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1. Introduction



Relativistic SN (RSN) 09bb & 12ap
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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.
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Figure 7. Bolometric light curve of SN2012ap. Data for all
objects are obtained from Olivares E. et al. (2012), except for
SN 2003dh, which is from Pian et al. (2006).

The B − V color evolution of SN2012ap is illustrated
in Figure 6. Also shown are the color evolutions of other
SN Ic and Ic-bl. Within the uncertainties of our photom-
etry, the color evolution of SN2012ap is broadly consis-
tent with those observed in previous SN Ibc. We also
find consistency in the V − R colors of SN2012ap with
other SN Ibc at similar epochs presented by Drout et al.
(2011). The general agreement demonstrates that the
adopted E(B − V ) value is reasonable.
The extinction-corrected Swift -UVOT and KAIT pho-

tometry was used to create a quasi-bolometric light curve
(Lquasi

bol ) of SN2012ap. The total UV+BVRI flux was de-
termined by summing the integrated fluxes of the differ-
ent filters. Low-order polynomials have been used to in-
terpolate values, and uncertainties have been propagated
following standard practice.
The quasi-bolometric UV+BVRI light curve was trans-

formed into a bolometric light curve assuming Lquasi
bol ≈

0.8 Lbol, and that 0.2 Lbol is emitted as unobserved
near-infrared emission. These assumptions follow from
observed properties of SN 2009bb (Pignata et al. 2011)
and are in general agreement with those observed in
other SN Ic-bl (Valenti et al. 2008a). The bolometric
light curve is shown in Figure 7. It is worth noting that
outside of SN2002ap, SN2012ap is among the least lu-
minous known SN Ic-bl.
We modeled the bolometric light curve to derive the

ejecta mass (Mej), the nickel mass (MNi), and the ki-
netic energy of the ejecta (Ek) following the procedures of
Valenti et al. (2008a) and Wheeler, Johnson, & Clocchi-
atti (in preparation) that are based on the formalism out-
lined by Arnett (1982). We assumed that the early-time
(∆texp < 30 d) light curve corresponded with the pho-
tospheric regime, and that the late-time (∆texp > 30 d)
light curve corresponded with the nebular regime when
the optical depth of the ejecta decreases and the observed
luminosity is powered by γ-rays arising from the 56Co de-

cay, γ-rays from electron-positron annihilation, and the
kinetic energy of the positrons (Sutherland & Wheeler
1984; Cappellaro et al. 1997). We also assumed that the
rise time was 13 days. Wheeler, Johnson, & Clocchiatti
(in preparation) present a detailed outline of all assump-
tions and caveats used in the Arnett (1982) model that
we have adopted.
Using a conservative estimate of the photospheric ve-

locity of 20,000 km s−1 (see §4.3), modeling of our data
yields the following values for the explosion parameters:
MNi = 0.12 ± 0.02 M", Ek = (0.9 ± 0.3) × 1052 erg,
and Mej = 2.7± 0.5 M". The quoted uncertainties come
from a range of optical opacities that were evaluated from
kopt = 0.05–0.1 cm2 g−1.

4.2. Spectral Evolution

The early optical spectra of SN 2012ap (Fig. 3) exhibit
broad features dominated by Fe II, Ca II, and O I with
velocities starting at about 20,000 km s−1 as measured
from our earliest observation on day −3.4. These ions
and velocities are not unlike those observed in many
SN Ic-bl. In Figure 8, spectra of SN 2012ap observed
near the time of maximum light and around day 30 are
shown and compared to those of various SN Ic-bl. Also
shown is the peculiar SN Ic SN 2004aw, which was inter-
preted as being transitional between SN Ic and SN Ic-bl
(Taubenberger et al. 2006).
Around epochs near maximum light, the spectral fea-

tures of SN2012ap straddle those observed in the GRB-
SN 1998bw and the Type Ic SN2004aw at the extremes.
Specifically, the absorptions of SN 2012ap are not as
broad as those observed in SN1998bw, nor are they
as narrow, numerous, or weak as those observed in
SN2004aw. By day 30, the spectral features show less di-
versity and the P-Cygni profile of the Ca II near-infrared
triplet is the most conspicuous feature in all examples
shown. Interestingly, O I λ7774 is stronger in progres-
sion from SN1998bw to SN2004aw, which parallels the
approximate order of decreasing kinetic energy.

4.3. Spectral Features

We utilized the fast and direct P-Cygni summation
code SYN++ to assess the atomic makeup of spectral fea-
tures for SN2012ap and simultaneously extract projected
Doppler velocities (see Thomas et al. 2011 for details of
model parameters). Most ions are associated with an
exponential line optical depth profile starting at the (as-
sumed sharp) photospheric velocity (PV). Other species
are then “detached” above the photosphere at high or
very high velocities (HV, VHV) when necessary (see
Branch et al. 2006 and Parrent et al. 2007). The exci-
tation temperature, temp, has been fixed to 7000 K, and
we utilize the quadratic warping constant a2 (in addition
to a0 and a1) in order to reduce the parameter space as-
sociated with needing an overly effective source of line-
blanketing blueward of 5000 Å for a given blackbody
continuum level.
In Figure 9, we show a representative SYN++ best fit

for a near-maximum and post-maximum light spectrum
of SN2012ap. From our analysis, both observed spectra
are primarily consistent with signatures of Ca II and Fe II

between 19,000 and 14,000 km s−1. Fe I is not explicitly
detected; however, its introduction provides the neces-
sary enhanced line-blanketing between 4000 and 5000 Å

• Lack a GRB detection but,

• Luminous radio emission 
   comparable to LLGRBs. Margutti et al. 14
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One of the key events to study 
the GRB-SN connection.

Milisavljevic et al. 14
Lyman et al. 14

• They show intermediate features
   between a Type Ic SN and a GRB.



Radio Calorimetry
Soderberg et al. 2010

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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• Ejecta - CSM interaction.
• Synchrotron emission model.

• Luminous radio emission comparable to LLGRBs.
An energetic and mildly-relativistic ejecta may be present.
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• We reconsider the radio emission of an RSN in more detail.
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• But their estimate is rough.
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• The above structured ejecta collides with the
  wind medium and contributes to the radio emission.

• Steep density decline

Tvir ! 104 K (41)

EHN ! 1052 erg (42)

MHN ∼ 5-10 M! (43)
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  further accelerated by converting I.E. to K.E.
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• Outer layers have larger velocity but less energy.
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the energy and velocity are distributed as (Matzner & McKee 1999; Tan et al. 2001)

Ekin(> Γβ) = ẼF (Γβ), (1)

where F (Γβ) is a decreasing function of Γβ and its functional form is given in Eq. (38) of
Tan et al. (2001) as

F (Γβ) ∝ [(Γβ)−0.94 + (Γβ)−0.2]5.5. (2)

Eq. (1) shows the cumulative energy within the shells that have velocity larger than Γβ, and
Ẽ is the coefficient which depends on the explosion parameters as Ẽ ∝ E10.7/3

in M−7.7/3
ej , where

Ein and Mej is the total explosion energy and mass of the ejecta1. In Fig. 1, we show the
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mildly relativistic point may reveal the presence of the extra hard component, which may
be powered by a central engine.

The main aim of this paper is to calculate the observational features predicted from the
extra hard component of RSNe and study the way to probe the explosion parameters of it,
since they may have valuable information of the central engine activity. For that purpose,
we simply estimate the energy distribution of the extra hard component by applying Eqs.
(1) and (2) to the observed mildly relativistic point. The colored lines in Fig. 1 correspond
to the estimated distribution. The energy coefficient Ẽ determines the normalization of
the distribution and we adopt Ẽ = 7.23 × 1046 erg for fitting the observation. Each color
refers to different explosion parameters, (Ein,Mej) = (4.5 × 1051 erg, 0.1 M") for orange,
(1.6× 1050 erg, 10−3 M") for blue, and (6.0× 1048 erg, 10−5 M") for red, keeping the energy
coefficient constant as Ẽ = 7.23× 1046 erg.

1Ẽ and F (Γβ) also depend on the progenitor structure, for which we adopt the same stripped-envelope
progenitor as Tan et al.
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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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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.

• A faster and less energetic layer is
  decelerated earlier.

• Layers are decelerated in a successive way.

• Slower layers catch up with the decelerated
   ones and energize the forward shock.
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• Synchrotron emission from the shock-accelerated 
  relativistic electrons contributes to the radio emission.

• The FS velocity
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)

]
,
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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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Radio Observation Fitting
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• We reexamine the estimate of previous authors.

(The efficiency parameters are fixed.)
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• Radio observation fitting.

Failed jet 
component?
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e , γm ≤ γe < ∞ (55)

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

Ṁ = 10−5 M" yr−1

(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)
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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.

Energy distribution.
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Mass loss rate.
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3. Results



Energy Distribution in the 09bb Ejecta

• The radio observation is consistent with the spherical 
   hypernova explosion.
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v(t) ∼ R(t)/t (64)
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• The radio observation is consistent with the spherical 
   hypernova explosion.
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[
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]1/(2p+13) (
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)−1
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)
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m (51)

E ∼ R3B2/εB (52)

Ṁ ∼ vwind
B2

εB

(
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)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)

(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)

*The failed jet model is allowed within the 
  model uncertainty.


