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Observations of SNe

=) Traditionally, optical observations probe the ejecta dynamics, abundance, etc

Early emission: we need to detect EM signals that we do

light curves
spectra
polarimetry
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SN shock breakout

= UV/X-ray flash associated with the birth of an SN explosion

= |t occurs when the strong shock having been generated at

the iron core emerges from the stellar surface

= \We can observe the SN through EM only after shock

b rea kO ut Before shock breakout After shock breakout
Stellar surface tellar surface
ock front
& Shock front

breakout condition ¢/ T >Vs Core™ ____ Core ™
photon path

photon diffusion velocity Vdiff=c/ T

shock velocity Vs

— >
photon path
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SN 1987A
Blinnikov+(2000)

= most famous SNe @ magellanic 425 — e
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=) decay phase of the breakout

emission

recombination lines from ions
with high excitation energy: gas

photoionized by breakout

emission(UV flash)




SN 1987A

= most famous SNe @ magellanic

cloud

= type ll-peculiar

=) decay phase of the breakout

emission

= recombination lines from ions
with high excitation energy: gas
photoionized by breakout

emission(UV flash)
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Lundqvist&Fransson(1996)
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XRF 080109/SN 2008D

Soderberg+(2008)
= SN b @NGC2770 D=27Mpc

Lo

2008 Jan 7

= Swift serendipitously
observed an X-ray flash

associated with the birth of
the SN

m | x~afewX10% erg/s,
duration~ 200-300 sec,
Ex~10% erg

X—ray count rate (s—1)

1014} 2} a00 400 SO oo
Second=s since to,==2008 Jan B.5645 TUT
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SNLS-04D2DC

=) Supernova Legacy Survey

=) coincidence in time and position of an UV flash and a SN (@z=0.1854):
GALEX satellite archival data

Radiative Precursor & SNLS/CFHT g—band
Explosion SNLS/CFHT r—bond
SNLS/CFHT i-band
SNLS/CFHT z-band
2 o GALEX near—UV *
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Schawinski+(2008) 53025 53050 53075 53100 53125 53150

Modified Julian Date (observed frame)

Flux (1072 W m™2 Hz™")
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=) Palomar Transient Factory +

BSr SNZOOSQI (IIn) +
coincidence in time and position of an | ’

UV flash serendipitously observed by
GALEX and the SN.
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Other possible events: low-luminosity GRBs

=) sub-energetic class of long GRBs: relativistic shock breakout?

only nearby events are detected, but event rate is rather high
e.g., 230490190 Gpc3 yr! (Soderberg+ 2006 ), 100-1800 Gpc3 yr! (Guetta&Della Valle 2007)

=)
= They accompany broad-lined Ic SNe
=)

Ex. GRB 980425/SN 1998bw, GRB 060218/SN 2006aj, GRB100316D/ SN2010bh
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Other possible events: low-luminosity GRBs

=) sub-energetic class of long GRBs: relativistic shock breakout?

= only nearby events are detected, but event rate is rather high
e.g., 230490190 Gpc3 yr! (Soderberg+ 2006 ), 100-1800 Gpc3 yr! (Guetta&Della Valle 2007)

= They accompany broad-lined Ic SNe

= [x. GRB 980425/SN 1998bw, GRB 060218/SN 2006aj, GRB100316D/ SN2010bh
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fime (8 GRB 060218, Campana-+ (2006)

GRB 100316D, Starling+ (2011)
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Other possible events: low-luminosity GRBs
=) sub-energetic class of long GRBs: relativistic shock breakout?

= only nearby events are detected, but event rate is rather high
e.g., 2307490190 Gpc3 yr! (Soderberg+ 2006 ), 100-1800 Gpc3 yr! (Guetta&Della Valle 2007)

= They accompany broad-lined Ic SNe

= [x. GRB 980425/SN 1998bw, GRB 060218/SN 2006aj, GRB100316D/ SN2010bh

Luminosity Ly ,iso

Isotropic energy Eiso

Duration Too

peak energy Ep

GRB 980425
SN 1998bw

6 X 10%erg/s

9X10% erg

35s

122 keV

GRB 060218
SN 2006aj

2X10% erg/s

4 X104 erg

2100s

4.7 keV

GRB 100316D
SN 2010bh

5X10% erg/s

6X10% erg

1300 s

18 keV

cf. Liso~10°" erg/s, Eiso~1052-33 erg for standard GRBs

from Hjorth (2011)
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Other possible events: low-luminosity GRBs

= Their origin is still under debate....

m SN shock breakout emission from relativistic SNe (in a dense wind)?
Campana+(2006), Waxman+(2007), Li(2007)

= \Weak/Failed/Off axis-viewed jet? engine-activity?
Pian+(2006), Soderberg+(2006), Toma+(2007)

= \We need more events to constrain their origin, event rate, and so on

Ekin,sh
Prompt y ,X-ray

Jet \/JJ' Ekin,sn JJ‘N

€ % D) 99 )|

SN photosphere Afterglow Radio SN photosphere Synchrotron Radio

ptical Optical
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What can we learn from SN breakout?

SHOCK BREAKOUT
Breakout \ ///
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R*/C R* /vbo
light crossing time traveling time of ejecta

Nakar&Sari(2010)

for stellar radius for stellar radius

Rx Rx/c Rx/c
~10"cm 3 sec 10-20 sec
~3X102¢m 100 sec 15 min
~3X1013¢cm 15 min 2-3 hr




light curve of shock breakout: spherical case

= Shock breakout occurs at every

point of the surface at the same ‘ " Lo
time v ' e @

\S\I:OCK BREAKC:L;',(

post shock ~0.1keV




light curve of shock breakout: spherical case

= Shock breakout occurs at every

point of the surface at the same ‘ " Sod
time v ' e @
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UV/X-ray flash
post shock ~0.1keV
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light curve of shock breakout: spherical case
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light curve of shock breakout: spherlcal case

= Shock breakout occurs at every

point of the surface at the same ‘ ‘. o
time v '
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light curve of shock breakout: spherlcal case

= Shock breakout occurs at every

point of the surface at the same ‘ ‘. o
time v '
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What can we learn from SN breakout?

SHOCK BREAKOUT
Breakout \ ///

Spherical

t -0.17 . ¢-0.35

)
~
O
| .
9D,
=
=
n
O
=
&
-
—

——

post shock ~0.1keV

R*/C R* /vbo
light crossing time traveling time of ejecta

Nakar&Sari(2010)

for stellar radius for stellar radius

Rx Rx/c Rx/Vej
~10"cm 3 sec 10-20 sec

~3X102¢m 100 sec 15 min

~3X1013¢cm 15 min 2-3 hr
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light curve of shock breakout: spherical case

Breakout

Spherical
{017 - £-0.35 Nakar&Sari(2010)
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What can we learn from SN breakout?

: T & 555 3 105 K —0.10 & 0.070
= |arge R—long duration low T, low ve; e 034 cm? g ! 0,

x( Sllzin >0.20< Mej >—0.052
10°° ergs 10 M,

e oBe FoH
Elnt/R*3~aT4 T 1048< K 1>—0.87<&>—0.086

0.34 cm® g~ Py

SHOCK BREAKOUT < E. >O.56< M. )—0.44
% in €j
\\\ / 10°! ergs 10 M
X Bt ergs |n= >
500 R, 2)’

—0.58 —0.28
tse =% 790( . 2 —1) <&>
0.34 cm” g P

X( E. >—0.79< ]\4ej )0.21
UV/X-ray flash 10°! ergs 10 M

post shock ~0.1keV R 2.16
X = SR
500 R

for RSG, Matzner&McKee(1999)




What can we learn from SN breakout?

: T & 555 3 105 K —0.10 & 0.070
= |arge R—long duration low T, low ve; e 034 cm? g ! 0,

> Ein 0.20 Mej —0.052
10°! ergs 10 M
R* —0.54 3
K = —
> . <500 R®> <” 2>’
: ~0.87 ~0.086
ke =17 x 1048 = iy
e <0.34 om? g—1> <p*
| : Ein 0.56 Mej —-0.44
10°1 ergs 10 M
1.74
_ 500 R )
P S > e
.:;"?odays 0.34 cimm g p*

2oloo 4000 ec;oo soloo T
Wavelengh (rest frame) [A] Ein 0.79 Mej 0.21
X SR < LT
10°* ergs 10 M

20 20 50 80 100 R 2.16 3

Days since the peak (rest frame) [Days] X * S n — —
9

500 R, 2

for RSG, Tominaga+(2009) for RSG, Matzner&McKee(1999)
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What can we learn from SN breakout? _swock sreakour

= SNLS-04D2DC \\ //
= |ight curve modeling tells us about the v
progenitor’s radius / | \

UV/X-ray flash

= Red giant with Rx ~ 1000Re(Schawinski+2008), ORI ElIDe 0L

800R@(Tominaga+2009)

+

Shock evolution .
(time relative to
shock breakout).

@)

-1 hr

o

4 hr

o

N

(10¥ W nm™)
Density (kg m™
o
&

N

Luminosity at 195nm

0

8 oS E1-2
Time in rest—frame (hours) Radius (10" m) SchaW|nSk|+(2008)




What can we learn from SN breakout?

= SN 2008D (an example of shock b4t
breakout detected in X-ray) |

o
i

Counts s~' keV™'

m) spectrum is uncertain
if pure BB, kT~0.7keV, Rx~2X10"cm

if non-thermal, ' ~ 2 | Energy [KeV]

, - - il
if thermal+non-thermal, kT~0.1keV — Rx~10""cm Modjaz+(2009)

m duration 300 sec = Rx~1013cm?

= photosphere in stellar wind?




2008 Jan 9

What can we learn from SN brea

= SN 2008D (an example of shock -~
breakout detected in X-ray) -
:
=) spectrum is uncertain o _
if pure BB, KT~0.7keV, Rx~2 X 1010cm | e oo o

If nOﬂ-therma| r == 2 0 100 200 300 400 504 €00

Second= since tipe=2008 Jan B.5645 TT

if thermal+non-thermal, kT~0.1keV — Rx~10""cm

m duration 300 sec = Rx~1013cm?

= photosphere in stellar wind? e
explosion Vb %\"% v
Ly 2], -.csm
: 5

Ofek+(2011)
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Theoretical works on SN shock breakout

= pioneering works: Colgate (1974), Klein&Chevalier(1976), Falk (1978),
Imshennik and Nadyozhin(1988), Matzner&McKee(1999)

steady shock structure: Weaver(1976),Katz+(2010),Budnik+(2010)
analytical: Naker&Sari(2010,2011),Rabinak&Waxman(2012),

1D RHD: Ensmann&Burrows(1992), Tominaga+(2009), Sapir+(2011,2013)

multi-D HD: Suzuki&Shigeyama(2010),Couch+(2011), Ro&Matzner(2013),
Matzner+(2013)

wind breakout: Arcavi+(2011), Chevalier&Irwin(2011),
Moriya&Tominaga(2011), Ofek+(2011), Svirsky+(2012),

1D SR-RHD: Tolstov+(2013)
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Theoretical works on SN shock breakout

= pioneering works: Colgate (1974), Klein&Chevalier(1976), Falk (1978),
Imshennik and Nadyozhin(1988), Matzner&McKee(1999)

steady shock structure: Weaver(1976),Katz+(2010),Budnik+(2010)
analytical: Naker&Sari(2010,2011),Rabinak&Waxman(2012),
1D RHD: Ensmann&Burrows(1992), Tominaga+(2009), Sapir+(2011,2013)

multi-D HD: Suzuki&Shigeyama(2010),Couch+(2011), Ro&Matzner(2013),
Matzner+(2013)

wind breakout: Arcavi+(2011), Chevalier&Irwin(2011),
Moriya&Tominaga(2011), Ofek+(2011), Svirsky+(2012),

1D SR-RHD: Tolstov+(2013)

— toward multi-D SR-RHD
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Shock breakout from compact progenitor

. e 555 3 105< K >—0.10<&>0.070
=) |arge R—large E ,long duration ,low T 5 0.34 cm? g ! Dy

compact star = high T, (i) o)
sub-relativistic velocity

R, ~0.54 3
K =
1 S <500 R@> Ak
NUV e

Soan T iR e T —0.87 —0.086
0 'I\ : Ly iy .= L Ese = 17 % 1048< KZ _1> <&>
e E RO 0.34 cm~ g Py
. 7% 0.56 ]\4ej —0.44
10°! ergs 10 M,
R 1.74 3
*
= > (500 R®> it (" 2) :
* aSH —0.58 —0.28
e .::':?Odays . . 0.34 cm g p*
2\;)\;)Zveleng4ﬁo(orest fraGr%OS) [A] s . Ein —0.79 Mej 0.21
10°* ergs 10 M

0 2|o 4|o 6IO slo 100 R 2.16
Days since the peak (rest frame) [Days] X * S n —
500 R,

for RSG, Tominaga+(2009) for RSG, Matzner&McKee(1999)
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Shock breakout from compact progenitor
= |t is known that the shock wave propagates their

atmosphere at sub-relativistic speeds

= \We need special relativistic radiation-hydrodynamics

simulations

= | present results of our recent study on shock breakout

simulations with SR-RHD code we developed

33m0 K 0.16 pl —-0.054
Psmax = 255N 034 cm? g ¢ Py

x( Ein )0.58( Mej )—0.42
10°* ergs 10 Mg

R* —-0.32 .y
Matzner&McKee(1999) X (50 R@) kms™ (n




Radiation Hydrodynamics code
= Moment equations written in “mixed frame”

iyl
ot

Transfer equation

E N ([l =y o /g(y, V) po, I (t, e, U)dV'dQY — p(ky, + 0,) 1L (t, 2, 1)

il / B / (6 D

l Fi(t,xz) = / A / "I, (t, x,1)dvdS)

: P (t,x) = / PG dri= / I'P Tt 2, 1) dvdQ)
Moment equations

OE, OFF . Z,
A ; ZPoﬂo(arTjo I pokoBi FY — poooB; Fy

ot 2
OF; @ o : |
ot = g pO/{OarTgoﬁ e pQO'QErﬁ — pO(KJO - 0-0)(Fr 2k "

M7 Closure relation

- i : S S S
advection term: HLL Py = D¥E, DY = Xe 4 3 Xy,

. oo 7 Frz ; ' 3+4fifz'
= source term: implicit method e G ey

see, Takahashi+,Takahashi&Ohsuga(2013a,b) Livermore (1984)




Radiation Hydrodynamics code

d(pol’) n d(poT'37)
i ot oxJ
d(pohI*B") | O(pohIB'B7 + P§)

= Momenteq

ol,(t,x,l)
ot

=0

Transfer eque TR 5007 =G

O(pohT* — P)  O(pohT*B') 4
l ot t e 7 ©
EOS: ideal gas

Moment equations J

OIER S R ~ ;
+ == =poko(a: Ty — E:) + poroBiF? — pooo; Fy

ot 5
OF; @ o : |
ot = S pOHJOCLrTgoﬁ s pOUOErﬁ — pO(H}O - O-O)(Fr 2k "

: M1 Closure relation
= advection term: HLL Py = D¥E, DY = Xe 4 3 Xy,
SE ? e 3+4f'f;
= source term: implicit method — e e

see, Takahashi+,Takahashi&Ohsuga(2013a,b) Livermore (1984)




1D SR-RHD simulation




Model atmosphere

Plane-parallel
Polytropic: P o< p43 — Analytical expression of profiles
mass M x,radius R« luminosity Lx -> atmosphere model

a compact star with Mx=10M@®,Rx=1R®,L*=0.1Ledd

S
T
a 54

P
PR T




Shock injection

mass M x,radius R« luminosity Lx
a compact star with Mx=10M@,R+=T1R®,L +=0.1Ledd
we inject a strong shock from the inner boundar

vin=10° cm/s

10°
10
10
10°°
e

1077

Density [g cm”]

107°

10-11

10-13

i i i i i i
N A0 e 10 BT 1IN L2101 A0
Radius [cm]
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Results of 1D shock breakout

= N

[ |

tial setup

Density [g cm'3]

o
£
P
5=
O
1S
O
>

Temperature [K]

Flux [erg/cmz/s]

~ |

| i | |
A OO MO IO 52 1O e ARG
Radius [cm]
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Results of 1D shock breakout

[ |

initial setup

strong shock propagates to the
surface

Density [g cm'3]

gas and radiation are strongly
coupled with each other

Velocity inc

velocity reaches 0.1-0.2c before
the breakout

Temperature [K]

after the breakout,

Flux [erg/cmz/s]

Ift I 1\ it it it 1
A OO MO IO 52 1O e ARG
Radius [cm]

|
2 o




2D SR-RHD simulation




= 2D RHD simulations

= 1987A progenitor: BSG with R«=50Re, Mx=14.6Me
(Nomoto&Hashimoto 1988, Shigeyama&Nomoto 1990)

= 3x105cM=r<4Rx, 0X O =77 Shigeyama&Nomoto(1990)

T l I I I I I 1

= energy injection: Eexp=10°"[erg],texp=0.1[s]

= asphericity: parameter a
r=Rou dEint/dtOCEexp/texp“ +a COS(2 6 )]

log Density ( g cm”’ )

computational domain




= 2D RHD simulations

= Absorption: free-free

= Scattering: e  scattering k =0.2(1+X) cm?2/g with X=0.565

r=Rou  dE/dtocEexp/texp[1+a cos(2 6)]

log Density ( g cm”’ )

computational domain

Shigeyama&Nom

oto(1990)
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Shock breakout in 2D
= 1987A progenitor: BSG

= spherical case:a=0  dE/dtocEexp/texp[1+a cos(2 6)]

radiation energy density mass density
2.451e-06 7.424e-02

m 200

~=$00

=y 00
4.580e-21 200150100 50 O O 50 100150200 2.247e-15
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Shock breakout in 2D
= 1987A progenitor: BSG

= aspherical case:a=0.5  dE/dtocEexp/texpl1+a cos(20)]

3 120e—-06 radiation energy density mass density 9 519e—02
n 200 m

-100

-200
1.927e=24200150100 50-..0 0 50 100150200 1.000e-15
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Shock breakout in 2D
= 1987A progenitor: BSG
= aspherical case:a=0.5  dE/dtocEexp/texpl1+a cos(20)]

1 896e—08 radiation energy density mass density = doea 02

200
-100
-200

1.907/1e=24"-200150100 50-..0 0 50 100150200 1.000e-15




= Light curve calculations

= spherical case: LC consistent with 1D RHD calculations by
Shigeyama+(1988), Ensmann&Burrows(1992) for SN 1987A

= aspherical case: wide variety of light curves depending on the
viewing angle

I—emit = 4'TrRoutz Fr = Rout

computational domain
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Shock breakoutin 2D

= Light curve calculations

= spherical case: Lemit evolution consistent with 1D RHD calculations
by Shigeyama+(1988), Ensmann&Burrows(1992) for SN 1987A

= aspherical case: wide variety of light curves depending on the
viewing angle
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Ensmann&Burrows(1992)
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v Introduction for SN shock breakout
Y Detected events, possible events
v What can we learn from SN shock breakout

v Our works

Y Summary
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SN Shock breakout as a unique probe
= increasing number of detections

= | Cs are characterized by Rx/c,Rx/Vej,

= information on the progenitor radius, explosion energy,asphericity

= multi-D SR-RHD simulations are ongoing




