair production

— Necessity of subshock at certain regime
— Possible origin of Band spectrum

— Broad agreement with Budnik + 2010 is obtained for photon
starved regime, but there is also notable difference

Future work

photon escape calculation at photon starved regime
-Implementation of magnetic fields



