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1. Introduction



Radio Supernovae(SNe)

•Shock領域で加速された相対論的電子からの
  synchrotron放射モデル.

•SN ejectaが星周物質(CSM)中を進行.

Chevalier 98

shock領域の速度:

∫ ∞

0
LBZ(t)dt ∝

∫ ∞

0
Ṁ(t)dt = m0

d, (70)

Γj " 1 (71)

vej, vsh, Esh (72)

∝ (Γβ)−5 (73)

∝ (Γβ)−1 (74)

shock領域のエネルギー:

∫ ∞

0
LBZ(t)dt ∝

∫ ∞

0
Ṁ(t)dt = m0

d, (70)

Γj " 1 (71)

vej, vsh, Esh (72)

∝ (Γβ)−5 (73)

∝ (Γβ)−1 (74)

CSM密度(質量放出率):

v(t) ∼ R(t)/t (64)

k = |d log ρ(r)/dr| (65)

∝ E10.7/3
in M−7.7/3

ej [(Γβ)−0.94 + (Γβ)−0.2]5.5. (66)

Etot(Γβ, R) = R3(Γβ)2ρw(R)c2
[
8π

9
β2 +

9

4α2
(1− β2)

]
,

nCSM(R) = 3×109
(

R

1013 cm

)−2
(

Ṁ

10−5 M" yr−1

)( vw
103 km s−1

)
cm−3.

(67)

nCSM(R) ∝ R−2

nCSM(R) ∝ R−2

nCSM(R) = A2R
−2

τ =
κTmpA2

R

Rthick ∼ 1011
(

κT

0.2 cm2 g−1

)(
Ṁ

10−5 M" yr−1

)( vw
103 km s−1

)−1
cm

ν = 2.8× 106Bγ2
eΓ

LBZ = 3.2× 1050 erg s−1 α−11/10
−1

(
Ṁ

10−3M"s−1

)
, (68)

Ṁt ∼ m0
d

EBZ = 3.2× 1052 erg s−1 α−11/10
−1

(
m0

d

10−1M"

)
, (69)

Rp =

[
6cp+5

6 (FpD2)p+6

(εe/εB)(p− 2)πp+5(γmmec2)p−2

]1/(2p+13) (
νp
2c1

)−1

(49)

Bp =

[
36π3c5

(εe/εB)2(p− 2)2c36(γmmec2)2(p−2)FpD2

]2/(2p+13) (
νp
2c1

)
(50)

E ∝ R3
pB

2
p ∝ γ−11(p−2)/(2p+13)

m (51)

E ∼ R3B2/εB (52)

Ṁ ∼ vwind
B2

εB

(
R

βc

)2

(53)

N(γe) = N0(γemec
2)−p, γmmec

2 ≤ E < ∞ (54)

N(γe) = n0γ
−p
e , γm ≤ γe < ∞ (55)

εe = εB = 0.33, Ẽ = 6× 1043, Ṁ = 10−6 M" yr−1 (56)

Ṁ = 10−5 M" yr−1 ∝ Ṁ

(Ein = 1052,Mej = 4.84 M") (57)

εe = 0.1, εB = 0.01, Ẽ = 1045, Ṁ = 2× 10−5 M" yr−1 (58)

p = 3

(Ein = 1052,Mej = 1.62 M") (59)

γm = 1 (60)

Γβ ∼ 1 (61)

Ekin ∼ 1049 erg (62)

γm(t) ≥ 1 (63)

v(t) ∼ R(t)/t (64)

k = |d log ρ(r)/dr| (65)

∝ E10.7/3
in M−7.7/3

ej [(Γβ)−0.94 + (Γβ)−0.2]5.5. (66)

Etot(Γβ, R) = R3(Γβ)2ρw(R)c2
[
8π

9
β2 +

9

4α2
(1− β2)

]
,

nCSM(R) = 3×109
(

R

1013 cm

)−2
(

Ṁ

10−5 M" yr−1

)( vw
103 km s−1

)
cm−3.

(67)

nCSM(R) ∝ R−2
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of RSNe is bright enough and it is detectable at every wavelength as long as it enters a
detector field of view (FOV). We also find that the emission from the spherical component
of RSNe is much dimmer than that from the extra hard component and does not contribute
to the total flux, except for smaller values of the explosion parameters and in the very late
phase.

At early times tobs ∼ 104 s, the light curve evolves in the same way, independently of
the explosion parameters, since the energy injection from the slower shells continues and
afterglow emission depends only on the energy coefficient Ẽ. However, once the energy
injection is over at tin, the light curve shows an achromatic break and the flux declines more
steeply than before. Using the non-relativistic form of Eqs. (1-5), tin is analytically estimated
as

tin ∼ 500

(
Mej

10−3 M"

)3/2 ( Ein

4.5× 1049 erg

)−1/2

(6)

×
(

A2

3.0× 1035 cm−1

)−1

day.

Note that tin is independent of the emission model and it may become important to know
the explosion parameters (§4).

Another remarkable feature of the light curve is that precursor emission is predictable at
optical band to SN thermal emission. As we see from the middle panel of Fig. 2, synchrotron
emission becomes brighter than the peak of SN thermal emission at least for tobs ! 104 s.
This precursor may be important to probe the afterglow parameters (§4).

4. Discussion

Below, we describe the main results and the implications of them.

First, we find that precursor emission is predictable at optical band to SN thermal
emission. As we see from the middle panel of Fig. 2, synchrotron emission becomes brighter
than the peak of SN thermal emission at least for tobs ! 104 s. If the precursor is detected,
we can observe the afterglow emission of RSNe from early times, which will be useful to
determine the afterglow parameters: p, εe, εB, Ak, and Ẽ. Note here that while the energy
coefficient Ẽ will be determined in principle, the explosion parameters (Ein,Mej) can not
be specified from the light curve fitting alone, since they degenerate for each Ẽ as Ẽ ∝
E10.7/3

in M−7.7/3
ej .

Second, we find that the light curve will show an achromatic break at tin, when the
energy injection from the slower shells ends, and the flux declines more steeply after it.

SN ejecta

∫ ∞

0
LBZ(t)dt ∝

∫ ∞

0
Ṁ(t)dt = m0

d, (70)

Γj " 1 (71)

vej (72)

∝ (Γβ)−5 (73)

∝ (Γβ)−1 (74)

∫ ∞

0
LBZ(t)dt ∝

∫ ∞

0
Ṁ(t)dt = m0

d, (70)

Γj " 1 (71)

vej, vsh, Esh (72)

∝ (Γβ)−5 (73)

∝ (Γβ)−1 (74)

∫ ∞

0
LBZ(t)dt ∝

∫ ∞

0
Ṁ(t)dt = m0

d, (70)

Γj " 1 (71)

vej, vsh, Esh (72)

∝ (Γβ)−5 (73)

∝ (Γβ)−1 (74)

•一部のI b/c型SNには電波の対応天体が付随.
“Radio SN”と呼ばれる.

Ejecta bulkな速度:

∫ ∞

0
LBZ(t)dt ∝

∫ ∞

0
Ṁ(t)dt = m0

d, (70)

Γj " 1 (71)

vej (72)

∝ (Γβ)−5 (73)

∝ (Γβ)−1 (74)

•c.f. SNの可視光観測

スペクトル時間進化

Unlike the optical emission from supernovae, which traces only the
slowest explosion debris, radio observations uniquely probe14 the
fastest ejecta as the expanding blast wave (velocity, v) shocks and
accelerates electrons in amplified magnetic fields. The resulting syn-
chrotron emission is suppressed by self-absorption (‘synchrotron self-
absorption’, SSA), producing a low frequency radio turnover that
defines the spectral peak frequency, np. Combining our observations
from the VLA and the Giant Meterwave Radio Telescope (GMRT), the
radio spectra of SN 2009bb are well described by an SSA model across
multiple epochs (Fig. 2). From our earliest spectrum on April 8 UT

(Dt < 20 days), we infer np < 6 GHz and a spectral peak luminosity,
Ln,p < 3.6 3 1028 erg s21 Hz21.

Making the conservative assumption that the energy of the radio
emitting material is partitioned equally into accelerating electrons and
amplifying magnetic fields (equipartition), the properties of the SSA
radio spectrum enable13,14 a robust estimate of the blast-wave radius,
R < 2.9 3 1016(Ln,p/1028)9/19(np/5)21 cm. (Here Ln,p is in units of
erg s21 Hz21, and np is in units of GHz.) Luminous synchrotron
sources with a low spectral peak frequency thus require larger sizes
(Fig. 3). For SN 2009bb, we infer R < 4.4 3 1016 cm at Dt < 20 days
and thus the mean expansion velocity is R/Dt 5 0.85 6 0.02 c, where c
is the speed of light. The transverse expansion speed, Cbc 5 R/Dt
indicates that the blast wave is relativistic, C > 1.3, at this time (here
the bulk Lorentz factor C 5 (1 2 b2)21/2, with b 5 v/c). This is a lower
limit on the initial velocity, as the radio evolution indicates that the
blast wave decelerated early on. We further find that the radio emis-
sion requires a minimum energy, E 5 (1.3 6 0.1) 3 1049 erg, coupled
to the relativistic outflow and comparable to the values inferred7,13,15,16

from the radio afterglows of nearby GRBs (Fig. 4).
These conclusions are robust; the blast-wave velocity is insensitive14,17

to deviations from equipartition while the relativistic energy can only be
higher18. In view of these constraints, we note that shock-acceleration in
some type Ibc supernovae may19 couple a minute fraction (= 0.01%) of
the total energy, Etot, to material with a trans-relativistic velocity.
However, this scenario would require an exceedingly high total energy
for SN 2009bb, Etot> 1053 erg, a factor of 102 higher than the total explo-
sion energies inferred for type Ibc supernovae. We conclude that the

energetic and relativistic outflow from SN 2009bb was powered by
another energy reservoir, a central engine. Until now, engine-driven
supernovae have been discovered exclusively through their c-ray emis-
sion, making SN 2009bb the first to be identified by its long-wavelength
signal.

Motivated by our discovery of an engine-driven relativistic outflow,
we searched for ac-ray counterpart in temporal and spatial coincidence
with SN 2009bb. During our bracketed explosion date estimate, the all-
sky Interplanetary Network (IPN; ref. 20) of high energy satellites did
not detect a coincident GRB (Supplementary Information). On the
basis of the IPN sensitivity and detection efficiency, we place an upper
limit on the c-ray fluence of Fc , 5 3 1026 erg cm22, corresponding to
an energy of Ec , 1048 erg (in the band 25–150 keV) if the relativistic
outflow was isotropic. This limit is a factor of two higher than the
isotropic-equivalent Ec observed21 from GRB 980425, and thus it is
possible that SN 2009bb gave rise to a similar (albeit undetected) signal.
At the same time, these limits cannot exclude scenarios in which the
supernova (1) powered a GRB directed away from our line of sight, or
(2) did not produce any c-rays. SN 2009bb observationally demon-
strates the limitation of using c-ray satellites as a primary tool to
identify nearby engine-driven explosions.

In this context, we note that our VLA observations of SN 2009bb
were obtained as part of an extensive radio survey of 143 optically
discovered local type Ibc supernovae designed to recover relativistic
supernovae without detected c-ray counterparts. This systematic radio
study revealed5,6,7,12 no additional relativistic supernovae, instead indi-
cating typical maximum blast-wave velocities for type Ibc supernovae
of b < 0.1 (Figs 3 and 4). From this sample, we therefore estimate the
fraction of engine-driven supernovae to be just 0:7z1:6

{0:6%(1s). This is
measured independently from, and yet is consistent with, the fraction
inferred from the relative rates7,22,23 of nearby GRBs and all type Ibc
supernovae, 1:4z5:0

{0:3%(1s). Our long-term study thus confirms that
engine-driven supernovae are uncommon.

The infrequency of relativistic outflows among massive star explo-
sions implies that their progenitor stars share an essential and rare
physical property. Observations of the explosion environment may offer
unique clues. On a local scale (=1 pc), where the environment was
shaped directly by the evolution of SN 2009bb’s progenitor star, we find
evidence for a pre-explosion mass loss rate of _MM 5 (2.0 6 0.2) 3 1026
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Figure 2 | Synchrotron self-absorption model fits to the SN 2009bb radio
spectra. The radio emission from GRBs and type Ibc supernovae is
suppressed14,17 at low frequencies by SSA, defining the spectral peak frequency.
The spectral shape below and above the peak is characterized as Fn / n5/2 and
Fn / n2(p21)/2, respectively, where p is the power-law index of the relativistic
electron energy distribution above a minimum Lorentz factor, cm. Our multi-
frequency radio observations of SN 2009bb taken with the VLA and GMRT
(Supplementary Information) on April 8, May 10, June 6–10 and August 8–11
UT (Dt < 20, 52, 81 and 145 days) are well described by a standard SSA
spectrum, with np < 6, 3, 1 and 0.8 GHz, and peak flux densities of Fn,p < 19, 15,
13 and 11 mJy, respectively. As the blast wave expands the shocked material
becomes optically thin, causing np to cascade17 to lower frequencies with time.
The optically thin spectral index is constrained to roughly Fn < n21, which
implies p < 3, in line17 with other radio type Ibc supernovae. Error bars, 1s.
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Figure 3 | Radio properties of the nearest massive star explosions directly
reveal the blast-wave velocities. We compare the peak radio luminosities for
type Ibc supernovae (red circles) and nearby GRBs (z=0.1; blue squares) as
observed at the spectral peak frequency, np (in GHz), and at timeDt (in days).
These observed properties are tightly related14 to the blast-wave radius. The
average velocities are reasonably estimated as R/Dt (dashed grey lines). For
type Ibc supernovae we infer typical velocities of R/Dt < 0.1c, while SN
2009bb (yellow star) and the nearest GRBs show R/Dt < c. Error bars, 1s.
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全運動エネルギー:

∫ ∞

0
LBZ(t)dt ∝

∫ ∞

0
Ṁ(t)dt = m0

d, (70)

Γj " 1 (71)

vej, vsh, Esh (72)

∝ (Γβ)−5 (73)

∝ (Γβ)−2.4 (74)

∝ (Γβ)−1 (75)

Ṁ = 1-5× 10−7 M# yr−1, ∝ ν5/2 ∝ ν−(p−1)/2

Ekin(> Γβ) ∝ Ẽ[(Γβ)−0.94 + (Γβ)−0.2]5.5 (76)

γm = εe(Γ− 1)
mp

me

p− 2

p− 1
> 1 (77)

Ein ∼ 1051 erg (78)



Radio SNe & HNe

Refreshed shock modelに従い, 上記解釈を再考する.

ジェット起源のSN(初)?
Soderberg et al. 10 Margutti et al. 14

4 Margutti et al.

FIG. 3.— Left panel: Chandra observations put a deep limit to the X-ray luminosity of the relativistic SN 2012ap at ⇠ 20 days after the explosion. SN 2012ap
is considerably less luminous than ordinary long GRBs (filled circles, from Margutti et al. 2013a, Margutti et al. 2013b and referenced therein) and is ⇠ 100
times fainter than the faintest sub-E GRBs (i.e. GRBs 980425 and 100316D). Filled grey squares: X-ray emission from ordinary Type Ic SNe. The relativistic
SN2009bb is marked with a blue square. References: Immler et al. (2002), Pooley & Lewin (2004), Soria et al. (2004), Soderberg et al. (2005), Perna et al.
(2008). Right panel: radio emission of SN 2012ap (from C14) compared to a sample of GRB radio afterglows (filled circles) and Type Ic SNe (filled square)
collected from Soderberg et al. (2010b), Chandra & Frail (2012) and Margutti et al. (2013a). At radio frequencies the luminosity of SN 2012ap is comparable to
(or even larger than) sub-E GRBs. In both panels GRBs with spectroscopically associated SNe are in color and labeled.

FIG. 4.— Promptly emitted �-ray energy vs. X-ray luminosity between 10
and 30 days since the explosion for the sample of relativistic SNe (red stars)
and sub-E GRBs (blue circles). Relativistic SNe are clearly distinguished
from sub-E GRBs by their significantly fainter X-ray emission. References:
Amati (2006); Soderberg et al. (2006b); Soderberg et al. (2010b); Starling
et al. (2011) Barthelmy et al. (2012); Margutti et al. (2013a); Margutti et al.
(2013b); Amati (2013); Amati et al. (2013); C14.

While both relativistic SNe and sub-E GRBs are interme-
diate between ordinary type Ic SNe and GRBs, our findings
point to a diversity in the properties of the progenitors and/or
the engines that drive their explosion.This topic is discussed
below.

5. DISCUSSION

At �t & 10d the detected X-ray emission from sub-E GRBs
like 060218, 100316D has been shown to originate from

FIG. 5.— Radio (filled black circles) to X-ray (black stars) SED of
SN 2012ap. The Chandra X-ray upper limit is consistent with the extrap-
olation of the best-fitting synchrotron model obtained by C14 at �t ⇡ 20 d.
Notably, the X-ray emission from SN 2012ap is � 100 times fainter than the
sub-E GRB 100316D at a similar epoch (here rescaled to match the level of
the detected SN 2012ap radio emission), thus ruling out the presence of an
extra X-ray component arising from the activity of the explosion central en-
gine.

the activity of the explosion central engine (Soderberg et al.
2006a, Fan & Piran 2006, Margutti et al. 2013a), which dom-
inates over synchrotron emission from the shock-CSM inter-
action.10 The nature of the central engine is currently not
known. For the sub-E GRBs 060218 and 100316D the obser-

10 As noted in Margutti et al. (2013a), this extra component might be
present in classical GRBs as well, but it is likely out-shined by emission from
the the jet-CSM interaction.

GRB
残光

Radio
HN

~SN Ib/cとGRBの中間の性質.
•Radio SNより~10倍明るい. 

“Radio Hypernova(HN)”
•Hypernova:                    .

Tvir ! 104 K (41)

Ein ∼ 1052 erg (42)

Mej ∼ 3-4 M! (43)

M(56Ni) ∼ 0.2-0.6 M! (44)

M(56Ni) " 0.1 M! (45)

Ec ∼ Ljtbo ∼ 1051 (46)

R(t) ∝ tm, m < 1

v(t) = mR(t)/t

ρ(r) ∝ (R∗/r − 1)n

ρ(r) ∝ r−k

Fν =
πR2

D2

c5
c6

B−1/2

(
ν

2c1

)5/2

, ν < νp (47)

Fν =
2πR3

3D2
c5N0B

(p+1)/2

(
ν

2c1

)−(p−1)/2

, ν > νp (48)

Rp =

[
6cp+5

6 (FpD2)p+6

(εe/εB)(p− 2)πp+5(γmmec2)p−2

]1/(2p+13) (
νp
2c1

)−1

(49)

Bp =

[
36π3c5

(εe/εB)2(p− 2)2c36(γmmec2)2(p−2)FpD2

]2/(2p+13) (
νp
2c1

)
(50)

GRB-SN相関考える上で重要.

Radio
SN

•γ線放射はない(GRBでない)が,
             のejectaの存在を示唆.

∫ ∞

0
LBZ(t)dt ∝

∫ ∞

0
Ṁ(t)dt = m0

d, (70)

Γj " 1 (71)

vej, vsh, Esh (72)

∝ (Γβ)−5 (73)

∝ (Γβ)−2.4 (74)

∝ (Γβ)−1 (75)

Ṁ = 1-5× 10−7 M# yr−1, ∝ ν5/2 ∝ ν−(p−1)/2

Ekin(> Γβ) ∝ Ẽ[(Γβ)−0.94 + (Γβ)−0.2]5.5 (76)

γm = εe(Γ− 1)
mp

me

p− 2

p− 1
> 1 (77)

Ein ∼ 1051 erg (78)

vej ∼ c (79)



2. Refreshed Shock Model



Dynamics of SN Shock Breakout 

Matzner&McKee 99
Tan et al. 01

Sakurai 60, Johnson&McKee 71

非一様な速度構造をもつejectaが
CSMに衝突して減速する様を見る.

一部は相対論的速度にまで加速される.

Shock breakout後も
internal energy → kinetic energy
によりさらなる加速.

星表層におけるshock面の加速

外側ほど速いが, kinetic energyは小

ρ 
[g

/c
m

^3
]

r [cm]

星表層

Tvir ! 104 K (41)

EHN ! 1052 erg (42)

MHN ∼ 5-10 M! (43)

M(56Ni) ∼ 0.2-0.6 M! (44)

M(56Ni) " 0.1 M! (45)

Ec ∼ Ljtbo ∼ 1051 (46)

R(t) ∝ tm, m < 1

v(t) = mR(t)/t

ρ(r) ∝ (R∗/r − 1)n

ρ(r) ∝ r−k

Fν =
πR2

D2

c5
c6

B−1/2

(
ν

2c1

)5/2

, ν < νp (47)

Fν =
2πR3

3D2
c5N0B

(p+1)/2

(
ν

2c1

)−(p−1)/2

, ν > νp (48)

Rp =

[
6cp+5

6 (FpD2)p+6

(εe/εB)(p− 2)πp+5(γmmec2)p−2

]1/(2p+13) (
νp
2c1

)−1

(49)

Bp =

[
36π3c5

(εe/εB)2(p− 2)2c36(γmmec2)2(p−2)FpD2

]2/(2p+13) (
νp
2c1

)
(50)

E ∝ R3
pB

2
p ∝ γ−11(p−2)/(2p+13)

m (51)

N(E) = N0E
−p (52)

shock front
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of RSNe is bright enough and it is detectable at every wavelength as long as it enters a
detector field of view (FOV). We also find that the emission from the spherical component
of RSNe is much dimmer than that from the extra hard component and does not contribute
to the total flux, except for smaller values of the explosion parameters and in the very late
phase.

At early times tobs ∼ 104 s, the light curve evolves in the same way, independently of
the explosion parameters, since the energy injection from the slower shells continues and
afterglow emission depends only on the energy coefficient Ẽ. However, once the energy
injection is over at tin, the light curve shows an achromatic break and the flux declines more
steeply than before. Using the non-relativistic form of Eqs. (1-5), tin is analytically estimated
as

tin ∼ 500

(
Mej

10−3 M"

)3/2 ( Ein

4.5× 1049 erg

)−1/2

(6)

×
(

A2

3.0× 1035 cm−1

)−1

day.

Note that tin is independent of the emission model and it may become important to know
the explosion parameters (§4).

Another remarkable feature of the light curve is that precursor emission is predictable at
optical band to SN thermal emission. As we see from the middle panel of Fig. 2, synchrotron
emission becomes brighter than the peak of SN thermal emission at least for tobs ! 104 s.
This precursor may be important to probe the afterglow parameters (§4).

4. Discussion

Below, we describe the main results and the implications of them.

First, we find that precursor emission is predictable at optical band to SN thermal
emission. As we see from the middle panel of Fig. 2, synchrotron emission becomes brighter
than the peak of SN thermal emission at least for tobs ! 104 s. If the precursor is detected,
we can observe the afterglow emission of RSNe from early times, which will be useful to
determine the afterglow parameters: p, εe, εB, Ak, and Ẽ. Note here that while the energy
coefficient Ẽ will be determined in principle, the explosion parameters (Ein,Mej) can not
be specified from the light curve fitting alone, since they degenerate for each Ẽ as Ẽ ∝
E10.7/3

in M−7.7/3
ej .

Second, we find that the light curve will show an achromatic break at tin, when the
energy injection from the slower shells ends, and the flux declines more steeply after it.
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)−1

day.

Note that tin is independent of the emission model and it may become important to know
the explosion parameters (§4).

Another remarkable feature of the light curve is that precursor emission is predictable at
optical band to SN thermal emission. As we see from the middle panel of Fig. 2, synchrotron
emission becomes brighter than the peak of SN thermal emission at least for tobs ! 104 s.
This precursor may be important to probe the afterglow parameters (§4).

4. Discussion

Below, we describe the main results and the implications of them.

First, we find that precursor emission is predictable at optical band to SN thermal
emission. As we see from the middle panel of Fig. 2, synchrotron emission becomes brighter
than the peak of SN thermal emission at least for tobs ! 104 s. If the precursor is detected,
we can observe the afterglow emission of RSNe from early times, which will be useful to
determine the afterglow parameters: p, εe, εB, Ak, and Ẽ. Note here that while the energy
coefficient Ẽ will be determined in principle, the explosion parameters (Ein,Mej) can not
be specified from the light curve fitting alone, since they degenerate for each Ẽ as Ẽ ∝
E10.7/3

in M−7.7/3
ej .

Second, we find that the light curve will show an achromatic break at tin, when the
energy injection from the slower shells ends, and the flux declines more steeply after it.

非一様速度構造をもつejectaの形成.

∫ ∞

0
LBZ(t)dt ∝

∫ ∞

0
Ṁ(t)dt = m0

d, (70)

Γj " 1 (71)

vej, vsh, Esh (72)

∝ (Γβ)−5 (73)

∝ (Γβ)−1 (74)

Ṁ = 1-5× 10−7 M# yr−1

Ekin(> Γβ) ∝ Ẽ[(Γβ)−0.94 + (Γβ)−0.2]5.5 (75)

– 5 –

larger velocity and less energy, the outer shells are decelerated from earlier times than the
inner ones. The inner and slower shells catch up with the faster one when the latter is
decelerated to velocity roughly equal to the former (Rees & Meszaros 1998). At that time,
most of the kinetic energy which the decelerated shells originally have is converted to the
internal energy and this internal energy is almost equal to the total energy of the ejecta.
When the velocity and the radius of the decelerated ejecta are Γβ and R, the total energy of
the ejecta is calculated from (Taylor 1950; Sedov 1959; Blandford & McKee 1976; De Colle
et al. 2012)

Etot(Γβ, R) = R3−kβ2Γ2Akmpc
2 (3)

×
[

8π

17− 4k
β2 +

(5− k)2

4αk
(1− β2)

]
,

where

α1/(5−k)
k =

{
1.15 (k = 0)

0.78 (k = 2).
(4)

Note that this formula reproduces the numerical results of blast wave evolution within a max-
imum difference of 5 % in the relativistic, non-relativistic, and trans-relativistic regimes (De
Colle et al. 2012). As long as evolution is adiabatic, Etot(Γβ, R) is always roughly equal to
the original kinetic energy Ekin(> Γβ). Thus, velocity evolution is analytically estimated
from (Sari & Mészáros 2000; Kyutoku et al. 2014; Barniol Duran et al. 2014)2

Ekin(> Γβ) ∼ Etot(Γβ, R). (5)

Since the left (right) hand side is a monotonically decreasing (increasing) function of Γβ,
the velocity is obtained as a function of the shock-front radius Γβ = Γβ(R) by the bisection
method. By integrating velocity dR/dt = β(R)c with respect to the lab-frame time t, the
shock front radius can be written as a function of t as R = R(t). Finally, for the observer
on a line-of-sight (LOS) to the ejecta center, the arrival time interval of photons from the
shock front is related to the lab-frame time as dtobs/dt = 1 − β(R), so that by integration
with respect to t, the shock front radius is represented as a function of the observer time tobs
as R = R(tobs).

After the energy injection from the slower shells is over, the dynamics is described by
the Sedov-von Neumann-Taylor solutions with energy Ein.

2Here, we approximate Γ ∼ Γs and β ∼ βs for simplicity. They differ by less than a factor of a few.
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∫ ∞

0
LBZ(t)dt ∝

∫ ∞

0
Ṁ(t)dt = m0

d, (70)

Γj " 1 (71)

∝ (Γβ)−5 (72)

∝ (Γβ)−1 (73)

∫ ∞

0
LBZ(t)dt ∝

∫ ∞

0
Ṁ(t)dt = m0

d, (70)

Γj " 1 (71)

∝ (Γβ)−5 (72)

∝ (Γβ)−1 (73)

~1

Ejecta外側

球状爆発でも            は存在しうる.

∫ ∞

0
LBZ(t)dt ∝

∫ ∞

0
Ṁ(t)dt = m0

d, (70)

Γj " 1 (71)

vej, vsh, Esh (72)

∝ (Γβ)−5 (73)

∝ (Γβ)−2.4 (74)

∝ (Γβ)−1 (75)

Ṁ = 1-5× 10−7 M# yr−1, ∝ ν5/2 ∝ ν−(p−1)/2

Ekin(> Γβ) ∝ Ẽ[(Γβ)−0.94 + (Γβ)−0.2]5.5 (76)

γm = εe(Γ− 1)
mp

me

p− 2

p− 1
> 1 (77)

Ein ∼ 1051 erg (78)

vej ∼ c (79)



(内側の)遅いshellが追いつき, shock領域の
エネルギーが増す.

Dynamics of Decelerating Ejecta
Sari et al. 98
Rees&Meszaros98
Sari&Meszaros00(外側の)速いshellから順に減速.

“Refreshed shock model”
Forward shock速度:

Shock領域で加速された電子からのsynchrotron放射を考える.

Kinetic energyの大半がinternal energy
に変わった → 減速段階に入る.

– 5 –

larger velocity and less energy, the outer shells are decelerated from earlier times than the
inner ones. The inner and slower shells catch up with the faster one when the latter is
decelerated to velocity roughly equal to the former (Rees & Meszaros 1998). At that time,
most of the kinetic energy which the decelerated shells originally have is converted to the
internal energy and this internal energy is almost equal to the total energy of the ejecta.
When the velocity and the radius of the decelerated ejecta are Γβ and R, the total energy of
the ejecta is calculated from (Taylor 1950; Sedov 1959; Blandford & McKee 1976; De Colle
et al. 2012)

Etot(Γβ, R) = R3−kβ2Γ2Akmpc
2 (3)

×
[

8π

17− 4k
β2 +

(5− k)2

4αk
(1− β2)

]
,

where

α1/(5−k)
k =

{
1.15 (k = 0)

0.78 (k = 2).
(4)

Note that this formula reproduces the numerical results of blast wave evolution within a max-
imum difference of 5 % in the relativistic, non-relativistic, and trans-relativistic regimes (De
Colle et al. 2012). As long as evolution is adiabatic, Etot(Γβ, R) is always roughly equal to
the original kinetic energy Ekin(> Γβ). Thus, velocity evolution is analytically estimated
from (Sari & Mészáros 2000; Kyutoku et al. 2014; Barniol Duran et al. 2014)2

Ekin(> Γβ) ∼ Etot(Γβ, R). (5)

Since the left (right) hand side is a monotonically decreasing (increasing) function of Γβ,
the velocity is obtained as a function of the shock-front radius Γβ = Γβ(R) by the bisection
method. By integrating velocity dR/dt = β(R)c with respect to the lab-frame time t, the
shock front radius can be written as a function of t as R = R(t). Finally, for the observer
on a line-of-sight (LOS) to the ejecta center, the arrival time interval of photons from the
shock front is related to the lab-frame time as dtobs/dt = 1 − β(R), so that by integration
with respect to t, the shock front radius is represented as a function of the observer time tobs
as R = R(tobs).

After the energy injection from the slower shells is over, the dynamics is described by
the Sedov-von Neumann-Taylor solutions with energy Ein.

2Here, we approximate Γ ∼ Γs and β ∼ βs for simplicity. They differ by less than a factor of a few.
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2

Eq. (1) shows the cumulative energy within the shells
that have velocities larger than βc.

2.1.2. Dynamics of the Decelerating Ejecta

The breakout shells expand and are decelerated in the
CSM. Assuming that the progenitor mass loss is steady,
we take the number density profile of the CSM as a
power-law n1(R) = A2R−2, where R is the radius from
the center and A2 = Ṁ/(4πvwmp) with Ṁ , vw and mp
being the mass loss rate, wind velocity and the proton
mass, respectively. Throughout this paper, the wind ve-
locity is fixed to the typical value for Wolf-Rayet (WR)
stars, vw = 1000 km s−1 (e.g., Crowther 2007).
Since the outer shells in the ejecta have larger veloci-

ties, though with smaller energies, they are decelerated
from earlier times than the inner ones. An inner shell
catches up with the outer one when the latter is decel-
erated to a velocity roughly equal to the former, and re-
energizes the shock (refreshed shock; Rees & Mészáros
1998). When the velocity and radius of the shock is βc
and R, the internal energy in the shocked region can be
calculated as (Taylor 1950; Sedov 1959; Blandford & Mc-
Kee 1976; De Colle et al. 2012)

Esh(Γβ, R) = R3(Γβ)2n1(R)mpc
2 (3)

×
[
8π

9
β2 +

9

4α2
(1− β2)

]
,

where α1/3
2 = 0.78. Note that this formula reproduces

the numerical results of blast wave evolution within a
maximum difference of 5 % in the relativistic, non-
relativistic, and trans-relativistic regimes (De Colle et
al. 2012). As long as evolution is adiabatic, Esh(Γβ, R)
is almost equal to the original kinetic energy Ekin(> Γβ),
and thus, the shock velocity can be estimated from (Sari
& Mészáros 2000; Kyutoku et al. 2014; Barniol Duran et
al. 2014)

Ekin(> Γβ) ∼ Esh(Γβ, R). (4)

By integrating the velocity dR/dt = β(R)c with respect
to the lab-frame time t, the shock radius can be written
as a function of t as R = R(t). We note that the arrival
time of photons from the shock front is related to the
observer-frame time as dtobs/dt = 1 − β(R), and this
effect needs to be taken into account for calculating the
observed light curve.
After the shock velocity becomes smaller than that of

the slowest shell, the dynamics is described by the Sedov-
von Neumann-Taylor solutions with energy Ein.

2.2. Synchrotron Emission

We model the synchrotron emission following Sari et
al. (1998) and Granot & Sari (2002). Here, we assume
that a fraction of the internal energy in the shocked fluid
is consumed to generate turbulent magnetic fields and to
accelerate non-thermal electrons with a power law index
of p; n(γe)dγe = n0γ−p

e dγe (γm ≤ γe). We take the
above fractions as constant εB for magnetic fields and
εe for electrons, respectively. We also assume that all
the swept up electrons are injected into the acceleration
process and contributes to synchrotron emission. In the
deep Newtonian phase, however, we assume that only a
part of the electrons are accelerated to relativistic speeds

following Sironi & Giannios (2013), since γm could be less
than 1 in the above formalism.
We consider the emission only from the forward shock

region for simplicity. Then, the synchrotron spectrum is
represented as a broken power-law connected with the
following three frequencies: the absorption frequency
νa, characteristic frequency νm and cooling frequency
νc (Panaitescu & Kumar 2000; Inoue 2004).

3. RESULT

Now, let us calculate synchrotron spectra and light
curves from HN ejecta interacting with the CSM based
on the refreshed shock model, and first compare them
with those of SN 2009bb for which the observed radio
flux is available in Soderberg et al. (2010). The input
parameters are Ẽ, εe, εB , p, and Ṁ (or A2).
At radio frequencies, synchrotron self-absorption be-

comes effective and the absorption frequency νa shapes
the spectrum peak (e.g., Chevalier 1998). Then, by iden-
tifying the spectrum peak frequency and the flux, we can
estimate the energy Ẽ and the wind parameter Ṁ (or
A2) for each set of εe and εB , while the value of p is
determined from the spectrum slope at high frequencies.
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Figure 1. The multi-band light-curve fitting of the radio emission
from SN 2009bb. The black data points are taken from Soderberg
et al. (2010). For comparison with the previous study, we assume
the parameter values of εe = εB = 0.33 and p = 3 (Soderberg et al.
2010). Then we obtain Ẽ = 6× 1043 erg and Ṁ = 10−6 M" yr−1

to reproduce the radio emission (solid line). For comparison, we
also show the results of the higher (Ṁ = 10−5 M" yr−1) and
lower (Ṁ = 10−7 M" yr−1) mass loss cases with the dashed and
dotted lines, respectively.

In Fig. 1, we show the fitting results of the radio light
curves of SN 2009bb. The black points correspond to the

v(t) ∼ R(t)/t (64)

k = |d log ρ(r)/dr| (65)

∝ E10.7/3
in M−7.7/3

ej [(Γβ)−0.94 + (Γβ)−0.2]5.5. (66)

Esh(Γβ, R) = R3(Γβ)2nCSM(R)mpc
2

[
8π

9
β2 +

9

4α2
(1− β2)

]
,

nCSM(R) = 3×109
(

R

1013 cm

)−2
(

Ṁ

10−5 M" yr−1

)( vw
103 km s−1

)
cm−3.

(67)

nCSM(R) ∝ R−2

nCSM(R) ∝ R−2

nCSM(R) = A2R
−2

τ =
κTmpA2

R

Rthick ∼ 1011
(

κT

0.2 cm2 g−1

)(
Ṁ

10−5 M" yr−1

)( vw
103 km s−1

)−1
cm

ν = 2.8× 106Bγ2
eΓ

LBZ = 3.2× 1050 erg s−1 α−11/10
−1

(
Ṁ

10−3M"s−1

)
, (68)

Ṁt ∼ m0
d

EBZ = 3.2× 1052 erg s−1 α−11/10
−1

(
m0

d

10−1M"

)
, (69)

Rp =

[
6cp+5

6 (FpD2)p+6

(εe/εB)(p− 2)πp+5(γmmec2)p−2

]1/(2p+13) (
νp
2c1

)−1

(49)

Bp =

[
36π3c5

(εe/εB)2(p− 2)2c36(γmmec2)2(p−2)FpD2

]2/(2p+13) (
νp
2c1

)
(50)

E ∝ R3
pB

2
p ∝ γ−11(p−2)/(2p+13)

m (51)

E ∼ R3B2/εB (52)

Ṁ ∼ vwind
B2

εB

(
R

βc

)2

(53)

N(γe) = N0(γemec
2)−p, γmmec

2 ≤ E < ∞ (54)

N(γe) = n0γ
−p
e , γm ≤ γe < ∞ (55)

εe = εB = 0.33, Ẽ = 6× 1043, Ṁ = 10−6 M" yr−1 (56)

Ṁ = 10−5 M" yr−1 ∝ Ṁ

(Ein = 1052,Mej = 4.84 M") (57)

εe = 0.1, εB = 0.01, Ẽ = 1045, Ṁ = 2× 10−5 M" yr−1 (58)

p = 3

(Ein = 1052,Mej = 1.62 M") (59)

γm = 1 (60)

Γβ ∼ 1 (61)

Ekin ∼ 1049 erg (62)

γm(t) ≥ 1 (63)

v(t) ∼ R(t)/t (64)

k = |d log ρ(r)/dr| (65)

∝ E10.7/3
in M−7.7/3

ej [(Γβ)−0.94 + (Γβ)−0.2]5.5. (66)

Etot(Γβ, R) = R3(Γβ)2ρw(R)c2
[
8π

9
β2 +

9

4α2
(1− β2)

]
,

nCSM(R) = 3×109
(

R

1013 cm

)−2
(

Ṁ

10−5 M" yr−1

)( vw
103 km s−1

)
cm−3.

(67)

nCSM(R) ∝ R−2
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of RSNe is bright enough and it is detectable at every wavelength as long as it enters a
detector field of view (FOV). We also find that the emission from the spherical component
of RSNe is much dimmer than that from the extra hard component and does not contribute
to the total flux, except for smaller values of the explosion parameters and in the very late
phase.

At early times tobs ∼ 104 s, the light curve evolves in the same way, independently of
the explosion parameters, since the energy injection from the slower shells continues and
afterglow emission depends only on the energy coefficient Ẽ. However, once the energy
injection is over at tin, the light curve shows an achromatic break and the flux declines more
steeply than before. Using the non-relativistic form of Eqs. (1-5), tin is analytically estimated
as

tin ∼ 500

(
Mej

10−3 M"

)3/2 ( Ein

4.5× 1049 erg

)−1/2

(6)

×
(

A2

3.0× 1035 cm−1

)−1

day.

Note that tin is independent of the emission model and it may become important to know
the explosion parameters (§4).

Another remarkable feature of the light curve is that precursor emission is predictable at
optical band to SN thermal emission. As we see from the middle panel of Fig. 2, synchrotron
emission becomes brighter than the peak of SN thermal emission at least for tobs ! 104 s.
This precursor may be important to probe the afterglow parameters (§4).

4. Discussion

Below, we describe the main results and the implications of them.

First, we find that precursor emission is predictable at optical band to SN thermal
emission. As we see from the middle panel of Fig. 2, synchrotron emission becomes brighter
than the peak of SN thermal emission at least for tobs ! 104 s. If the precursor is detected,
we can observe the afterglow emission of RSNe from early times, which will be useful to
determine the afterglow parameters: p, εe, εB, Ak, and Ẽ. Note here that while the energy
coefficient Ẽ will be determined in principle, the explosion parameters (Ein,Mej) can not
be specified from the light curve fitting alone, since they degenerate for each Ẽ as Ẽ ∝
E10.7/3

in M−7.7/3
ej .

Second, we find that the light curve will show an achromatic break at tin, when the
energy injection from the slower shells ends, and the flux declines more steeply after it.

SN ejecta

∫ ∞

0
LBZ(t)dt ∝

∫ ∞

0
Ṁ(t)dt = m0

d, (70)

Γj " 1 (71)

vej (72)

∝ (Γβ)−5 (73)

∝ (Γβ)−1 (74)

∫ ∞

0
LBZ(t)dt ∝

∫ ∞

0
Ṁ(t)dt = m0

d, (70)

Γj " 1 (71)

vej, vsh, Esh (72)

∝ (Γβ)−5 (73)

∝ (Γβ)−1 (74)

∫ ∞

0
LBZ(t)dt ∝

∫ ∞

0
Ṁ(t)dt = m0

d, (70)

Γj " 1 (71)

vej, vsh, Esh (72)

∝ (Γβ)−5 (73)

∝ (Γβ)−1 (74)
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球状爆発をしたhypernova(HN)であるという解釈と無矛盾.
ジェット成分が存在するとは必ずしも言えないようである.
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先行研究に比してエネルギーの見積もりに約１桁のずれ.

Ejecta外側



Model Difference
•相対論的電子個数のエネルギー分布に関する仮定が両者で異なる.

エネルギーの見積もりに約１桁のずれ
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observed data from Soderberg et al. (2010), and the blue
lines to the theoretical curve with Ẽ = 6× 1043 erg and
Ṁ = 10−6 M" yr−1. We adopt εe = εB = 0.33, p = 3
and D = 40 Mpc, where D is the distance to the source,
as in Soderberg et al. (2010). From Fig. 1, we find that
the bright radio counterparts could be reproduced solely
by the spherical HN explosion. For comparison, we also
show the results of the higher (Ṁ = 10−5 M" yr−1) and
lower (Ṁ = 10−7 M" yr−1) mass loss cases with the
dashed and dotted lines, respectively. One sees that the
radio flux becomes larger and the peak time later for a
higher wind density.
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erg, which reproduces the radio emission of SN 2009bb quite

well (Fig. 1). If we adopt the SN explosion energy of Ein

Figure 2. The cumulative energy distribution within the ejecta
as a function of Γβ. The blue solid line is the theoretical curve
calculated from Eqs. (1) and (2) with Ẽ = 6× 1043 erg, which re-
produces the radio emission of SN 2009bb (Fig. 1). The red point
is the explosion energy of SN 2009bb Ein ∼ 1052 erg obtained in
Pignata et al. (2011). On the line, the shaded regions correspond
to the shells contributing to radio (orange) and optical (green) syn-
chrotron emission, respectively. On the other hand, the yellow star
is the energy of the radio emitting shells estimated in Soderberg
et al. (2010), and the dashed line is the expected distribution of
them (Margutti et al. 2014). Thus, the radio SN 2009bb may be
consistently explained by the spherical explosion without the cen-
tral engine activity, unlike the previous authors suggested. The
detection of an optical precursor will play a key role in distinguish-
ing the two models.

In Fig. 2, we show the cumulative energy distribution
within the ejecta as a function of Γβ. The blue solid
line is the theoretical curve calculated from Eqs. (1) and
(2) with Ẽ = 6 × 1043 erg, which reproduces the radio
emission of SN 2009bb (Fig. 1). It is also consistent
with the explosion energy of SN 2009bb (Ein ∼ 1052 erg;
the red point in Fig. 2), which is derived from the spec-
troscopic observation of the SN emission (Pignata et al.
2011). On the line, the shaded regions show the shells
contributing to radio (orange) and optical (green, see
below) synchrotron emission, respectively. On the other
hand, the yellow star is the energy of the radio emit-
ting shells estimated in Soderberg et al. (2010), and the
dashed line corresponds the expected distribution of the
ejecta (Margutti et al. 2014).
By fitting the radio spectrum of the SN 2009bb at

tobs ∼ 20 day, Soderberg et al. (2010) estimated Γβ and

the energy of the shock as Γβ ∼ 0.9 and Esh ∼ 1049 erg,
respectively (the yellow star in Fig. 2). On the other
hand, we find that Γβ ∼ 0.4 and Esh ∼ 1048 erg at
tobs ∼ 20 day (the orange shaded region in Fig. 2),
and that this difference is attributable to the model as-
sumption of the synchrotron-emitting electrons. Previ-
ous studies assumed that the electron distribution ex-
tends down to γm = 1 and only a fraction of the swept up
electrons are accelerated to relativistic speeds (Chevalier
1998; Soderberg et al. 2010). On the other hand, we here
assume that all the swept up CSM electrons are acceler-
ated to relativistic speeds with a single power-law spec-
trum as n(γe)dγe = n0γ−p

e dγe (γm ≤ γe) and contribute
to synchrotron emission (Sari et al. 1998). In this case,
the minimum Lorentz factor can be larger than 1 and is
calculated from γm = εe(Γ − 1)(mp/me)(p − 2)/(p − 1),
where me is the electron mass. If the radio spectrum
peak is shaped by the absorption frequency, the emission
radius and the magnetic field strength depend on γm as

Rp ∝ γ−1/19
m and Bp ∝ γ−4/19

m , so that the internal en-

ergy does Esh ∝ R3
pB

2
p ∝ γ−11/19

m for p = 3 (Chevalier &
Fransson 2006). In our formalism, we obtain γm ∼ 30 at
tobs ∼ 20 day, which makes our estimate of Esh be larger
by almost an order of magnitude than theirs.
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Figure 3. The optical synchrotron precursor expected from the
radio observation of SN 2009bb (the blue solid line). The black
points correspond to the r-band light curve of SN 2009bb (Pignata
et al. 2011) and the dashed lines to 5-σ sensitivity of PTF, KISS,
Pan-STARRS, and LSST from up to bottom, respectively. Here, we
take the color excess as EB−V = 0.58 (Pignata et al. 2011). We see
that an optical synchrotron precursor is predicted against SN ther-
mal emission for tobs < 1 day. Especially for tobs ! 0.1 day, such a
precursor may be detected by the current detectors. For compari-
son, we also show the results of the higher (Ṁ = 10−5 M" yr−1)
and lower (Ṁ = 10−7 M" yr−1) mass loss cases with the dashed
and dotted lines, respectively.

So far, we focus on the radio band. Next let us argue
the optical counterparts. In Fig. 3, the blue solid line
represents the optical synchrotron flux calculated from
the above parameter values, and the black points corre-
spond to the r-band light curve of SN 2009bb (Pignata
et al. 2011). Here, we adopt the color excess of EB−V =
0.58 (Pignata et al. 2011). The dashed lines show the 5-σ
sensitivity of Palomar Transient Factory (PTF; Rau et
al. 2009; Law et al. 2009), Kiso Supernova Survey (KISS;
Morokuma et al. 2014), Panoramic Survey Telescope &
Rapid Response System (Pan-STARRS; Kaiser et al.

3

observed data from Soderberg et al. (2010), and the blue
lines to the theoretical curve with Ẽ = 6× 1043 erg and
Ṁ = 10−6 M" yr−1. We adopt εe = εB = 0.33, p = 3
and D = 40 Mpc, where D is the distance to the source,
as in Soderberg et al. (2010). From Fig. 1, we find that
the bright radio counterparts could be reproduced solely
by the spherical HN explosion. For comparison, we also
show the results of the higher (Ṁ = 10−5 M" yr−1) and
lower (Ṁ = 10−7 M" yr−1) mass loss cases with the
dashed and dotted lines, respectively. One sees that the
radio flux becomes larger and the peak time later for a
higher wind density.
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Figure 2. The cumulative energy distribution within the ejecta
as a function of Γβ. The blue solid line is the theoretical curve
calculated from Eqs. (1) and (2) with Ẽ = 6× 1043 erg, which re-
produces the radio emission of SN 2009bb (Fig. 1). The red point
is the explosion energy of SN 2009bb Ein ∼ 1052 erg obtained in
Pignata et al. (2011). On the line, the shaded regions correspond
to the shells contributing to radio (orange) and optical (green) syn-
chrotron emission, respectively. On the other hand, the yellow star
is the energy of the radio emitting shells estimated in Soderberg
et al. (2010), and the dashed line is the expected distribution of
them (Margutti et al. 2014). Thus, the radio SN 2009bb may be
consistently explained by the spherical explosion without the cen-
tral engine activity, unlike the previous authors suggested. The
detection of an optical precursor will play a key role in distinguish-
ing the two models.

In Fig. 2, we show the cumulative energy distribution
within the ejecta as a function of Γβ. The blue solid
line is the theoretical curve calculated from Eqs. (1) and
(2) with Ẽ = 6 × 1043 erg, which reproduces the radio
emission of SN 2009bb (Fig. 1). It is also consistent
with the explosion energy of SN 2009bb (Ein ∼ 1052 erg;
the red point in Fig. 2), which is derived from the spec-
troscopic observation of the SN emission (Pignata et al.
2011). On the line, the shaded regions show the shells
contributing to radio (orange) and optical (green, see
below) synchrotron emission, respectively. On the other
hand, the yellow star is the energy of the radio emit-
ting shells estimated in Soderberg et al. (2010), and the
dashed line corresponds the expected distribution of the
ejecta (Margutti et al. 2014).
By fitting the radio spectrum of the SN 2009bb at

tobs ∼ 20 day, Soderberg et al. (2010) estimated Γβ and

the energy of the shock as Γβ ∼ 0.9 and Esh ∼ 1049 erg,
respectively (the yellow star in Fig. 2). On the other
hand, we find that Γβ ∼ 0.4 and Esh ∼ 1048 erg at
tobs ∼ 20 day (the orange shaded region in Fig. 2),
and that this difference is attributable to the model as-
sumption of the synchrotron-emitting electrons. Previ-
ous studies assumed that the electron distribution ex-
tends down to γm = 1 and only a fraction of the swept up
electrons are accelerated to relativistic speeds (Chevalier
1998; Soderberg et al. 2010). On the other hand, we here
assume that all the swept up CSM electrons are acceler-
ated to relativistic speeds with a single power-law spec-
trum as n(γe)dγe = n0γ−p

e dγe (γm ≤ γe) and contribute
to synchrotron emission (Sari et al. 1998). In this case,
the minimum Lorentz factor can be larger than 1 and is
calculated from γm = εe(Γ − 1)(mp/me)(p − 2)/(p − 1),
where me is the electron mass. If the radio spectrum
peak is shaped by the absorption frequency, the emission
radius and the magnetic field strength depend on γm as

Rp ∝ γ−1/19
m and Bp ∝ γ−4/19

m , so that the internal en-

ergy does Esh ∝ R3
pB

2
p ∝ γ−11/19

m for p = 3 (Chevalier &
Fransson 2006). In our formalism, we obtain γm ∼ 30 at
tobs ∼ 20 day, which makes our estimate of Esh be larger
by almost an order of magnitude than theirs.
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Figure 3. The optical synchrotron precursor expected from the
radio observation of SN 2009bb (the blue solid line). The black
points correspond to the r-band light curve of SN 2009bb (Pignata
et al. 2011) and the dashed lines to 5-σ sensitivity of PTF, KISS,
Pan-STARRS, and LSST from up to bottom, respectively. Here, we
take the color excess as EB−V = 0.58 (Pignata et al. 2011). We see
that an optical synchrotron precursor is predicted against SN ther-
mal emission for tobs < 1 day. Especially for tobs ! 0.1 day, such a
precursor may be detected by the current detectors. For compari-
son, we also show the results of the higher (Ṁ = 10−5 M" yr−1)
and lower (Ṁ = 10−7 M" yr−1) mass loss cases with the dashed
and dotted lines, respectively.

So far, we focus on the radio band. Next let us argue
the optical counterparts. In Fig. 3, the blue solid line
represents the optical synchrotron flux calculated from
the above parameter values, and the black points corre-
spond to the r-band light curve of SN 2009bb (Pignata
et al. 2011). Here, we adopt the color excess of EB−V =
0.58 (Pignata et al. 2011). The dashed lines show the 5-σ
sensitivity of Palomar Transient Factory (PTF; Rau et
al. 2009; Law et al. 2009), Kiso Supernova Survey (KISS;
Morokuma et al. 2014), Panoramic Survey Telescope &
Rapid Response System (Pan-STARRS; Kaiser et al.
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observed data from Soderberg et al. (2010), and the blue
lines to the theoretical curve with Ẽ = 6× 1043 erg and
Ṁ = 10−6 M" yr−1. We adopt εe = εB = 0.33, p = 3
and D = 40 Mpc, where D is the distance to the source,
as in Soderberg et al. (2010). From Fig. 1, we find that
the bright radio counterparts could be reproduced solely
by the spherical HN explosion. For comparison, we also
show the results of the higher (Ṁ = 10−5 M" yr−1) and
lower (Ṁ = 10−7 M" yr−1) mass loss cases with the
dashed and dotted lines, respectively. One sees that the
radio flux becomes larger and the peak time later for a
higher wind density.
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Figure 2. The cumulative energy distribution within the ejecta
as a function of Γβ. The blue solid line is the theoretical curve
calculated from Eqs. (1) and (2) with Ẽ = 6× 1043 erg, which re-
produces the radio emission of SN 2009bb (Fig. 1). The red point
is the explosion energy of SN 2009bb Ein ∼ 1052 erg obtained in
Pignata et al. (2011). On the line, the shaded regions correspond
to the shells contributing to radio (orange) and optical (green) syn-
chrotron emission, respectively. On the other hand, the yellow star
is the energy of the radio emitting shells estimated in Soderberg
et al. (2010), and the dashed line is the expected distribution of
them (Margutti et al. 2014). Thus, the radio SN 2009bb may be
consistently explained by the spherical explosion without the cen-
tral engine activity, unlike the previous authors suggested. The
detection of an optical precursor will play a key role in distinguish-
ing the two models.

In Fig. 2, we show the cumulative energy distribution
within the ejecta as a function of Γβ. The blue solid
line is the theoretical curve calculated from Eqs. (1) and
(2) with Ẽ = 6 × 1043 erg, which reproduces the radio
emission of SN 2009bb (Fig. 1). It is also consistent
with the explosion energy of SN 2009bb (Ein ∼ 1052 erg;
the red point in Fig. 2), which is derived from the spec-
troscopic observation of the SN emission (Pignata et al.
2011). On the line, the shaded regions show the shells
contributing to radio (orange) and optical (green, see
below) synchrotron emission, respectively. On the other
hand, the yellow star is the energy of the radio emit-
ting shells estimated in Soderberg et al. (2010), and the
dashed line corresponds the expected distribution of the
ejecta (Margutti et al. 2014).
By fitting the radio spectrum of the SN 2009bb at

tobs ∼ 20 day, Soderberg et al. (2010) estimated Γβ and

the energy of the shock as Γβ ∼ 0.9 and Esh ∼ 1049 erg,
respectively (the yellow star in Fig. 2). On the other
hand, we find that Γβ ∼ 0.4 and Esh ∼ 1048 erg at
tobs ∼ 20 day (the orange shaded region in Fig. 2),
and that this difference is attributable to the model as-
sumption of the synchrotron-emitting electrons. Previ-
ous studies assumed that the electron distribution ex-
tends down to γm = 1 and only a fraction of the swept up
electrons are accelerated to relativistic speeds (Chevalier
1998; Soderberg et al. 2010). On the other hand, we here
assume that all the swept up CSM electrons are acceler-
ated to relativistic speeds with a single power-law spec-
trum as n(γe)dγe = n0γ−p

e dγe (γm ≤ γe) and contribute
to synchrotron emission (Sari et al. 1998). In this case,
the minimum Lorentz factor can be larger than 1 and is
calculated from γm = εe(Γ − 1)(mp/me)(p − 2)/(p − 1),
where me is the electron mass. If the radio spectrum
peak is shaped by the absorption frequency, the emission
radius and the magnetic field strength depend on γm as

Rp ∝ γ−1/19
m and Bp ∝ γ−4/19
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Fransson 2006). In our formalism, we obtain γm ∼ 30 at
tobs ∼ 20 day, which makes our estimate of Esh be larger
by almost an order of magnitude than theirs.
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Figure 3. The optical synchrotron precursor expected from the
radio observation of SN 2009bb (the blue solid line). The black
points correspond to the r-band light curve of SN 2009bb (Pignata
et al. 2011) and the dashed lines to 5-σ sensitivity of PTF, KISS,
Pan-STARRS, and LSST from up to bottom, respectively. Here, we
take the color excess as EB−V = 0.58 (Pignata et al. 2011). We see
that an optical synchrotron precursor is predicted against SN ther-
mal emission for tobs < 1 day. Especially for tobs ! 0.1 day, such a
precursor may be detected by the current detectors. For compari-
son, we also show the results of the higher (Ṁ = 10−5 M" yr−1)
and lower (Ṁ = 10−7 M" yr−1) mass loss cases with the dashed
and dotted lines, respectively.

So far, we focus on the radio band. Next let us argue
the optical counterparts. In Fig. 3, the blue solid line
represents the optical synchrotron flux calculated from
the above parameter values, and the black points corre-
spond to the r-band light curve of SN 2009bb (Pignata
et al. 2011). Here, we adopt the color excess of EB−V =
0.58 (Pignata et al. 2011). The dashed lines show the 5-σ
sensitivity of Palomar Transient Factory (PTF; Rau et
al. 2009; Law et al. 2009), Kiso Supernova Survey (KISS;
Morokuma et al. 2014), Panoramic Survey Telescope &
Rapid Response System (Pan-STARRS; Kaiser et al.
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observed data from Soderberg et al. (2010), and the blue
lines to the theoretical curve with Ẽ = 6× 1043 erg and
Ṁ = 10−6 M" yr−1. We adopt εe = εB = 0.33, p = 3
and D = 40 Mpc, where D is the distance to the source,
as in Soderberg et al. (2010). From Fig. 1, we find that
the bright radio counterparts could be reproduced solely
by the spherical HN explosion. For comparison, we also
show the results of the higher (Ṁ = 10−5 M" yr−1) and
lower (Ṁ = 10−7 M" yr−1) mass loss cases with the
dashed and dotted lines, respectively. One sees that the
radio flux becomes larger and the peak time later for a
higher wind density.
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Figure 2. The cumulative energy distribution within the ejecta
as a function of Γβ. The blue solid line is the theoretical curve
calculated from Eqs. (1) and (2) with Ẽ = 6× 1043 erg, which re-
produces the radio emission of SN 2009bb (Fig. 1). The red point
is the explosion energy of SN 2009bb Ein ∼ 1052 erg obtained in
Pignata et al. (2011). On the line, the shaded regions correspond
to the shells contributing to radio (orange) and optical (green) syn-
chrotron emission, respectively. On the other hand, the yellow star
is the energy of the radio emitting shells estimated in Soderberg
et al. (2010), and the dashed line is the expected distribution of
them (Margutti et al. 2014). Thus, the radio SN 2009bb may be
consistently explained by the spherical explosion without the cen-
tral engine activity, unlike the previous authors suggested. The
detection of an optical precursor will play a key role in distinguish-
ing the two models.

In Fig. 2, we show the cumulative energy distribution
within the ejecta as a function of Γβ. The blue solid
line is the theoretical curve calculated from Eqs. (1) and
(2) with Ẽ = 6 × 1043 erg, which reproduces the radio
emission of SN 2009bb (Fig. 1). It is also consistent
with the explosion energy of SN 2009bb (Ein ∼ 1052 erg;
the red point in Fig. 2), which is derived from the spec-
troscopic observation of the SN emission (Pignata et al.
2011). On the line, the shaded regions show the shells
contributing to radio (orange) and optical (green, see
below) synchrotron emission, respectively. On the other
hand, the yellow star is the energy of the radio emit-
ting shells estimated in Soderberg et al. (2010), and the
dashed line corresponds the expected distribution of the
ejecta (Margutti et al. 2014).
By fitting the radio spectrum of the SN 2009bb at

tobs ∼ 20 day, Soderberg et al. (2010) estimated Γβ and

the energy of the shock as Γβ ∼ 0.9 and Esh ∼ 1049 erg,
respectively (the yellow star in Fig. 2). On the other
hand, we find that Γβ ∼ 0.4 and Esh ∼ 1048 erg at
tobs ∼ 20 day (the orange shaded region in Fig. 2),
and that this difference is attributable to the model as-
sumption of the synchrotron-emitting electrons. Previ-
ous studies assumed that the electron distribution ex-
tends down to γm = 1 and only a fraction of the swept up
electrons are accelerated to relativistic speeds (Chevalier
1998; Soderberg et al. 2010). On the other hand, we here
assume that all the swept up CSM electrons are acceler-
ated to relativistic speeds with a single power-law spec-
trum as n(γe)dγe = n0γ−p

e dγe (γm ≤ γe) and contribute
to synchrotron emission (Sari et al. 1998). In this case,
the minimum Lorentz factor can be larger than 1 and is
calculated from γm = εe(Γ − 1)(mp/me)(p − 2)/(p − 1),
where me is the electron mass. If the radio spectrum
peak is shaped by the absorption frequency, the emission
radius and the magnetic field strength depend on γm as

Rp ∝ γ−1/19
m and Bp ∝ γ−4/19

m , so that the internal en-

ergy does Esh ∝ R3
pB

2
p ∝ γ−11/19

m for p = 3 (Chevalier &
Fransson 2006). In our formalism, we obtain γm ∼ 30 at
tobs ∼ 20 day, which makes our estimate of Esh be larger
by almost an order of magnitude than theirs.
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Figure 3. The optical synchrotron precursor expected from the
radio observation of SN 2009bb (the blue solid line). The black
points correspond to the r-band light curve of SN 2009bb (Pignata
et al. 2011) and the dashed lines to 5-σ sensitivity of PTF, KISS,
Pan-STARRS, and LSST from up to bottom, respectively. Here, we
take the color excess as EB−V = 0.58 (Pignata et al. 2011). We see
that an optical synchrotron precursor is predicted against SN ther-
mal emission for tobs < 1 day. Especially for tobs ! 0.1 day, such a
precursor may be detected by the current detectors. For compari-
son, we also show the results of the higher (Ṁ = 10−5 M" yr−1)
and lower (Ṁ = 10−7 M" yr−1) mass loss cases with the dashed
and dotted lines, respectively.

So far, we focus on the radio band. Next let us argue
the optical counterparts. In Fig. 3, the blue solid line
represents the optical synchrotron flux calculated from
the above parameter values, and the black points corre-
spond to the r-band light curve of SN 2009bb (Pignata
et al. 2011). Here, we adopt the color excess of EB−V =
0.58 (Pignata et al. 2011). The dashed lines show the 5-σ
sensitivity of Palomar Transient Factory (PTF; Rau et
al. 2009; Law et al. 2009), Kiso Supernova Survey (KISS;
Morokuma et al. 2014), Panoramic Survey Telescope &
Rapid Response System (Pan-STARRS; Kaiser et al.
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observed data from Soderberg et al. (2010), and the blue
lines to the theoretical curve with Ẽ = 6× 1043 erg and
Ṁ = 10−6 M" yr−1. We adopt εe = εB = 0.33, p = 3
and D = 40 Mpc, where D is the distance to the source,
as in Soderberg et al. (2010). From Fig. 1, we find that
the bright radio counterparts could be reproduced solely
by the spherical HN explosion. For comparison, we also
show the results of the higher (Ṁ = 10−5 M" yr−1) and
lower (Ṁ = 10−7 M" yr−1) mass loss cases with the
dashed and dotted lines, respectively. One sees that the
radio flux becomes larger and the peak time later for a
higher wind density.
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them (Margutti et al. 2014). Thus, the radio SN 2009bb may be
consistently explained by the spherical explosion without the cen-
tral engine activity, unlike the previous authors suggested. The
detection of an optical precursor will play a key role in distinguish-
ing the two models.

In Fig. 2, we show the cumulative energy distribution
within the ejecta as a function of Γβ. The blue solid
line is the theoretical curve calculated from Eqs. (1) and
(2) with Ẽ = 6 × 1043 erg, which reproduces the radio
emission of SN 2009bb (Fig. 1). It is also consistent
with the explosion energy of SN 2009bb (Ein ∼ 1052 erg;
the red point in Fig. 2), which is derived from the spec-
troscopic observation of the SN emission (Pignata et al.
2011). On the line, the shaded regions show the shells
contributing to radio (orange) and optical (green, see
below) synchrotron emission, respectively. On the other
hand, the yellow star is the energy of the radio emit-
ting shells estimated in Soderberg et al. (2010), and the
dashed line corresponds the expected distribution of the
ejecta (Margutti et al. 2014).
By fitting the radio spectrum of the SN 2009bb at

tobs ∼ 20 day, Soderberg et al. (2010) estimated Γβ and

the energy of the shock as Γβ ∼ 0.9 and Esh ∼ 1049 erg,
respectively (the yellow star in Fig. 2). On the other
hand, we find that Γβ ∼ 0.4 and Esh ∼ 1048 erg at
tobs ∼ 20 day (the orange shaded region in Fig. 2),
and that this difference is attributable to the model as-
sumption of the synchrotron-emitting electrons. Previ-
ous studies assumed that the electron distribution ex-
tends down to γm = 1 and only a fraction of the swept up
electrons are accelerated to relativistic speeds (Chevalier
1998; Soderberg et al. 2010). On the other hand, we here
assume that all the swept up CSM electrons are acceler-
ated to relativistic speeds with a single power-law spec-
trum as n(γe)dγe = n0γ−p

e dγe (γm ≤ γe) and contribute
to synchrotron emission (Sari et al. 1998). In this case,
the minimum Lorentz factor can be larger than 1 and is
calculated from γm = εe(Γ − 1)(mp/me)(p − 2)/(p − 1),
where me is the electron mass. If the radio spectrum
peak is shaped by the absorption frequency, the emission
radius and the magnetic field strength depend on γm as

Rp ∝ γ−1/19
m and Bp ∝ γ−4/19

m , so that the internal en-
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m for p = 3 (Chevalier &
Fransson 2006). In our formalism, we obtain γm ∼ 30 at
tobs ∼ 20 day, which makes our estimate of Esh be larger
by almost an order of magnitude than theirs.
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Figure 3. The optical synchrotron precursor expected from the
radio observation of SN 2009bb (the blue solid line). The black
points correspond to the r-band light curve of SN 2009bb (Pignata
et al. 2011) and the dashed lines to 5-σ sensitivity of PTF, KISS,
Pan-STARRS, and LSST from up to bottom, respectively. Here, we
take the color excess as EB−V = 0.58 (Pignata et al. 2011). We see
that an optical synchrotron precursor is predicted against SN ther-
mal emission for tobs < 1 day. Especially for tobs ! 0.1 day, such a
precursor may be detected by the current detectors. For compari-
son, we also show the results of the higher (Ṁ = 10−5 M" yr−1)
and lower (Ṁ = 10−7 M" yr−1) mass loss cases with the dashed
and dotted lines, respectively.

So far, we focus on the radio band. Next let us argue
the optical counterparts. In Fig. 3, the blue solid line
represents the optical synchrotron flux calculated from
the above parameter values, and the black points corre-
spond to the r-band light curve of SN 2009bb (Pignata
et al. 2011). Here, we adopt the color excess of EB−V =
0.58 (Pignata et al. 2011). The dashed lines show the 5-σ
sensitivity of Palomar Transient Factory (PTF; Rau et
al. 2009; Law et al. 2009), Kiso Supernova Survey (KISS;
Morokuma et al. 2014), Panoramic Survey Telescope &
Rapid Response System (Pan-STARRS; Kaiser et al.
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observed data from Soderberg et al. (2010), and the blue
lines to the theoretical curve with Ẽ = 6× 1043 erg and
Ṁ = 10−6 M" yr−1. We adopt εe = εB = 0.33, p = 3
and D = 40 Mpc, where D is the distance to the source,
as in Soderberg et al. (2010). From Fig. 1, we find that
the bright radio counterparts could be reproduced solely
by the spherical HN explosion. For comparison, we also
show the results of the higher (Ṁ = 10−5 M" yr−1) and
lower (Ṁ = 10−7 M" yr−1) mass loss cases with the
dashed and dotted lines, respectively. One sees that the
radio flux becomes larger and the peak time later for a
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calculated from Eqs. (1) and (2) with Ẽ = 6× 1043 erg, which re-
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chrotron emission, respectively. On the other hand, the yellow star
is the energy of the radio emitting shells estimated in Soderberg
et al. (2010), and the dashed line is the expected distribution of
them (Margutti et al. 2014). Thus, the radio SN 2009bb may be
consistently explained by the spherical explosion without the cen-
tral engine activity, unlike the previous authors suggested. The
detection of an optical precursor will play a key role in distinguish-
ing the two models.

In Fig. 2, we show the cumulative energy distribution
within the ejecta as a function of Γβ. The blue solid
line is the theoretical curve calculated from Eqs. (1) and
(2) with Ẽ = 6 × 1043 erg, which reproduces the radio
emission of SN 2009bb (Fig. 1). It is also consistent
with the explosion energy of SN 2009bb (Ein ∼ 1052 erg;
the red point in Fig. 2), which is derived from the spec-
troscopic observation of the SN emission (Pignata et al.
2011). On the line, the shaded regions show the shells
contributing to radio (orange) and optical (green, see
below) synchrotron emission, respectively. On the other
hand, the yellow star is the energy of the radio emit-
ting shells estimated in Soderberg et al. (2010), and the
dashed line corresponds the expected distribution of the
ejecta (Margutti et al. 2014).
By fitting the radio spectrum of the SN 2009bb at

tobs ∼ 20 day, Soderberg et al. (2010) estimated Γβ and

the energy of the shock as Γβ ∼ 0.9 and Esh ∼ 1049 erg,
respectively (the yellow star in Fig. 2). On the other
hand, we find that Γβ ∼ 0.4 and Esh ∼ 1048 erg at
tobs ∼ 20 day (the orange shaded region in Fig. 2),
and that this difference is attributable to the model as-
sumption of the synchrotron-emitting electrons. Previ-
ous studies assumed that the electron distribution ex-
tends down to γm = 1 and only a fraction of the swept up
electrons are accelerated to relativistic speeds (Chevalier
1998; Soderberg et al. 2010). On the other hand, we here
assume that all the swept up CSM electrons are acceler-
ated to relativistic speeds with a single power-law spec-
trum as n(γe)dγe = n0γ−p

e dγe (γm ≤ γe) and contribute
to synchrotron emission (Sari et al. 1998). In this case,
the minimum Lorentz factor can be larger than 1 and is
calculated from γm = εe(Γ − 1)(mp/me)(p − 2)/(p − 1),
where me is the electron mass. If the radio spectrum
peak is shaped by the absorption frequency, the emission
radius and the magnetic field strength depend on γm as

Rp ∝ γ−1/19
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Fransson 2006). In our formalism, we obtain γm ∼ 30 at
tobs ∼ 20 day, which makes our estimate of Esh be larger
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radio observation of SN 2009bb (the blue solid line). The black
points correspond to the r-band light curve of SN 2009bb (Pignata
et al. 2011) and the dashed lines to 5-σ sensitivity of PTF, KISS,
Pan-STARRS, and LSST from up to bottom, respectively. Here, we
take the color excess as EB−V = 0.58 (Pignata et al. 2011). We see
that an optical synchrotron precursor is predicted against SN ther-
mal emission for tobs < 1 day. Especially for tobs ! 0.1 day, such a
precursor may be detected by the current detectors. For compari-
son, we also show the results of the higher (Ṁ = 10−5 M" yr−1)
and lower (Ṁ = 10−7 M" yr−1) mass loss cases with the dashed
and dotted lines, respectively.

So far, we focus on the radio band. Next let us argue
the optical counterparts. In Fig. 3, the blue solid line
represents the optical synchrotron flux calculated from
the above parameter values, and the black points corre-
spond to the r-band light curve of SN 2009bb (Pignata
et al. 2011). Here, we adopt the color excess of EB−V =
0.58 (Pignata et al. 2011). The dashed lines show the 5-σ
sensitivity of Palomar Transient Factory (PTF; Rau et
al. 2009; Law et al. 2009), Kiso Supernova Survey (KISS;
Morokuma et al. 2014), Panoramic Survey Telescope &
Rapid Response System (Pan-STARRS; Kaiser et al.
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Optical Synchrotron Precursors

•可視光でSNに対するsynchrotron precursorが存在する可能性.

•いずれのHNにもoptical precursorが付随しうる. 

•< 0.1dayでは現行の望遠鏡の感度を上回るかもしれない.
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Figure 1. The radio-band light curves of the representative ra-
dio HN, SN 2009bb. The black data points are taken from
Soderberg et al. (2010). For comparison with Soderberg et al.
(2010), we assume the parameter values of εe = εB = 0.33 and
p = 3. Then we obtain Ẽ = 6× 1043 erg and Ṁ = 10−6 M" yr−1

to reproduce the radio emission (solid line). For comparison,
we also show the results of higher (Ṁ = 10−5 M" yr−1) and
lower (Ṁ = 10−7 M" yr−1) mass loss cases with the dashed and
dotted lines, respectively.
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Figure 2. The cumulative energy distribution within the ejecta
as a function of Γβ. From the radio observation of SN 2009bb, we
find it consistent with the spherical HN explosion (blue solid line).
On the other hand, the dashed line is estimated by previous au-
thors (Soderberg et al. 2010; Margutti et al. 2014). The red point
is the explosion energy of SN 2009bb Ein ∼ 1052 erg obtained in
Pignata et al. (2011). On each line, the shaded regions correspond
to the shells contributing to radio (yellow) and optical (green) syn-
chrotron emission, respectively.

previous authors (Soderberg et al. 2010; Margutti et al.
2014). On each line, the shaded regions correspond to the
shells contributing to radio (yellow) and optical (green)
synchrotron emission, respectively. From Figures 1 and
2, we find that the radio HN is consistently explained
by the afterglow emissions of spherical HN shock break-
out shells without jet component. The radio emitting
shells have Γβ ∼ 0.4-0.2 and the cumulative energies of
Esh ∼ 1048-1049 erg for tobs ∼ 10-103 day (the yellow
region on the solid line). On the other hand, previous
authors suggested that it reflects the explosion induced
by a relativistic jet based on the energy distribution they
estimated (the dashed line in Figure 2), where mildly-
relativistic shells of the ejecta have much larger energy
than SN shock-breakout shells will have (the solid line).
We revisit this point later in Section 4.
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Figure 3. The optical synchrotron precursor expected from
the radio observation of SN 2009bb (the blue solid line).
The black points correspond to the r-band light curve of SN
2009bb (Pignata et al. 2011) and the dashed lines to the 5-σ sen-
sitivity of PTF (60 s), KISS (180 s), Pan-STARRS (30 s), and
LSST (30 s) from up to bottom, respectively, where the values in
the parentheses correspond to the integration times. We see that
an optical synchrotron precursor is predicted against the canonical
SN emission for tobs < 1 day. Especially for tobs ! 0.1 day, such a
precursor may be detected by the current detectors. For compari-
son, we also show the results of higher (Ṁ = 10−5 M" yr−1) and
lower (Ṁ = 10−7 M" yr−1) mass loss cases with the dashed and
dotted lines, respectively.

Next, we discuss optical counterparts of radio HNe. In
Figure 3, the blue solid line represents the optical syn-
chrotron flux calculated from the above parameter val-
ues, and the black points the r-band light curve of SN
2009bb (Pignata et al. 2011). Here, we adopt the color
excess ofEB−V = 0.58 (Pignata et al. 2011). The dashed
lines show the 5-σ sensitivity of Palomar Transient Fac-
tory (PTF, 60 s; Rau et al. 2009; Law et al. 2009), Kiso
Supernova Survey (KISS, 180 s; Morokuma et al. 2014),
Panoramic Survey Telescope & Rapid Response Sys-
tem (Pan-STARRS, 30 s; Kaiser et al. 2002), and Large
Synoptic Survey Telescope (LSST, 30 s)8 from up to
bottom, respectively, where the values in the parenthe-
ses correspond to the integration times. We find that
∼ 1000 s to 1 day after shock breakouts, such optical syn-
chrotron emissions can be seen as precursors of canon-
ical HN emission. Especially for tobs ! 0.1 day, such

8 http://www.lsst.org/lsst/
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The Utility of Optical Precursors

Optical precursorが2つのモデルを区別する上で有用かもしれない.

Soderberg et al. estimate
ナイーブにはより明るいoptical precursorが期待される.



4. Summary & Discussion
•Radio HNはGRB-SN相関を考える上で重要な現象.

•ジェット起源のSNである可能性が指摘されていた.

•Refreshed shock modelに従い, 上記解釈を再考した.

•球状爆発をしたhypernova(HN)であるという解釈と無矛盾.

•可視光でSNに対するsynchrotron precursorの存在が予言される.

•< 0.1dayでは現行の望遠鏡の感度を上回るかもしれない.

•ジェット成分をもつとは必ずしも言えないようである.

•Optical precursorが2つのモデルを区別する上で有用かもしれない.

•相対論的電子個数分布に関する仮定が両者で異なることに起因する.


