The Spectrum of a

Fast Shock Breakout

from a Stellar Wind
Kunihito IOKA

(Center for Gravitational
Physics, YITP, Kyoto U.)

KI, Levinson & Nakar 18

=
Y TP ©
C]
u"mm = YUKAWA INSTITUTE FOR
™~ THEORETICAL PHYSICS

Center for Gravitational Physics
Yukawa Institute for Theoretical Physics




2018/2/9 Kunihito IOKA (YITP) 2

Shock Breakout

Supernova Neutron star merger

o = e
S § T

Tidal disruption event
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Radiation-Mediated Shock

T Weaver+ 76, Katz+ |0, Budnik+ 10,

Radiation pressure dominates
Not a collisionless shock
Collisionless after breakout
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Fast Shock Breakout

T Weaver+ 76, Katz+ |0, Budnik+ 10,

v/ic>0.07 n,'30
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Photon Escape

Weaver+ 76, Katz+ |0, Budnik+ 10,
Boundary A
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Breakout from a Wind
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Breakout from a Wind

|.Shock deceleratées
escapes
3.v varies on ~r/v




Relativistic Breakout

* Ultra-relativistic case Granot+ 18
— High temperature
— electron positron creation
— Only require t~(m,/m)I'y,
— Breakout is delayed

e How about a sub-relativistic case!?

— Photon escape, # ..o, decreases, T rises?, e™!
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Basic Equations

Sub-rela radiation-mediated shock
Stationary
Pressure is dominated by radiation

Diffusion approximation -
No pairs fyr = 4py

x=0: escape boundary

Radiation energy flux

c dpy

mpynv =mpn, v, = J,

dx(Jv+p7) — Ov
d (J 2/2+f) 0
— (Jv — .
dx Y
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Analytic Solutions

Py = py/IVu, V=V /vy, dv* = (v, /c)n.ordx

‘7‘|‘I5y — 1+P~yu, ]21 _ 2fyu
dpy 11 U w2
S A L T .

.4 3
v=—(1+pyu) | gtanh g( 0—1‘)

n= \/(3 - 4l5yu)2 +56py, — 7f}’u

2 3—4p | +3—4p
To = — arctanh [ pW] — In il Py
n n n-—-3+ 4Pyu

n



Normalized pressure p,/Jv, Normalized velocity v/v,,

2018/2/9

—
T

IIIIIIIIIIIIIIIIII I | 1 1 | L 1 L l | I | l I 1 | L | L Il I | L l L 1 | L | l

llllllllllllllllll l T Ll T T T T T T T l T T T T T T T T T ' T T T T T T T T T
-

IIIIIIIIIIIIIIIIII l | L 1 1 L 1 L 1 L I | 1 1 1 1 L Il L | I 1 L 1 L 1 1 L Il 1

o

Kunihito IOKA (YITP)

Shock Structure

Optical depth T

i f}/u — _zaﬁ'}’u7

a=cl/v,;
complete
beaming

o=3:
Isotropic

Shock width
is ~c/v even
if photons
escape
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Photon Temperature

X
k() = 21,
ny(x)
djy . . c dny
— = n/}/, ]'y — Vn'y ;
dx 3nor dx
ny = Qff fab. Bremsstrahlung
1 _
Qff = 5 CeNpneOrcO V2 ey, © = kT /mec?

n
far=1——"L=1-24x10"310"3n,,
npp
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Boundary Condition

 fa
S = 3t

Green’s function method

%) = ]}/u _'_/ G(3
Veff

dx =3(v,/c)n,ordx = 3vdt™,
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Numerical iterations
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Temperature T [keV]
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Solutions

! A e
—_— f,,=-0.001, 0:=4, j,=16.5 -
—_— f,=-0.2 , 0=4,],=-439.9 -
— f, =04 , a=4,]=1586 -
fl,=0.6 , a=4, |,=4877 _

v, /c= 025

_10 cm3

1 10 100 1000
Optical depth T



Temperature T [keV]
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Solutions

T A
v, /c=0.25

n,=1 0'°cm™

-0.001, a=4, j,=-7.97

— quz
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f,,=0.6 , a=4,j,=-1980
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Optical depth T



Temperature T [keV]
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Upstream temperature T, [keV]
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Temperature Evolution
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v, /c= 025 n

v/c 0.08, nﬂ

v,/c=0.25, n,=10"2cm,
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Photon number flux lj./n, v/l
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Analytic Approximation

Jy ~ QrffapAx/4 ~ aenC2®_1/2Aeff/8Va

— — — —
o o o o
w H (6] (o))
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N

approximating jy ~ |jy,| and T ~ T,
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Optical depth T
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Time-Integrated Spectrum
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1 Shock Breakout

Core Collapse
se+y<
13+ 4n
‘He+y <
2p+2n
Z+1LA+€
—(Z,A+v,

M>~8-10M,

Shock{z=ii}

Core Bounce
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Shock Breakout
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Closure Relation

21
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Summary

Sub-relativistic breakout + Photon escape
Softening during breakout for v>0.lc
Shock compression — Bremss enhanced
Time-integrated spectrum is non-thermal
Consistent with XRT 080109/SN 2008D

A closure relation btw t,_, L, & T,
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Shock Width
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