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Plan of this talk

= Introduction
* Brief overview of Radiation Mediated Shocks (RMS)

* Photon rich and Photon starved regime

* Non-relativistic, Relativistic RMS (RRMS)

= First principle calculation
* Calculation method
* Steady state solution of RRMS in photon starved regime

* Application and Implication to shock breakout phenomena

= Summary
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Radiation Mediated Shocks (RMS)

Scattered

 photons
L —»

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
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Under which conditions a RMS forms ?

- Radiation dominance downstream: aT; > ngkTy

- Jump conditions: n,m,c?Bg = aT;/3

But requires photon trapping:

torocs = L/ Laiff = teross = T 2 1/6y

Sh() Ck Wldth AT"’ 1/ﬁu (may altered by pair production and Klein-Nishina effect

for relativistic shocks)
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Why 1s 1t interesting ?

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

Examples: shock breakout in SNe, LLGRB, etc
sub-photospheric shocks in GRBs
NS-NS mergers
accretion flows



Shock breakout

 Transition from RMS to collisionless shock

- Breakout signal depends on structure of RMS

~ 1 (may altered by pair production and Klein-Nishina effect
T / ﬁu for relativistic shocks)

Breakout when

- From edge of stellar envelop (SNe)
- From a stellar wind (SNe, LLGRB)
- From a moving ejecta (NS mergers)

- From a jet (GRB)



Collisionless shocks .vs. RMS

collisionless * Scale: ¢/o, ~ 1(n45) "2 cm, c/wg~ 3e(Bg)' cm

Plasma turbulence

* can accelerate particles to non-thermal energies.

Upstream
u

1

|

|

|
—»!
1

|

|

! ! downstream J

Shock transition mediated by
collective plasma processes

RMS e scale: (ornPs)! ~109n5Tcm
Scattered photons

* microphysics is fully understood

* cannot accelerate particles
(important implications for HE
neutrino production)

Upstream uu

downstream g

Shock transition mediated by
Compton scattering



Photon source: two regimes

-Photon starved shocks:
Photon production Inside the shock (SNe, LLGRB, BNS merger)

- Photon rich shocks:
Photon advection from upstream (sub-photospheric shock in GRB, BNS merger ?)

Photon advection

Upstream 1/
—» downstream U

Photon production - ff




Photon source: two regimes

-Photon starved shocks:
Photon production Inside the shock (SNe, LLGRB, BNS merger)

| Today'’s talk
-Photon rich shocks:

Photon advection from upstream (sub-photospheric shock in GRB, BNS merger ?)

Photon advection

Upstream 1/
—» downstream U

Photon production - ff
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Shock velocity: three regimes
(2) Fast Newtonian shocks 0.5> 3, >~0.05

| . . |
Upstream | Deceleration : Immediate | Thermalization : Far
| region | downstream |Iayer | downstream
(1) Slow shocks . . . . !
- ' 'ﬂ-n . |
<~0.05 JiCaEeas | |
~ | ~ | |
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(3) Relativistic shocks f,>0.5

Upstream : Deceleration : Immediate :Thermalization : Far
~ C/Vu T | region | downstream  Iayer | downstream
[, I I I I
[ | [
| | [ [
[ | [ [
fcr :shock crossing time r ! ! ! |
. . . I I | I
{th :thermalization time : ! S =T
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for review see : Subshock : : :
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Shock velocity: three regimes
(2) Fast Newtonian shocks 0.5> 3, >~0.05

(1) Slow shocks
Pu<~0.00 t, >ty
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Upstream | Deceleration downstream
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(3) Relativistic shocks f,>0.5
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Non-relativistic .vs. Relativistic

Non-relativistic RMS

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

Relativistic RMS (RRMS)

* photon distribution is anisotropic

* energy gain large: Ae/e >1
optical depth depends on angle: T o (1—3 cos9)
* copious pair production
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Self-consistent calculation which incorporates radiation transfer

Photon Rich regime
Levinson & Bromberg (2008)

Energy integrated intensity, Klein-Nishina effect, pair production neglected

Beloborodov (2017)
Full radiation transfer, effects of magnetic field, dynamical simulation pair production neglected
Lundman, Beloborodov, & Vurm (2018)
Full radiation transfer, pair production effect, dynamical simulation = some approximation in temperature calculation ?

HI, Levinson, Stern & Nagataki (2018)

Full radiation transfer with pair production, no optimistic approximation steady state

Lundman & Beloborodov (2020)

Dynamical simulation of shock breakout in photon rich merger ejecta  no pair production (found to be negligible)

Photon Starved regime
Budnik, Katz, Sagiv, & Waxman (2010)

Full radiation transfer with pair production and bremsstrahlung emission/absorption
steady state, some optimistic approximation on cross sections, limited to relativistic Iimit 6 <I" < 30

HI, Levinson & Nagataki (2020)

Full radiation transfer with pair production and bremsstrahlung emission/absorption, broad range in velocity 0.1 <T'§ < 20
steady state

HI, Levinson & Nakar (2020)

Full radiation transfer with pair production and bremsstrahlung emission/absorption, Effect of energy escape is included
steady state, limited to fast Newtonian regime 14
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steady state, limited to fast Newtonian regime 15
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Plan of this talk

= First principle calculation
* Calculation method
* Steady state solution of RRMS in photon starved regime

* Application and Implication to shock breakout phenomena
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B

Numerical Method

Give plasma profile (n,T,I)
1F
- !
| Solve radiation transfer using Monte-Carlo Method 5
0.1 L unmodified __ =
- modiﬁed . . | | : ~
unmodified —— | | | ' l

= modified | o _
E Evaluate deviation from energy-momentum conservation
S Iterate until convergence is achieved

Microphysics Assumptions
+ Compton scattering with full Klein-Nishina - electrons/positron and proton are single fluid with same
cross section temperature

. free-free emission & absorption - electron/positrons have Maxwell distribution

_ _ _ May breakdown near the subshock and when numerous pairs are
» pair production & absorption present (Levinson 2020)
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infinite RRMS

(photons are completely trapped)

JF-T7AX
37 HE1ER

Y

Ty =~ 1
(no photon escape from US boundary)

HI, Levinson, Nagataki 2020 (MNRAS, 492, 2902)
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infinite RRMS

(photons are completely trapped)
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Shock velocity

measured in upstream rest frame

pair unloaded optical depth of shock upstream
at which shock breakout commences
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Comparison with Budnik et al. 2020

20
18 |
16 |
14 |
12 |
=10

This study ———

Budnik et al.

45 40 -35 -30 25 -20 -15 -10 -5 O
r,' [T (1+B)(n+n,) o; dx

S NN ~ OO 0
e I

Broad agreement is obtained with the previous simulation
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kT (keV) g

n./n

Comparison with Budnik et al. 2020 @ immediate downstream os)

This study
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due to vigorous pair production
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(~few % of shock energy 1s dissipated)
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(eu,|ab C)_1 fVIV dQ

Spectrum at immediate DS

1073 ]

10"

102 10° 10* 10° 10° 10" 10%® 10°

hv(eV)
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- Peak energy is regulated at

~3kTq~ 600 keV forI'y>> 1

- Prominent non-thermal tail due to

bulk Comptonization for I'y>> 1

- Substantially softer than Wien or

Blackbody below the peak f, «~ v0

quasi-saturated Compton



Implication to low-luminosity GRB 060218

Possible origin: Shock breakout from an extended envelope driven by choked jet

Kulkarni et al. 1998, Campana et al. 2006; Waxman, Mesz "~ aros & Campana ~ 2007; Li 2007; Nakar 2015

Emery et al. 2019 argues shock

107>

breakout model is challenged by the

- | “‘f‘ﬁ;\‘ 650s | soft spectral shape in UV/Optical

A_HII IIIIIIIIl lllllll lllllllll L 111 llllllll lllllllll |
-

— — 12505 However, the it Is consistent with our
_ ——t ——f—t— . .
— B simulation
___;==.==;b-——[—=—"‘ —— et 1625 s ; T-=25
%10 r,=20 ——
—rT ' ' ' 7 ' v ' 1 ' T v ] T T T T % 107 F;zig_
14.6 14.8 15.0 15.2 15.4 o S
log(v (Hz)) Ny
310_3 By=0.1 ——
Wien ----e
107

AP e sy N N
10" 102 10%® 10* 10° 10° 107 10% 10°
hv(eV)
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finite RRMS

(photons escapes from the US boundary)

HF-TZ7AX
HEERE

24

Steady state approximation is
applicable for breakouts from
an envelope with shallowly
decaying density profile

HI, Levinson, Nakar 2020 (MNRAS, 499,469)



B/By

0.8 r

0.6

04

0.2

finite RMS

in fast Newtonian regime (0.1 < u < 0.5)

infinite
fosc=0.09

Analytical infinite

f,e.=0.22

eSC

B/By

Analytical finite

T=B,/nogdx

Good agreement with analytical solution based on diffusion approximation

(loka, Levinson & Nakar 2019)

1

0.8 r

0.6

0.4 |

0.2 |

2 infinite  —
< foe=0.02 s
- foge=0.14 s
foge=0.371  mmmm—
foge=0.03 s
foge=0.71  mmm—

Analytical infinite

Analytical finite

0 2 3 4 3)

. free parameter in the analytical solution
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kT (keV)

finite RMS

in fast Newtonian regime (0.1 < u < 0.5)

0-9 I I_ f' 't [ [ 25 [ [ f | |
ININI{E  e——— INfINIte  ———
i B,=0.1 ) | B, = 0.25
0.8 u g =0.09 s u fogo=0.02 s
07 B feSC=O'22 I . 20 i feSC=O'14 S
0.6 | f=0.33 s fogo=0.31 e
fogc=0.57 mmmmmm | ~ 15 | f.=0.53 mm—
05 esc_ i % esc_
fogc=0.73 e 3 fogc=0.71  mmm—
4
0 = 10l
0.3
0.2} 5 |
0.1
O | | | | | | | O | | | | |
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
T=B, N o dx /1?=[3ufn0de

Good agreement with analytical solution based on diffusion approximation
(loka, Levinson & Nakar 2019)

Temperature decreases as escape energy increases due to the
increase in the photons produced within diffusion length
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BBy
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in fast Newtonian regime (0.1 < u < 0.5)

_ infinite
P05 f.o=0.01 ——
fesc=0'1 ]
f,=0.17
f...=0.26 ——
f.=0.34 —— |
3\\—\ feSC=O'45 —
-

200
B,=05| infinite —— o |
foe=0.01 ——— <
<))
fesc=0-1 E/ 100 |
esc=0.17 i
=0.26 o |
=0.34  ——
=0.45 e
IS
_H
2 4 6 8 1

T =B, ) (n+n,) o7 dx

0

Strong subshock forms for large escape

2 4 o6 8
T = B, J T (n+n,) o dx

10 12 14 16

Temperature is insensitive to the escape due to pair production

27



Spectra of escaped photons
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* Ep decreases during the breakout due to the increase in the photon number for f, <~0.2

Possible origin for the non-thermal spectrum of XRT080109 (loka et al. 2019), bulk Compton origin is unlikely

- Ep is stable for fu~0.5, due to regulation by pairs

- Substantially softer than Wien or Blackbody below the peak f, «~ v0
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Application to shock breakout in wind (pocr-z)

B.=0.25 Ep=2x10%"erg R-=10'tm M.=5Msin 7,=30 B,=0.5 En=10%%rg R.=10"tm M.=5Msn 7,=10
Initial rising phase of the breakout emission is ST 10 [
modeled based on analytical model of shock o ot | 0| g Wi |
. J S 2x10* |
propagation S axo® | =l
1x10

1x1041§

E(w) = Eo(v/vg) ™" = 47thv0 R:(v/vo)".

£ Mo\ 072 R 1.4
E, ~ 1.7 x 10 erg =P - -
10°! erg 5Mg 10" ¢cm
T\ 14 /T \ 072
(30) (16) ’
Eoo 05 /a3 R. ~0.29
vy, ~ 0.18c¢
10°! erg 5Mg 101 cm

T, \ —029 /7, 014
()" ()"
30 10

1x10%*° 3
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1x10% |

hv = 0.3kev-10keV

1x10%7 |

vL, (erg/s)
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1x10% |

1x10%7 £|n,,
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1X1037 F e

1x10%°

0 50 100 150 200 250

20 30 40 50 60 70 80 90 100 110 120
t=rg/vg(8)

* Bu ~ 0.2 predicts luminosity range and spectral evolutlon compatible with XRT080109

Ep ~ 5keV around the peak is predicted, implying rising phase is harder than the decay (Svirski & Nakar 2014),
Compatible with analysis of Soderberg 2008 which finds significant spectral softening

Bu~0.1-0.35 (Ep ~0.3 - 10 keV) shock breakout is detectable by eRosita ~ 1/yr

Assumption: thick wind breakout is common for type Ib/c SNe ~ 2.5 x 104 Gpc3yr-
Substantially brighter emission than the naive estimation (Wien) is found in UV/Optical, but still too faint to

be detectable (Mag ~ -9) 29



Summary

first principle simulations of RMS in photon starved regime is performed

- Detail shock structure in fast Newtonian and relativistic shock is computed

- Anisotropy develops near the shock and give rise to highly non-thermal
spectrum and copious pair production for By > ~0.5

- Emergence of subshock at relativistic shocks
it's strength increases as energy escape fraction increases

+ Spectrum is far from thermal (Wien or Blackbody) even for fast Newtonian

shock [u>~0.1
Substantially softer than Wien or Blackbody below the peak fy «~ vO

- Fast Newtonian shock breakout may be detectable by eRosita ~ 1 per yr
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