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What is shock breakout?



Core-collapse supernovae

Massive Star (>10M,.) Temp Burning Products
e-capture SNe (8-10M,,) [10°K] Stage
0.2 H He
1.5 He C,0O
7 C Ne,Mg
15 Ne O,Mg
30 O Si
40 Si C%Mn
50  NSE *°Ni

< >

Core collapse driven by
Fe photodisociation

NS/BH formation
Energy deposition

............................................................................................................................




Shock breakout

Massive Star >10M,,)

Optically e —capture SNe (8-10M,,)
thick

At the shock emergence,
a stored energy is released

as radiation.

Spectra are quasi-blackbody

Core collapse T~ R-3/4E1/4
>
B Spectra peaked at X-ray-UV.
.g It lasts a few sec- a few day.
§ It is theoretically predicted

. in 1970s but observationally
...................................................... T'me first reported in 2008




Density [kg m™]

Shockwave in stellar interior
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Shock breakout Die & 5 &
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Many analytic studies
(note: incomplete)

= Matzner & McKee 1999

- The Expulsion of Stellar Envelopes in Core-Collapse Supernovae

= Waxman + 2007
- GRB 060218: A Relativistic Supernova Shock Breakout

= Li2007

- Shock breakout in Type lbc supernovae and application to GRB
060218/SN 20064aj

= Chevalier & Fransson 2008

- Shock Breakout Emission from a Type Ib/c Supernova: XKRT
080109/SN 2008D

= Nakar & Sari 2010
- Early Supernovae Light Curves Following the Shock Breakout

=  Sapir + 2011

- Non-relativistic Radiation—-mediated Shock Breakouts. |. Exact
Bolometric Planar Breakout Solutions

............................................................................................................................................................................................................................................



Shock Breakout®4IE

19784 Klein & Chevalier IZ&>TIRESNT-

= 1-28BMUTNOEEIRSR
= Radiation hydrodynamics
- IR CERHENER DB R EE
SEBFHENE MR RIA I K{EAhomologous (rocv)
= Radiative precursor
- ERDBHNDEEEHADRE
- (RIECE2RED) Radiation hydrodynamics

- IE Mihalas & Mihalas (1984)

....................................................................................................................................................................................

.....................................................




Shock Breakout & 1&?

(Ensman & Burrows 92)

« Light curve (SN1987TA[BEEEZ]NIRS)
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Shock Breakout &13? -7/

(Ensman & Burrows 92)

= |emperature
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Shock Breakout &13? -7/

(Ensman & Burrows 92)

« Luminosity structure
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Shock Breakout & 1%?

(Ensman & Burrows 92)

= Velocity structure
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Multigroup radiation

hydrodynamical code

STELLA
(Blinnikov+98;00:06)



STELLA
(Blinnikov+98)

= Multigroup radiation hydrodynamics code
= Spherical symmetry with Lagrangean coordinate
= Implicit methods on rad. transfer & hydrodynamics

= Non-equlibrium radiation transfer
- Moment equations
- Closure relation: Variable Eddington factor

= LTE level population (Saha-Boltzmann eq.)
- 15 most abundant elements (H-Ni)

= Opacity
- f-f, b-f, 1.5x10° spectral lines, electron scattering

« Energy deposition from radioactive decay
- 1-group grey radiative transfer

............................................................................................................................................................................................................................................
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Mihalas & Mihalas (1984)



STELLA
(Blinnikov+98)

= |Invariant photon distribution function
2hv

= Angler moments of f,

............................................................................................................................................................................................................................................



STELLA
(Blinnikov+98)

« Monochromatic rad. energy eaq.

I () -
6t - T2 (ar)(r ‘%pv) + C(nv Xafv)

+ E (3%\) T jv) T l2 (ﬁ)(rzu)(a@v T %v)
r r \or

—i(a) [ G, — f)—l(a)(rzu)%”v]
ov or

« Monochromatic rad. momentum ea.
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STELLA
(Blinnikov+98)

« Hydrodynamical eas.

L
o
u ,0p+q) Gm
Pl —4mr 2 + a, + Ay
or 1

om drr?p

« Radiative acceleration
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STELLA
(Blinnikov+98)

= EOS for material temperature

2
(86) or = 8+47Tf((1’V m)dv—47r8(r M)T(gi)

oT ) or om
p de ap )
_ T — £l
(de+pdV de s s dp = ((ST) d (8T) dp,

= Closure relation
- Variable Eddington factor % = f E j

« Boundary condition

- Outer boundary: p=0 & H = hg ¢
- Inner boundary: diffusion approximation

............................................................................................................................................................................................................................................



Variable Eddington factor

In 1 time step, the following procedures are
iterated to convergence.

= j,, derived by a formal solution with S,
- Feautrier method

« fe hg calculated with j,

= Radiation hydrodynamics eq. solved with fg, hg
- Jd,oH,p T, v

= S, estimated with new J,

............................................................................................................................................................................................................................................



Treatment
-Expansi

A supernova is a
Doppler shift shol

Effective line opa:
= ave. num. of intera
- single scattering a

Kexp = Ay (rc) _[(

............................................................................................................

Effective opacity : ™

~
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]
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Application for shock breakout



Absolute magnitude

LCs of Type lIP SNe

Type e .l Short duration
e | | | p. ec-1day)
{| $hock Br | Peak wavelength
30M._ | Soft X-ray-UV'
‘i< 104 | 7
_ k Extremg
7—= —"; 10%
V' V-band £
1038 _
1037-......| . . N . .
L 100 1000 10000
0 20 40 Wavelength[A] e

Date [days]



Semianalytical solution of shock breakout
(Matzner & McKee 99)

K —0.87 P4 —0.086 5 K —0.10 Py 0.070
= 1.7 x 10*® - T, = 5.55 x 10 ( - ) (_)
Ee= 1710 (0.34 cm? g-l) (p*) 0.34 em* g™ P

E. 0.56/ pAf . \ 044 y ( E. )0.20( Mej )o.osz
in ej
% (1051 ergs) (10 M@) 10°* ergs 10 M,
R 0.54
%
(500 R j eres g (500 R@) °
©

.t =790( K )o.ss(pl)ﬂ.zs .
se 0.34 cm? g~ o, For larger radius,
E, \ °7°( M, \*! longer duration,
* (105 ) (10 M@,) higher total energy, and
R lower temperature
8 (500 R, (i.e., redder color).

............................................................................................................................................................................................................................................



Comparisons with
semianalytical solutions
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Comparison with

observed shock breakout tail

(Blinnikov+00)
Type ll-peculiar SN1987A
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Shock breakout tails
—QObservations before 2008 —
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3 events were reported in 2008
= Type Ib SN2008D/XR0O080109

- Soderberg + O8; Modjaz + O9

SN2008D/XRF080109
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Only 3 events from a rising part
S N I_S SuperN:/a Legacy Survey

. Type II-P SN SNLS-04D2dc (z=0.1854)
- Schawinski et al. O8; Gezari et al. O8

= Type II-P SN SNLS-06D1id (z=0.324)
- Gezari et al. O8

SNLS-04D2dc SNLS-06D1jd
0 0T S L ] 20T VL S S N
I ; T R
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F oz X - == E Lz X g S R E
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Shock breakout of Type 1I-P SN
-SNLS-04D2dc-

HST/ACS F814W

SNLS  supervonategacy suney  SNLS-04D2dc (2=0.1854) Schawinski et al. 08

\ Gezari et al. 08

“ PEBR of - T " =" - Minimum « ¢ =+« Post shock’
BROGIRTH . Rl puetdisar BB pegis BRI ek
- .. -y . { "“g.. * s .? :. ‘ : A. .. w .. ki a . ‘-: ; '
. . Ty A . e x -
- - .'T - '.!E. I ’$‘“....- ‘_j' - - L . -
...... o i, =g '. e : L ¥ ]
- @ 'l - T b u . =
™ " " - e 1 ‘: 1 ‘; s < LI - .3 i ' 1 -



Shock breakout of Type IIP SN
-Multicolor light curves-

SN LS_O4D2dC S N I_S SuperNoya Legacy Survey

Flux (1072 W m™2 Hz™")
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UV LCs of Shock breakout




Model: light curve & color evolution

45 —r S r NUV E(B-V)ga|:0.02mag |
1077 4 b - . = No extinction i NU
= = . E(B-V),,=0.06mag
3 r —— E(B-V),,=0.14mag -
1044 | LT R E(B-V),.,=0.22mag |
1 |

-
o
s
w
I
1

" |
P4
M '~

— EH | il 2T I] :“‘: EE ;; N

1 :: iy :! Il iy P I i?' ! R P, = T-‘. =

_ N OF AT 1. |
e PUeIlg ¥
~ iy ‘

We cio_nst uct a Type lI-P SN rﬁodel

-
o
S
\]
I

Bolometric luminosity [erg 8'1]

z reproducing well
" [| theUV LCs of shock breakout.
‘—2 10* b ol "?i, epne iﬁ e -:.'.,'_:"-
O it st -
1 i Al _ |
2

..................... O ) _20 _10 O 10 20 30 o
NT+09 Days since the peak (observer frame) [Days] rame) [A]



Optical LCs are also well reproduced.

22
| SNLS-04D2dc

? i T MmS:ZOM@
% 23T _ MpreSN:1 84M@
E _ RpreSN=8OOR@
> | | E=1.2x105%%erg
g 247 1 (=E of SN1987A)
% :Typical Type II-P SN

“ An observationally-calibrated model for

L shock breakout is obtained.

v (o 1V) (V1)

Days since the peak (observer frame) [Days]
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NT+09



Apparent B-band magnitude [mag]

When the same SN takes place at high z,

26 —r 1 1 rr 1 r 1 1 T 1 1 T T T ] 1T 1T T 1]
L | Peak magnitude SNLS-04D2dc
265 | ~26.4mag 1 Redshift z=1
Time scale < 1day
7 L 1 E(B-V)g,=0.02mag.
[ E(B-V), =0
_ [-2mag 1 E(B-V),..=0.1mag.
275 | A 1 E(B-V),.=0.14mag.
- 1 hour exposure 5c limit
28 | 27’6mag with 8m telescope
[ The SN can be detected,
28.5 1 if the extinction of the host
galaxy is small.
P N (The current record of
10 0 10 20 30 4 normal SNe is z<0.9.)

Hours from the peak (observer frame) [Hours]



Proposal for future SN survey



SN shock breakout of stars
with dlfferent Mms

More massive stars have larger R s
and thus shock breakouts
wnth longer duration and redder spectra.

]\

It is easy to detect shock breakouts oos)
of massive stars.
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Luminosity L, [

................... 1 00 1 OOO 1 OOOO
NT +11 ~ Wavelength [A]



Theoretical predictions

-B-band light curves-

24 _I LI I LI \I

13M.., |

| Brighter ogpa

Apparent B magnitude [mags.]

z=1
z=1.5
z=2
z=2.5

z=3

...............................................................

More massive stars have
NT + 11 apparently more luminous shock breakout.




p. (Mg yr~! Mpc™®)

0.1

0.01

Expected number of detection

Cosmic star formation history Hopkins & Beacom 2006)
Distribution of host galaxy extlnotlon (Olivares 08)

|
« IGM absorption Madau9s) | Extinction distribution
« Salpeter’s IMF e (Olivares 08).
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(Mo <Myin) ¢ My, VS. SUrvey area
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Reachable redshift
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Shock breakout |dent|f|ed by colors
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Shock breakouts are much bluer than
the majorities of QSOs or stars.

- Color can distinguish shock breakouts

from other short-term variables.
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We can use shock breakout
for CCSN study up to z~3!!

SN rate history (2)
R !!,,;:,rff//
- _ /ff 7 P IIISISY
IG B /// _ ////
= CCSNrate /;;}/////
o ;
= 7
& = ; It enables observational studies
of CCSNe with DIRECT observations
at the most actively star-forming age.
% The study is independent on and
R 7 complementary to the galaxy studies.
= | | | _j . . | E
....................... 5 0o 0.4 06 08

log(1+z) (Hopkins & Beacom 2006)
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