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➡ gravitational collapse of the 
iron core having grown in a 
massive star  

➡ core bounce,neutronization 

➡ blast wave propagation 
powered by neutrino 
emission from proto-neutron 
star 

➡ shock emergence from the 
surface 

➡ expanding ejecta

(SN shock breakout)
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SN shock breakout
➡ UV/X-ray flash associated with the birth of an SN explosion 

➡ It 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 
breakout
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SN 1987A
Blinnikov+(2000)

➡ most famous SNe @ magellanic 
cloud 

➡ type II-peculiar (under-luminous 
event) 

➡ decay phase of the breakout 
emission could be detected. 

➡ recombination lines from ions 
with high ionization potentials: 
gas photoionized by breakout 
emission(UV flash)



XRF 080109/SN 2008D
➡ SN Ib @NGC2770 D=27Mpc 

➡ On Jan 9, 2008, Swift satellite 
serendipitously observed an X-ray 
flash associated with the birth of the 
SN 

➡ Lx~ a few×1043 erg/s, duration~ 
200-300 sec, Ex~1046 erg

Soderberg+(2008)



SN shock breakout simulations
➡ optically thick to thin transition 

➡ we should correctly treat the coupling between radiation 
and gas 

➡ radiation-hydrodynamic simulations can be a powerful tool 
to investigate what happens in the stellar envelope
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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
What happens in “aspherical” SN shock breakout?
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➡ advection term: HLL 

➡ source term: implicit method

➡ Moment equations written in “mixed frame”

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

Radiation Hydrodynamics code



➡ Moment equations written in “mixed frame”
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を R.H.Sに代入して、
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このようにして得られた Eq.(13)は laboratory-frameで定義された放射の物理量と comoving-frameで定義され
た opacityが混在しており、mixed-frameでの定式化と呼ばれる。

1.1.2 Hydrodynamics

流体部分の方程式は
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である。

1.2 Numerical method

数値的に radiation hydrodynamicsの方程式を解くには以下のようにする。

1.2.1 Operator splitting

まずは、方程式を advection partと source partに分ける。
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➡ 2D RHD simulations, 4096x512 mesh on 512 core 

➡ 1987A progenitor: BSG with R★=50R◉, M★=14.6M◉ 
(Nomoto&Hashimoto 1988, Shigeyama&Nomoto 1990)  

➡ 3x108cm≦r≦4R★, 0≦θ≦π 

➡ energy injection: Eexp=1051[erg],texp=0.1[s] 

➡ asphericity: parameter a 

Shock breakout in 2D

Shigeyama&Nomoto(1990)
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(2 temperature, a method similar to Takahashi+,Takahashi&Ohsuga(2013))



➡ fully ionized gas in the stellar envelope with X=0.565, Y=0.430, Z=0.05 

➡ Absorption: free-free 

➡ Scattering: e- scattering    κ=0.2(1+X) [cm2/g]

Shock breakout in 2D

Shigeyama&Nomoto(1990)
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➡ 1987A progenitor: BSG with R★=50R◉, M★=14.6M◉ 

➡ spherical case: a=0

t= 1000 s
after core-collapse

Shock breakout in 2D

dE/dt∝Eexp/texp[1+a cos(2θ)]

radiation log10(Er/c2)          gas density log10(ρ)



Shock breakout in 2D

dE/dt∝Eexp/texp[1+a cos(2θ)]

radiation log10(Er/c2)          gas density log10(ρ) from t= 5000 s
to     t= 7000 s
after core-collapse

➡ 1987A progenitor: BSG with R★=50R◉, M★=14.6M◉ 

➡ spherical case: a=0



Shock breakout in 2D

dE/dt∝Eexp/texp[1+a cos(2θ)]

radiation log10(Er/c2)          gas density log10(ρ)

t= 6000 s

optical depth is too large  
for photons in the shocked region

Photons are “trapped” 
 in the shocked region

➡ 1987A progenitor: BSG with R★=50R◉, M★=14.6M◉ 

➡ spherical case: a=0



Shock breakout in 2D

dE/dt∝Eexp/texp[1+a cos(2θ)]

radiation log10(Er/c2)          gas density log10(ρ)

t= 6500 s

Now, optical depth  
      is sufficiently small 

Photons having been  
in the shocked region 
can freely travel at c 

➡ 1987A progenitor: BSG with R★=50R◉, M★=14.6M◉ 

➡ spherical case: a=0



➡ 1987A progenitor: BSG with R★=50R◉, M★=14.6M◉ 

➡ aspherical case: a=0.5

Shock breakout in 2D

dE/dt∝Eexp/texp[1+a cos(2θ)]

radiation log10(Er/c2)          gas density log10(ρ) t= 1000 s
after core-collapse



Shock breakout in 2D

dE/dt∝Eexp/texp[1+a cos(2θ)]

radiation log10(Er/c2)          gas density log10(ρ) from t= 5000 s
to     t= 7000 s
after core-collapse

➡ 1987A progenitor: BSG with R★=50R◉, M★=14.6M◉ 

➡ aspherical case: a=0.5



Shock breakout in 2D

dE/dt∝Eexp/texp[1+a cos(2θ)]

radiation log10(Er/c2)          gas density log10(ρ)
t= 5800 s

optical depth is too large  
for photons in the shocked region

Photons are “trapped” 
 in the shocked region

faster shock along  
  symmetry axis

    slower shock 
  on equatorial 
 plane

➡ 1987A progenitor: BSG with R★=50R◉, M★=14.6M◉ 

➡ aspherical case: a=0.5



Shock breakout in 2D

dE/dt∝Eexp/texp[1+a cos(2θ)]

radiation log10(Er/c2)          gas density log10(ρ)
t= 6200 s

Photons are efficiently  
emitted from shocks  
having been emerged  
from the surface

Shocked gas emerge 
from polar region  
at first

➡ 1987A progenitor: BSG with R★=50R◉, M★=14.6M◉ 

➡ aspherical case: a=0.5



➡ observer seeing the event with a viewing angle Θ 

➡ Transfer equation is integrated along rays using snapshots of a RHD 
simulation

Light curve calculation: ray-tracing
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Fig. 1.— Schematic view of the configuration considered in the ray-tracing treatment in calculating the light curve of the shock breakout
emission. Photons traveling into the direction specified by the direction vector lv are considered. The photon rays intersect with a plane
perpendicular to the direction vector, which is shown as a gray region in the figure.

Fig. 2.— Results of the beam test.
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The light curves of the shock breakout emission are
calculated by using the following ray-tracing method.

The transfer equation is given by,
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Here α and σ denote the frequency-averaged values of
the coefficients. Introducing the source function S given
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the transfer equation is rewritten as follows,
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We consider a distant observer seeing the explosion
from the viewing angle of Θv. The configuration consid-
ered here is schematically represented in Figure . The
observer sees photons emitted from the photosphere into
the direction specified by a vector lv = (sin Θv, 0, cosΘv)
in the x-z plane. To calculate the luminosity of the
emission, we consider an imaginary plane (referred to as
”screen”) perpendicular to the direction vector lv and at
a distance D from the center. We define two-dimensional
spherical coordinates (rv,φ) on the plane.

At first, we calculate the optical depth measured from
a point on the plane along the direction normal to the
vector lv by using a snapshot of the hydrodynamical cal-
culation at time t and identify the photosphere where the
optical depth is equal to 2/3. The position of the point
on the screen can be expressed in terms of the coordinate
(rv,φ) as follows

x = Dlv + n(rv,φ), (38)

where the vector in the second term in the R.H.S is given
by,

n(rv, φ) = (cosΘv cos φ, sinφ,− sinΘv cos φ) (39)

Here the optical depth is calculated from the point along
the direction vector lv. Thus the we define the optical
depth τeff corresponding to a distance l as follows,

τeff =
# l

0

$
α(α + σ)ρ(t, (D − s)lv + n(rv,φ))ds. (40)

Thus, we obtain the intensity I(t, rv,φ) on the screen
at time t as a function of the coordinates (rv,φ).
Next, we derive a formula to calculate the light curve
of the emission. We consider photon rays travel-
ing from various points on the screen into a point
(Dobs sinΘ, 0,Dobs cosΘ) at a distance Dobs, which is
much larger the scale of the screen, as shown in the right
panel of Figure 1. The intensity of a photon ray go-
ing through a point (rv,φ) on the screen is denoted by
I ′(rv,φ). The flux Fobs of the radiation at the point is
obtained by integrating the intensity of the photon rays
multiplied by the direction cosine cos χ measured with
respect to the direction vector lv over the solid angle,

Fobs =
#

I ′ cos χdΩ. (41)

Here, the infinitesimal solid angle element in the above
equation can be expressed in terms of the coordinates
(rv,φ) as follows,

dΩ =
rvdrvdφ

D2
obs

. (42)

Taking the limit Dobs → ∞, the angle χ leads to 0 and
thus the intensity I ′(rv,φ) is now identical with I(rv,φ).
Furthermore, since the isotropic bolometric luminosity
Lbol at the distant point is given by Lbol = 4πD2

obsFobs,
the luminosity at the limit Dobs → ∞ can be written as
follows,

Lbol(t) = 4π

#
I(t, rv,φ)rvdrvdφ. (43)

4.2. Light traveling time effect
4.3.

5. DISCUSSIONS

5.1. Effects of bipolar explosions
5.2. Exploiting information on explosion geometry from

early light curves

A.K. thanks H. R. Takahashi for his helpful comments
on the development of the radiation-hydrodynamics
code. Numerical calculations were in part carried out
on the XC30 system at Center for Computational Astro-
physics, National Astronomical Observatory of Japan.

APPENDIX

TEST PROBLEMS FOR RADIATION HYDRODYNAMICS CODE

In this section, results of several test problems carried out the developed code are presented.

Beam test
At first, we carry out simulations of radiative transfer in two-dimensional cartesian space. In this test problem,

called ”beam test”, the propagation of a bunch of photon rays in an optically thin medium is treated. The numerical
domain is a two-dimensional plane in cartesian coordinates (x, y), both of which are ranging from −100 cm to 100 cm,
covered by 512 × 512 numerical cells. Initially the domain is willed with isotropic radiation field characterized by a
radiation temperature of Ti = 106 K,

Er(x, y) = arT
4
i , F x

r (x, y) = F y
r (x, y) = 0. (A1)

Transfer equation along a ray (frequency-integrated)



➡ LC consistent with 1D RHD calculations by Shigeyama+(1988), 
Ensmann&Burrows(1992) for SN 1987A (dotted line) 

➡ peak luminosity = 2.3x1044 [erg s-1], consistent within a factor of 2 

➡ initial bright phase: Δt ~ light traveling time R★/c ~ 100 [sec]

Light curve calculation: spherical
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    Ensmann&Burrows(1992) Our 2D spherical model

R★/c~100 [sec]



➡ wide variety of light curves depending on the viewing angle, 
reflecting the geometry of the shock wave 

➡ under-luminous, long-lasting emission ~ 500-600 sec 

➡ emission after the initial phase is similar to spherical case

Light curve calculation: aspherical
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Fig. 1.— Schematic view of the configuration considered in the ray-tracing treatment in calculating the light curve of the shock breakout
emission. Photons traveling into the direction specified by the direction vector lv are considered. The photon rays intersect with a plane
perpendicular to the direction vector, which is shown as a gray region in the figure.

Fig. 2.— Results of the beam test.



➡ wide variety of light curves depending on the viewing angle, 
reflecting the geometry of the shock wave 

➡ under-luminous, long-lasting emission ~ 500-600 sec 

➡ emission after the initial phase is similar to spherical case

Light curve calculation: aspherical
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Fig. 1.— Schematic view of the configuration considered in the ray-tracing treatment in calculating the light curve of the shock breakout
emission. Photons traveling into the direction specified by the direction vector lv are considered. The photon rays intersect with a plane
perpendicular to the direction vector, which is shown as a gray region in the figure.

Fig. 2.— Results of the beam test.

500-600 [sec] > R★/c ~100 [sec]



Light curve calculation: aspherical

t=6100 [sec] beginning of the shock breakout t=6600 [sec] end of the shock breakout

500 [sec]

time from the beginning to the end of the shock breakout governs LC

➡ wide variety of light curves depending on the viewing angle, 
reflecting the geometry of the shock wave 

➡ under-luminous, long-lasting emission ~ 500-600 sec 

➡ emission after the initial phase is similar to spherical case



➡ wide variety of light curves depending on the viewing angle, 
reflecting the geometry of the shock wave 

➡ under-luminous, long-lasting emission ~ 500-600 sec 

➡ emission after the initial phase is similar to spherical case

Light curve calculation: aspherical
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Fig. 1.— Schematic view of the configuration considered in the ray-tracing treatment in calculating the light curve of the shock breakout
emission. Photons traveling into the direction specified by the direction vector lv are considered. The photon rays intersect with a plane
perpendicular to the direction vector, which is shown as a gray region in the figure.

Fig. 2.— Results of the beam test.

Decline rates at the later phase are similar,  
because this phase is simply governed by adiabatic expansion of the ejecta



➡ Basically, larger a lead to larger 
deviation from the spherical case 

➡ Bolometric light curves of SN shock 
breakout can be a tracer of aspherical 
energy deposition in the core of a 
massive star. 

Dependence on asphericity
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Fig. 5.— Schematic view of the configuration considered in the ray-tracing treatment in calculating the light curve of the shock breakout
emission. Photons traveling into the direction specified by the direction vector lv are considered. The photon rays intersect with a plane
perpendicular to the direction vector, which is shown as a gray region in the figure.

Fig. 6.— Bolometric light curve of the model with a = 0 (solid
line). The rate of the loss of the radiation energy from the outer
boundary calculated by Equation (52) is also plotted as a dashed
line.

simulations confirm their findings that the light curve of
shock breakout emission should reflect the geometry of
the shock wave propagating in the progenitor star.

On the other hand, the later part of the bolomet-
ric light curves of different models in Figure 7 (from
t = 7.5 × 103 s to t = 8.0 × 103 s) look similar to each
other. The later part of the shock breakout emission re-
flects the photospheric emission from the ejecta produced
as a result of the shock emergence and cooling via adi-
abatic expansion. Thus, the rate of the decline of the
bolometric luminosity should be governed by the expan-
sion rate of the ejecta, which is given by the traveling
time of the stellar radius by the maximum velocity of
the ejecta, R∗/vmax. Since the maximum velocities real-
ized in the spherical and aspherical models are similar,
vmax = 2.5 × 104 km s−1 as seen in Figures 2 and 4, the
corresponding decline rates should also be similar.

4.3.2. Dependence on the viewing angle

Fig. 7.— Bolometric light curves of the models with a = 0.2 (top
panel), 0.5 (middle panel), and 0.8 (bottom panel) from viewing
angles of Θ = 0◦, 30◦, 45◦, 60◦, and 90◦. In each panel, the
bolometric light curve of the spherical model (a = 0) shown in
Figure 6 is also plotted as a dashed line.

dE/dt∝Eexp/texp[1+a cos(2θ)]

a=0.2

a=0.5

a=0.8



SN Shock breakout as a unique probe
➡ increasing number of detections 

➡ LCs are characterized by R★/c,R★/vej, 

➡ information on the progenitor radius, energetics, and asphericity 

➡ multi-D SR-RHD simulations are ongoing,  

➡ future works: shock geometry, progenitor dependence 

(Suzuki, Maeda, & Shigeyama (2016), in prep.)


