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Levan+ (2013)

Low-luminosity GRBs
less energetic and less luminous subgroup of long GRBs

They are found in the nearby universe. The event rate is high

They are accompanied by broad-lined Ic supernovae

Ex.) GRB 980425/SN 1998bw, GRB 060218/SN 2006aj, GRB100316D/ SN2010bh

Kaneko+ (2006)

GRB 060218

GRB 980425

long GRBs
long GRBs
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e.g., 230+490-190 Gpc-3 yr-1  (Soderberg+ 2006 ), 100-1800 Gpc-3 yr-1  (Guetta&Della Valle 2007)
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Low-luminosity GRBs
less energetic and less luminous subgroup of long GRBs

They are found in the nearby universe. The event rate is high

They are accompanied by broad-lined Ic supernovae

Ex.) GRB 980425/SN 1998bw, GRB 060218/SN 2006aj, GRB100316D/ SN2010bh

What is their origin?
What mechanism is responsible for X- and γ- ray emission
 

Question to answer:
 

e.g., 230+490-190 Gpc-3 yr-1  (Soderberg+ 2006 ), 100-1800 Gpc-3 yr-1  (Guetta&Della Valle 2007)
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Connection to HNe, engine-driven SNe
Optical observations: kinetic energy of non-relativistic ejecta is found by light 
curve modeling and spectroscopy : vph ~ 0.1c, Ekin ~ 1052-1053 erg 

Radio observations: kinetic energy of the blast wave is found by using 
synchrotron emission model : Γv =(1-2) c, Ekin ~ 1049 erg

Olivares+ (2012)

12 Soderberg et al.

Figure 2.

14 Soderberg et al.

Figure 4.

Soderberg+ (2010)

A&A 539, A76 (2012)

Fig. 7. Quasi-bolometric light curve of
SN 2010bh produced by using GROND
g′r′i′z′ JH filters (black open circles) in
the rest frame. For clarity, the uncertain-
ties in the host-galaxy extinction are not
included in the error bars. A single black
continuous line represents the best-fit
model (see Sect. 5.1). Early and late
components of the model are smoothly
joined at t0 + 30 d. SE and other GRB-
SNe quasi-bolometric light curves have
been plotted as a comparison sample:
SN 2003lw (GRB 031203; Malesani
et al. 2004), SN 1998bw (GRB 980425;
Galama et al. 1998b), SN 2006aj
(GRB 060218; Pian et al. 2006), the
broad-lined Ic SN 2009bb (Pignata et al.
2011), the type-Ic SN 1994I (Richmond
et al. 1996), the type Ibc SN 2008D
(XRO 080109; Modjaz et al. 2009;
Soderberg et al. 2008), and the type-Ic
SN 2002ap (Gal-Yam et al. 2002; Foley
et al. 2003; Yoshii et al. 2003).

The analysis of the quasi-bolometric light-curve morphology
yields a peak luminosity of 4.3 × 1042 erg s−1 at about 8 d after
the trigger (equivalent to Mbol ≈ −17.87), i.e., approximately
two times fainter and six days sooner than for SN 1998bw. Our
luminosity is 16% higher than that computed by Cano et al.
(2011b), although consistent to within our 11% of uncertainty.
Whilst the early peak of SN 2010bh correlates with its narrow-
ness and low luminosity, this is the case for neither the entire
GRB-SNe sample nor the local sample of SE SNe (Zeh et al.
2004; Richardson et al. 2006; Richardson 2009). The morphol-
ogy of the light curve is similar to that of SN 2006aj (Pian
et al. 2006), although 21% fainter. The peak time also resembles
that of the type-Ic SN 1994I (Richmond et al. 1996), although
SN 2010bh has a much wider light curve, which is 77% brighter
at maximum. In terms of peak luminosity, SN 2010bh is similar
to the broad-lined Ic SN 2009bb (Pignata et al. 2011). It also un-
derwent the most dramatic late-time decay in the sample, which
implies that its envelope became rapidly optically thin to γ-rays.
The last statement is supported by the extremely high expansion
velocities measured for SN 2010bh of the order of 30 000 km s−1

(Chornock et al. 2010a). Another clear feature is the sudden de-
crease in luminosity at around t0 + 30 d, which contrasts with
the smooth decay in the comparison SNe at similar stages. This
indicates either that the atmosphere becomes rapidly optically
thin or that the assumption of a constant NIR contribution after
≈t0 + 31 d underestimates the flux in the JH bands.

5.1. Physical parameters of the explosion

We followed the approach described in Valenti et al. (2008) to
derive the physical quantities that characterise the explosion,
i.e., we modelled the early and late light curves separately. The
early-time phase corresponds to the photospheric regime for
which the analytical model developed by Arnett (1982) has been
adopted, initially used for SNe Ia and adapted to SE SNe (e.g.,
Taubenberger et al. 2006; Valenti et al. 2008; Pignata et al. 2011;
Benetti et al. 2011). At late stages, the atmosphere becomes

nebular, i.e., optically thin, and the emitted luminosity is pow-
ered by the energy deposition of: (1) γ-rays from 56Co decay,
(2) γ-rays from electron-positron annihilation, and (3) the kinetic
energy of the positrons (see appendix A in Valenti et al. 2008).
However, Maeda et al. (2003) noted that the two-component
configuration leads to inconsistencies between the parameters
derived from fitting the early and late light curves of SNe Ic,
caused mainly by the model limitations in varying the γ-ray
trapping over time. To enable low and high γ-ray trapping at
early and late times, respectively, Maeda et al. (2003) divided the
ejecta into a high-density inner region and a low-density outer
region. The emission from the outer region dominates the total
emission in the optically thick regime at early times, and that
from the inner region, which has a higher γ-ray opacity, domi-
nates in the nebular phase at late times. Here, we use the same
procedure to model the g′r′i′z′ JH quasi-bolometric light curve
of SN 2010bh.

Given the model explained above, a total of four free pa-
rameters were used to fit the quasi-bolometric light curve of
SN 2010bh: the total mass of 56Ni produced in the envelope MNi,
the total ejecta mass Mej, the fraction of mass in the inner com-
ponent fM , and the fraction of kinetic energy in the inner com-
ponent fE . The kinetic-energy-to-ejected-mass ratio of the outer
region was fixed by using its correlation with photospheric ve-
locity at peak luminosity (Arnett 1982)

υ2
ph ≈

3
5

2Ek,out

Mej,out
· (3)

This expression assumes that the density of the ejecta is ho-
mogeneous and that the inner component does not contribute
to the emitted luminosity in the optically-thick regime. Since
the photospheric velocity was not available directly from ob-
servations, the velocity measured by fitting P Cygni line pro-
files was used as a proxy of υph. However, the envelope layer
where the blue-shifted absorption line forms does not necessar-
ily coincide with the position of the photosphere, as found when
measuring different expansion velocities from absorption lines

A76, page 10 of 14
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Margutti+ (2013)

Connection to HNe, engine-driven SNe
Optical observations: kinetic energy of non-relativistic ejecta is found by light 
curve modeling and spectroscopy : vph ~ 0.1c, Ekin ~ 1052-1053 erg 

Radio observations: kinetic energy of the blast wave is found by using 
synchrotron emission model : Γv =(1-2) c, Ekin ~ 1049 erg
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Failed jet hypothesis
Ekin for relativistic ejecta << Ekin for non-
relativistic ejecta ➡ It is suggested that failed 
jet model produce such events.

Ultra-relativistic jet: 
Ekin for rel. ejecta ~ Ekin for non-rel. ejecta 

Failed jet: 
Ekin for rel. ejecta <<Ekin for non-rel. ejecta 
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Failed jet hypothesis
Ekin for relativistic ejecta << Ekin for non-
relativistic ejecta ➡ It is suggested that failed 
jet model produce such events.

Many works to reveal whether or not an ultra-
relativistic jet succeed in penetrating a 
massive star (e.g., Bromberg+2011a,b, Lazzati
+2011)

Bromberg+ (2011a,b)

Lazzati+ (2011)
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Failed jet hypothesis
Ekin for relativistic ejecta << Ekin for non-
relativistic ejecta ➡ It is suggested that failed 
jet model produce such events.

Many works to reveal whether or not an ultra-
relativistic jet succeed in penetrating a 
massive star (e.g., Bromberg+2011a,b, Lazzati
+2011)

Bromberg+ (2011a,b)

Lazzati+ (2011)

This study
1.  carry out a series simulations of jet propagation in a massive star 
and identify a model corresponding to low-luminosity GRBs.

2.  carry out further calculations to reveal the properties of the 
model, including nucleosynthesis calculations and CSM interaction.
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4096×512 mesh

Woosley&Heger(2006)  16TI model

WR star

final mass~14M◉  

Radius ~ 3×1010cm

GRB jet simulation

48 CHAPTER 3. HIGH-ENERGY EMISSIONS FROM GRB JETS
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Figure 3.9: The radial profile of the density
of the progenitor star used in this work. The
mass-losss rate of 10�7

M� yr�1 is adopted.

Figure 3.10: The radial profile of the mass
fractions of some nuclei of the progenitor star
used in this work.

evolves as ps / ⇢1. Thus, in the case of uniform ambient media, the post-shock pressure does not

evolve with time, while it is inversely proportional to the square of the time in the wind case.

3.4 Hydrodynamical simulation of the jet

In this section, I describe numerical techniques to calculate the long-term evolution of a jet

injected into the core of a massive star. I have developed a code to solve the two-dimensional

relativistic hydrodynamical equations in the spherical coordinates (r, ✓). The details of the code

are summarized in Appendix D. The simulations assume the axial and equatorial symmetry.

3.4.1 Progenitor model

I use one of the pre-supernova stellar models provided by Ref. [87] as the progenitor model. The

name of the model is 16TI, which is used in some previous works on GRB jets (e.g., Refs.[91, 52,

50]). The mass and the radius of the star are 14 M� and ⇠ 4⇥ 1010 cm. I attach a steady wind

with a constant mass-loss rate Ṁ and a velocity vw outside the star, Eq. (3.11). In this work,

the wind velocity is fixed to be 1000 km s�1. In the fiducial model, the mass-loss rate is set to

be 10�7
M� yr�1. When this value is adopted, the wind hardly a↵ects the propagation of the

ejecta. I carry out another set of calculations with Ṁ = 10�2
M� yr�1 and 10�3

M� yr�1 to

clarify e↵ects of the presence of the dense CSM on the evolution of the ejecta. For the interstellar

medium (ISM), I assume a uniform medium with the number density of 100 cm�3. Thus, the

density ⇢ext of the ambient medium is given by the following function of the radius,

⇢ext = ⇢w(r) + ⇢ISM, (3.14)

3.4. HYDRODYNAMICAL SIMULATION OF THE JET 49

Here, the mass density of the ISM is ⇢ISM = 100mu g cm�3, where mu = 1.66 ⇥ 10�24 g is

the atomic mass unit. The profiles of the density and the mass fractions of some nuclei of the

progenitor model are shown in Figures 3.9 and 3.10.

3.4.2 Jet injection

The injection of the jet is realized in the same manner as Ref. [91]. I impose a boundary condition

on the physical variables at the inner boundary. The radius of the inner boundary is set to be

Rin = 3 ⇥ 108 cm. The values at the boundary are determined by specifying the following free

parameters, the energy deposition rate Ė, the jet opening angle ✓j, the initial Lorentz factor �j,

the specific internal energy ✏0 normalized by c

2 (hereafter, I adopt the normalization c = 1 for

simplicity), and the duration of the jet injection ⌧j. The boundary condition to generate a jet is

imposed in the directions with ✓ < ✓j and for 0 < t < ⌧j. In this work, the jet opening angle is

fixed to be ✓j = 10�. I only consider the energy deposition at a constant rate. Thus, the total

injected energy yields Etot = Ė⌧j. The radial component of the velocity at the inner boundary is

given by,

vj =

s
1�

1

�2
j

, (3.15)

and the other components are set to be zero. Using the jet opening angle ✓j and the radius of

the inner boundary Rin, the area Sj through which the jet is injected can be expressed as,

Sj = 2⇡R2
j (1� cos ✓j). (3.16)

Thus, the energy flux is given by

Ė

Sj
=

Ė

2⇡R2
j (1� cos ✓j)

. (3.17)

Equating this expression with the energy flux along the radial direction given in Equation (A.51),

(⇢h�2
j �D)vj, I obtain the density ⇢0 at the inner boundary,

⇢0 =
Ė

2⇡R2
in(1� cos ✓j)

1

vj[(1 + �✏0)�2
j � �j]

, (3.18)

where I have used the equation of state for an ideal gas with the adiabatic index of �(= 4/3).

The expression of the pressure p0 at the inner boundary is easily derived,

p0 = (� � 1)⇢0✏0. (3.19)

Thus, the free parameters, Ė, ✓j, �j, ✏0, and ⌧j are crucial for the evolution of the jet.

Especially, from the relativistic Bernoulli’s principle, the maximum Lorentz factor of the jet can
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forward shock is expressed as

Eext =
4⇡

3
r

3
decn0c

2�2
. (3.8)

On the other hand, the injected energy Ein can be expressed in terms of the mass of the shell by

Ein = �Mshellc
2
. (3.9)

Equating these two expressions, the following relation is obtained,

4⇡

3
r

3
decn0� ⌘ Msw� = Mshell, (3.10)

where Msw denotes the mass of the matter swept by the forward shock. This relation means that

the deceleration begins at which the swept mass is comparable with the mass of the shell divided

by the Lorentz factor. Solving this equation with respect to the radius rdec, it is found that the

deceleration radius is inversely proportional to the cubic root of the density n0, rdec / n

�1/3
0 . In

the case of the steady wind with the mass-loss rate Ṁ and the velocity vw, in which the density

⇢w of the ambient medium is inversely proportional to the square of the radius,

⇢w =
Ṁ

4⇡r2vw
, (3.11)

the mass of the matter swept by the forward shock should be evaluated in the following way,

Msw =

Z
rdec

0
⇢w4⇡r

2
dr =

Ṁ

vw
rdec, (3.12)

The deceleration radius is inversely proportional to the mass-loss rate, rdec / Ṁ

�1.

The interaction between the ejecta moving at relativistic speeds and the CSM is investigated

under the assumption of spherical symmetry by Ref [12] for the first time. They derived a series

of self-similar solution of the flow. From their result, the time dependence of some physical

quantities, e.g., the density and the pressure, of the shocked medium must be di↵erent from that

in the homologous expansion phase described in the previous section. In the following discussion,

the strong shock approximation, in which the pressure of the CSM is negligible, is assumed.

Under the approximation, the post-shock pressure ps is written in terms of the pre-shock density

⇢1 and the shock Lorentz factor �s as

ps =
2⇢1�2

s

3
. (3.13)

The time evolution of the pressure ps is characterized by those of the pre-shock density and the

shock Lorentz factor. Especially, at the very beginning of the ejecta-CSM interaction in which

the kinetic energy of the ejecta is still larger than that of the matter swept by the forward shock,

the shock Lorentz factor is expected to be nearly constant. In this phase, the post-shock pressure
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injection radius:                Rin = 3×108cm 

total energy:                      E =5×1052 erg

energy deposition rate:  dE/dt=200, 100, 50, 20, 10, 5, 2, 0.5×1051 erg/s

half opening angle:        θj =10°

initial jet Lorentz factor: Γj = 5

specific internal energy: ε0/c2=20

CSM:                                     Mdot=10-7 M◉/yr, vw=1000km/s

– 5 –

the velocity at the inner boundary is given by,

vj =

√
1− 1

Γ2
j

, (2)

and the other components are set to be zero. Using the jet opening angle θj and the radius
of the stellar core Rin, the area Sj through which the jet is injected can be expressed as,

Sj = 2πR2
j (1− cos θj). (3)

Thus, the energy flux is given by

Ė

Sj
=

Ė

2πR2
j (1− cos θj)

. (4)

Equating this expression with the energy flux along the radial direction given in Equation
(A10), (ρhΓ2

j −D)vj, we obtain the density ρ0 at the inner boundary,

ρ0 =
Ė

2πR2
in(1− cos θj)

1

vj[(1 + γε0)Γ2
j − Γj]

, (5)

where we have used the equation of state for an ideal gas with the adiabatic index of γ(= 4/3).
The expression of the pressure p0 at the inner boundary is easily derived,

p0 = (γ − 1)ρ0ε0. (6)

Thus, the free parameters, Ė, θj, Γj, ε0, and τj are crucial for the evolution of the jet.
Especially, from the relativistic Bernoulli’s principle, the maximum Lorentz factor of the jet
can be roughly estimated as,

Γmax " (1 + γε0)Γj. (7)

In this work, the initial Lorentz factor and the specific internal energy are assumed to be
Γj = 5 and ε0 = 20, which leads to the maximum Lorentz factor of Γmax ∼ 140.

2.3. Mapping procedure

To follow the evolution of the jet for a long time, e.g., up to ∼ 105-106 s after the
injection, a large computational domain is required. The jet propagates at ultra-relativistic
speeds, which clearly indicates that the scale of the ejecta reaches ∼ 3 × 1015-3 × 1016 cm.
On the other hand, the scale of the region where the jet is injected is that of the iron core

– 5 –
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Ė

Sj
=

Ė
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the velocity at the inner boundary is given by,

vj =

√
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Γ2
j

, (2)

and the other components are set to be zero. Using the jet opening angle θj and the radius
of the stellar core Rin, the area Sj through which the jet is injected can be expressed as,

Sj = 2πR2
j (1− cos θj). (3)

Thus, the energy flux is given by

Ė
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=

Ė
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Equating this expression with the energy flux along the radial direction given in Equation
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j −D)vj, we obtain the density ρ0 at the inner boundary,

ρ0 =
Ė

2πR2
in(1− cos θj)

1

vj[(1 + γε0)Γ2
j − Γj]

, (5)

where we have used the equation of state for an ideal gas with the adiabatic index of γ(= 4/3).
The expression of the pressure p0 at the inner boundary is easily derived,

p0 = (γ − 1)ρ0ε0. (6)

Thus, the free parameters, Ė, θj, Γj, ε0, and τj are crucial for the evolution of the jet.
Especially, from the relativistic Bernoulli’s principle, the maximum Lorentz factor of the jet
can be roughly estimated as,

Γmax " (1 + γε0)Γj. (7)

In this work, the initial Lorentz factor and the specific internal energy are assumed to be
Γj = 5 and ε0 = 20, which leads to the maximum Lorentz factor of Γmax ∼ 140.

2.3. Mapping procedure

To follow the evolution of the jet for a long time, e.g., up to ∼ 105-106 s after the
injection, a large computational domain is required. The jet propagates at ultra-relativistic
speeds, which clearly indicates that the scale of the ejecta reaches ∼ 3 × 1015-3 × 1016 cm.
On the other hand, the scale of the region where the jet is injected is that of the iron core

Jet injection
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Jet models

logΓ logρ

x in c

ultra-relativistic jet is formed successfully (jet break time < jet injection time)

left: Lorentz factor    right: density
low dE/dt (=0.5×1051erg/s)

long tinj (=50s)

z in c
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ultra-relativistic jet is formed successfully (jet break time < jet injection time)

left: Lorentz factor    right: density

logΓ logρ

x in c

Jet models

z in c

low dE/dt (=0.5×1051erg/s)
long tinj (=50s)
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ultra-relativistic jet is not formed (jet break time > jet injection time)

left: Lorentz factor    right: density

logΓ logρ

x in c

high dE/dt (=50×1051erg/s)
short tinj (=0.5s)

Jet models

z in c
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logΓ logρ

x in c

Jet models
ultra-relativistic jet is not formed (jet break time > jet injection time)

left: Lorentz factor    right: density

z in c

high dE/dt (=50×1051erg/s)
short tinj (=0.5s)
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Kinetic energy distribution
kinetic energy distribution of the ejecta at ~200 sec after the jet injection

Models with ultra-relativistic jet show flat distributions

For models with nearly spherical blast waves, the distribution falls at Γβ< a 
few

2 Hydrodynamical models for successful and failed jets

2.1 Progenitor model and numerical setups

2.2 Dynamical evolution of the ejecta

2.2.1 Models with successful jet

2.2.2 Models with failed jet

2.2.3 Kinetic energy distribution of the ejecta

For qualitative discussion of the dynamical evolution of the ejecta resulting from successful and failed jet
models, I calculate the kinetic energy of the ejecta with the 4-velocity higher than a threshold value,

Ek(> Γβ) =
∫

Γ(Γ − 1)ρdV, (1)

where the integration run over the ejecta with the 4-velocity higher than Γβ. This quantity gives the kinetic
energy distribution of the ejecta. [Tan et al.(2001)] performed a series of hydrodynamical calculation of trans-
relativistic shock breakout from a compact progenitor star in spherical symmetry and derived that the kinetic
energy distribution of the spherical ejecta is proportional to a power of the 4-velocity with a slope of −5.1,

Ek(> Γβ) ∝ (Γβ)−5.1, (2)

when a star with a radiative envelope is assumed. In Figure 3, I show the resultant kinetic energy distribution
for each model. The distribution for spherical model derived by [Tan et al.(2001)] is also plotted in each panel.
For models with θjet = 10◦, the distribution the models with Ė51 = 200 and 100 are in good agreement with
the spherical case. On the other hand, in the models with Ė51 = 10, 5 and 2, most kinetic energy is carried
by the ejecta moving at highly relativistic speeds. The models with Ė51 = 50 and 20 are intermediate.

The kinetic energy of the ejecta moving at non-relativistic speeds can be measured by optical observations.
Radio observations combined with the standard synchrotron model (e.g., ) can measure the kinetic energy
carried by the trans-relativistic ejecta. Results of radio observations of low-luminosity GRBs and an engine-
driven SN2009bb indicate that the kinetic energy carried by the trans-relativistic ejecta should be higher than
1049 erg to power the observed radio luminosities. [Margutti et al.(2013)] summarized the results (in their
Figure 7) and showed that low-luminosity GRBs and SN2009bb constitute the intermediate case between
canonical GRBs, in which most kinetic energy is carried by ultra-relativistic ejecta, and ordinary type Ib/c
SNe, which do not exhibit any signature from trans- nor ultra-relativistic ejecta.

2.3 Effects of dense wind

3 Nucleosynthesis

3.1 Tracer particle method

3.2 56Ni synthesis for GRB jets

3.3 Criterion for sufficient Nickel production

I consider an energy deposition by a jet at a rate of Ė into a medium around the core with a density of ρc.
After the jet injection is initiated at t = 0, the jet head propagates at a velocity cβh with βh close to unity.
The shocked region forms a cocoon and its expansion velocity in the lateral direction is denoted by cβl. Thus,
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Figure 3: Kinetic energy distribution of the ejecta resulting from each model. Models with opening angles
of 10◦, 20◦, and 30◦ are shown in the top, middle, and bottom panels. The curves in each panel correspond
to the models with Ė51 = 200, 100, 50, 20, 10, 5, and 2 from bottom to top. The thick dotted line shows the
distribution in the spherical case derived by [Tan et al.(2001)].

the volume Vc of the shocked region at t is approximated as

Vc = πβhβ2
l c3t3. (3)

Since the energy having been deposited at t is given by Ėt, the average internal energy density uc of the shocked
region yields,

uc = ξ
Ėt

Vc
= ξ

Ė

πβhβ2
l c3

t−2, (4)

where I have introduced a non-dimensional parameter ξ corresponding to the fraction of the internal energy
to the total deposited energy. The internal energy is dominated by radiation. Therefore, the temperature
achieved in the shocked region is found to be

Tc =
(uc

a

)1/4
= ξ1/4

(
Ė

πaβhβlc3

)1/4

t−1/2 (5)

For efficient production of 56Ni, this temperature must be as high as ∼ 5×109 K. Thus, the following condition
is required to synthesize sufficient amount of 56Ni in the shocked region,

ξ1/4

(
Ė

2πaβhβlc3

)1/4

t−1/2 > 5 × 109 K, (6)

which can be rewritten as

t < 1.9 × 10−2ξ1/2

(
Ė

1053 erg s−1

)1/2(
βh

1.0

)−1/2( βl

1/
√

3

)−1

s (7)
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Figure 3: Kinetic energy distribution of the ejecta resulting from each model. Models with opening angles
of 10◦, 20◦, and 30◦ are shown in the top, middle, and bottom panels. The curves in each panel correspond
to the models with Ė51 = 200, 100, 50, 20, 10, 5, and 2 from bottom to top. The thick dotted line shows the
distribution in the spherical case derived by [Tan et al.(2001)].

the volume Vc of the shocked region at t is approximated as

Vc = πβhβ2
l c3t3. (3)

Since the energy having been deposited at t is given by Ėt, the average internal energy density uc of the shocked
region yields,

uc = ξ
Ėt

Vc
= ξ

Ė

πβhβ2
l c3

t−2, (4)

where I have introduced a non-dimensional parameter ξ corresponding to the fraction of the internal energy
to the total deposited energy. The internal energy is dominated by radiation. Therefore, the temperature
achieved in the shocked region is found to be

Tc =
(uc

a

)1/4
= ξ1/4

(
Ė

πaβhβlc3

)1/4

t−1/2 (5)

For efficient production of 56Ni, this temperature must be as high as ∼ 5×109 K. Thus, the following condition
is required to synthesize sufficient amount of 56Ni in the shocked region,

ξ1/4

(
Ė

2πaβhβlc3

)1/4

t−1/2 > 5 × 109 K, (6)

which can be rewritten as

t < 1.9 × 10−2ξ1/2

(
Ė

1053 erg s−1

)1/2(
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)−1/2( βl
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Kinetic energy distribution
kinetic energy distribution of the ejecta at ~200 sec after the jet injection

Models with ultra-relativistic jet show flat distributions

For models with nearly spherical blast waves, the distribution falls at Γβ< a 
few

2 Hydrodynamical models for successful and failed jets

2.1 Progenitor model and numerical setups

2.2 Dynamical evolution of the ejecta

2.2.1 Models with successful jet

2.2.2 Models with failed jet

2.2.3 Kinetic energy distribution of the ejecta

For qualitative discussion of the dynamical evolution of the ejecta resulting from successful and failed jet
models, I calculate the kinetic energy of the ejecta with the 4-velocity higher than a threshold value,

Ek(> Γβ) =
∫

Γ(Γ − 1)ρdV, (1)

where the integration run over the ejecta with the 4-velocity higher than Γβ. This quantity gives the kinetic
energy distribution of the ejecta. [Tan et al.(2001)] performed a series of hydrodynamical calculation of trans-
relativistic shock breakout from a compact progenitor star in spherical symmetry and derived that the kinetic
energy distribution of the spherical ejecta is proportional to a power of the 4-velocity with a slope of −5.1,

Ek(> Γβ) ∝ (Γβ)−5.1, (2)

when a star with a radiative envelope is assumed. In Figure 3, I show the resultant kinetic energy distribution
for each model. The distribution for spherical model derived by [Tan et al.(2001)] is also plotted in each panel.
For models with θjet = 10◦, the distribution the models with Ė51 = 200 and 100 are in good agreement with
the spherical case. On the other hand, in the models with Ė51 = 10, 5 and 2, most kinetic energy is carried
by the ejecta moving at highly relativistic speeds. The models with Ė51 = 50 and 20 are intermediate.

The kinetic energy of the ejecta moving at non-relativistic speeds can be measured by optical observations.
Radio observations combined with the standard synchrotron model (e.g., ) can measure the kinetic energy
carried by the trans-relativistic ejecta. Results of radio observations of low-luminosity GRBs and an engine-
driven SN2009bb indicate that the kinetic energy carried by the trans-relativistic ejecta should be higher than
1049 erg to power the observed radio luminosities. [Margutti et al.(2013)] summarized the results (in their
Figure 7) and showed that low-luminosity GRBs and SN2009bb constitute the intermediate case between
canonical GRBs, in which most kinetic energy is carried by ultra-relativistic ejecta, and ordinary type Ib/c
SNe, which do not exhibit any signature from trans- nor ultra-relativistic ejecta.

2.3 Effects of dense wind

3 Nucleosynthesis

3.1 Tracer particle method

3.2 56Ni synthesis for GRB jets

3.3 Criterion for sufficient Nickel production

I consider an energy deposition by a jet at a rate of Ė into a medium around the core with a density of ρc.
After the jet injection is initiated at t = 0, the jet head propagates at a velocity cβh with βh close to unity.
The shocked region forms a cocoon and its expansion velocity in the lateral direction is denoted by cβl. Thus,
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Figure 3: Kinetic energy distribution of the ejecta resulting from each model. Models with opening angles
of 10◦, 20◦, and 30◦ are shown in the top, middle, and bottom panels. The curves in each panel correspond
to the models with Ė51 = 200, 100, 50, 20, 10, 5, and 2 from bottom to top. The thick dotted line shows the
distribution in the spherical case derived by [Tan et al.(2001)].

the volume Vc of the shocked region at t is approximated as

Vc = πβhβ2
l c3t3. (3)

Since the energy having been deposited at t is given by Ėt, the average internal energy density uc of the shocked
region yields,

uc = ξ
Ėt

Vc
= ξ

Ė

πβhβ2
l c3

t−2, (4)

where I have introduced a non-dimensional parameter ξ corresponding to the fraction of the internal energy
to the total deposited energy. The internal energy is dominated by radiation. Therefore, the temperature
achieved in the shocked region is found to be

Tc =
(uc

a

)1/4
= ξ1/4

(
Ė

πaβhβlc3

)1/4

t−1/2 (5)

For efficient production of 56Ni, this temperature must be as high as ∼ 5×109 K. Thus, the following condition
is required to synthesize sufficient amount of 56Ni in the shocked region,

ξ1/4

(
Ė

2πaβhβlc3

)1/4

t−1/2 > 5 × 109 K, (6)

which can be rewritten as

t < 1.9 × 10−2ξ1/2

(
Ė

1053 erg s−1

)1/2(
βh

1.0

)−1/2( βl

1/
√

3

)−1

s (7)
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Figure 3: Kinetic energy distribution of the ejecta resulting from each model. Models with opening angles
of 10◦, 20◦, and 30◦ are shown in the top, middle, and bottom panels. The curves in each panel correspond
to the models with Ė51 = 200, 100, 50, 20, 10, 5, and 2 from bottom to top. The thick dotted line shows the
distribution in the spherical case derived by [Tan et al.(2001)].

the volume Vc of the shocked region at t is approximated as

Vc = πβhβ2
l c3t3. (3)

Since the energy having been deposited at t is given by Ėt, the average internal energy density uc of the shocked
region yields,

uc = ξ
Ėt

Vc
= ξ

Ė

πβhβ2
l c3

t−2, (4)

where I have introduced a non-dimensional parameter ξ corresponding to the fraction of the internal energy
to the total deposited energy. The internal energy is dominated by radiation. Therefore, the temperature
achieved in the shocked region is found to be

Tc =
(uc

a

)1/4
= ξ1/4

(
Ė

πaβhβlc3

)1/4

t−1/2 (5)

For efficient production of 56Ni, this temperature must be as high as ∼ 5×109 K. Thus, the following condition
is required to synthesize sufficient amount of 56Ni in the shocked region,

ξ1/4

(
Ė

2πaβhβlc3

)1/4

t−1/2 > 5 × 109 K, (6)

which can be rewritten as

t < 1.9 × 10−2ξ1/2

(
Ė

1053 erg s−1

)1/2(
βh

1.0

)−1/2( βl

1/
√

3

)−1

s (7)
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kinetic energy distribution of the ejecta at ~200 sec after the jet injection

Models with ultra-relativistic jet show flat distributions

For models with nearly spherical blast waves, the distribution falls at Γβ< a 
few

.

Kinetic energy distribution

2 Hydrodynamical models for successful and failed jets

2.1 Progenitor model and numerical setups

2.2 Dynamical evolution of the ejecta

2.2.1 Models with successful jet

2.2.2 Models with failed jet

2.2.3 Kinetic energy distribution of the ejecta

For qualitative discussion of the dynamical evolution of the ejecta resulting from successful and failed jet
models, I calculate the kinetic energy of the ejecta with the 4-velocity higher than a threshold value,

Ek(> Γβ) =
∫

Γ(Γ − 1)ρdV, (1)

where the integration run over the ejecta with the 4-velocity higher than Γβ. This quantity gives the kinetic
energy distribution of the ejecta. [Tan et al.(2001)] performed a series of hydrodynamical calculation of trans-
relativistic shock breakout from a compact progenitor star in spherical symmetry and derived that the kinetic
energy distribution of the spherical ejecta is proportional to a power of the 4-velocity with a slope of −5.1,

Ek(> Γβ) ∝ (Γβ)−5.1, (2)

when a star with a radiative envelope is assumed. In Figure 3, I show the resultant kinetic energy distribution
for each model. The distribution for spherical model derived by [Tan et al.(2001)] is also plotted in each panel.
For models with θjet = 10◦, the distribution the models with Ė51 = 200 and 100 are in good agreement with
the spherical case. On the other hand, in the models with Ė51 = 10, 5 and 2, most kinetic energy is carried
by the ejecta moving at highly relativistic speeds. The models with Ė51 = 50 and 20 are intermediate.

The kinetic energy of the ejecta moving at non-relativistic speeds can be measured by optical observations.
Radio observations combined with the standard synchrotron model (e.g., ) can measure the kinetic energy
carried by the trans-relativistic ejecta. Results of radio observations of low-luminosity GRBs and an engine-
driven SN2009bb indicate that the kinetic energy carried by the trans-relativistic ejecta should be higher than
1049 erg to power the observed radio luminosities. [Margutti et al.(2013)] summarized the results (in their
Figure 7) and showed that low-luminosity GRBs and SN2009bb constitute the intermediate case between
canonical GRBs, in which most kinetic energy is carried by ultra-relativistic ejecta, and ordinary type Ib/c
SNe, which do not exhibit any signature from trans- nor ultra-relativistic ejecta.

2.3 Effects of dense wind

3 Nucleosynthesis

3.1 Tracer particle method

3.2 56Ni synthesis for GRB jets

3.3 Criterion for sufficient Nickel production

I consider an energy deposition by a jet at a rate of Ė into a medium around the core with a density of ρc.
After the jet injection is initiated at t = 0, the jet head propagates at a velocity cβh with βh close to unity.
The shocked region forms a cocoon and its expansion velocity in the lateral direction is denoted by cβl. Thus,
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Figure 3: Kinetic energy distribution of the ejecta resulting from each model. Models with opening angles
of 10◦, 20◦, and 30◦ are shown in the top, middle, and bottom panels. The curves in each panel correspond
to the models with Ė51 = 200, 100, 50, 20, 10, 5, and 2 from bottom to top. The thick dotted line shows the
distribution in the spherical case derived by [Tan et al.(2001)].

the volume Vc of the shocked region at t is approximated as

Vc = πβhβ2
l c3t3. (3)

Since the energy having been deposited at t is given by Ėt, the average internal energy density uc of the shocked
region yields,

uc = ξ
Ėt

Vc
= ξ

Ė

πβhβ2
l c3

t−2, (4)

where I have introduced a non-dimensional parameter ξ corresponding to the fraction of the internal energy
to the total deposited energy. The internal energy is dominated by radiation. Therefore, the temperature
achieved in the shocked region is found to be

Tc =
(uc

a

)1/4
= ξ1/4

(
Ė

πaβhβlc3

)1/4

t−1/2 (5)

For efficient production of 56Ni, this temperature must be as high as ∼ 5×109 K. Thus, the following condition
is required to synthesize sufficient amount of 56Ni in the shocked region,

ξ1/4

(
Ė

2πaβhβlc3

)1/4

t−1/2 > 5 × 109 K, (6)

which can be rewritten as

t < 1.9 × 10−2ξ1/2

(
Ė

1053 erg s−1

)1/2(
βh

1.0

)−1/2( βl

1/
√

3

)−1

s (7)
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Figure 3: Kinetic energy distribution of the ejecta resulting from each model. Models with opening angles
of 10◦, 20◦, and 30◦ are shown in the top, middle, and bottom panels. The curves in each panel correspond
to the models with Ė51 = 200, 100, 50, 20, 10, 5, and 2 from bottom to top. The thick dotted line shows the
distribution in the spherical case derived by [Tan et al.(2001)].

the volume Vc of the shocked region at t is approximated as

Vc = πβhβ2
l c3t3. (3)

Since the energy having been deposited at t is given by Ėt, the average internal energy density uc of the shocked
region yields,

uc = ξ
Ėt

Vc
= ξ

Ė

πβhβ2
l c3

t−2, (4)

where I have introduced a non-dimensional parameter ξ corresponding to the fraction of the internal energy
to the total deposited energy. The internal energy is dominated by radiation. Therefore, the temperature
achieved in the shocked region is found to be

Tc =
(uc

a

)1/4
= ξ1/4

(
Ė

πaβhβlc3

)1/4

t−1/2 (5)

For efficient production of 56Ni, this temperature must be as high as ∼ 5×109 K. Thus, the following condition
is required to synthesize sufficient amount of 56Ni in the shocked region,

ξ1/4

(
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2πaβhβlc3

)1/4

t−1/2 > 5 × 109 K, (6)

which can be rewritten as

t < 1.9 × 10−2ξ1/2
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No. 1, 2002 SN 1998bw NUCLEOSYNTHESIS AND SPECTRA 407

TABLE 1

DETAILED YIELDS OF MODEL C

Yield Yield Yield Yield Yield
Species (M

_
) Species (M

_
) Species (M

_
) Species (M

_
) Species (M

_
)

12C . . . . . . . . 1.35E[01 13C . . . . . . . 1.84E[08 14N . . . . . . . 8.13E[05 15N . . . . . . . 2.63E[08 16O . . . . . . . 8.72
17O . . . . . . . . 1.11E[07 18O . . . . . . . 1.77E[06 19F . . . . . . . . 1.45E[09 20Ne . . . . . . 5.38E[01 21Ne . . . . . . 1.92E[03
22Ne . . . . . . 5.51E[02 23Na . . . . . . 1.87E[02 24Mg . . . . . . 3.35E[01 25Mg . . . . . . 4.08E[02 26Mg . . . . . . 8.86E[02
26Al . . . . . . . 6.28E[05 27Al . . . . . . 7.06E[02 28Si . . . . . . . 5.27E[01 29Si . . . . . . . 5.43E[02 30Si . . . . . . . 5.65E[02
31P . . . . . . . . 7.09E[03 32S . . . . . . . . 2.37E[01 33S . . . . . . . . 9.40E[04 34S . . . . . . . . 1.45E[02 36S . . . . . . . . 1.71E[05
35Cl . . . . . . . 3.92E[04 37Cl . . . . . . 8.90E[05 36Ar . . . . . . . 4.01E[02 38Ar . . . . . . . 5.73E[03 40Ar . . . . . . . 1.98E[07
39K . . . . . . . . 3.31E[04 40K . . . . . . . 7.56E[08 41K . . . . . . . 2.30E[05 40Ca . . . . . . 3.57E[02 42Ca . . . . . . 1.67E[04
43Ca . . . . . . 1.25E[05 44Ca . . . . . . 1.62E[03 46Ca . . . . . . 1.23E[09 45Sc . . . . . . . 2.39E[06 46Ti . . . . . . . 6.93E[05
47Ti . . . . . . . 5.57E[05 48Ti . . . . . . . 2.02E[03 49Ti . . . . . . . 3.90E[05 50Ti . . . . . . . 1.36E[09 50V . . . . . . . . 4.60E[09
51V . . . . . . . . 9.91E[05 50Cr . . . . . . 4.39E[04 52Cr . . . . . . . 8.25E[03 53Cr . . . . . . . 7.72E[04 54Cr . . . . . . . 1.52E[07
55Mn . . . . . . 3.00E[03 54Fe . . . . . . 3.87E[02 56Fe . . . . . . . 3.95E[01 57Fe . . . . . . . 1.65E[02 58Fe . . . . . . . 4.88E[08
59Co . . . . . . 6.56E[04 58Ni . . . . . . 2.71E[02 60Ni . . . . . . . 1.20E[02 61Ni . . . . . . . 6.09E[04 62Ni . . . . . . . 5.08E[03
64Ni . . . . . . . 4.29E[12 63Cu . . . . . . 1.80E[05 65Cu . . . . . . 1.12E[05 64Zn . . . . . . 1.60E[04 66Zn . . . . . . 8.93E[05
67Zn . . . . . . 6.53E[07 68Zn . . . . . . 1.23E[07 69Ga . . . . . . 9.72E[10 71Ga . . . . . . 2.45E[10 70Ge . . . . . . 1.02E[09

values for model C (in Table 2, [A/B] 4 log10 (A/B)
where A and B are nuclear mass fractions).[ log10 (A/B)

_
,

The main characteristics can be summarized as follows (see
also Nomoto et al. 2001b) :

1. The complete Si-burning region is more extended for
larger explosion energies. The aspherical explosion causes a
region of higher entropy along the z-axis, which o†ers better
conditions for the a-rich freezeout (Fig. 1). The high entropy
inhibits the production of 56Ni. Much 4He is left after the
freezeout, so the elements produced through 4He capture
are very abundant in the deepest region along the z-axis
(Fig. 2). This results in the enhancement of the elements
synthesized in the deepest region, such as 44Ca (produced as
44Ti), 48Ti (as 48Cr), and elements heavier than A D 58.

FIG. 3.ÈTwo-dimensional distribution of 56Ni (open circles) and 16O
(dots) of model C in the homologous expansion phase. Open circles and
dots denote test particles in which the mass fractions of 56Ni and 16O,
respectively, exceeds 0.1. Lines are density contours at the level of 0.5 (solid
lines), 0.3 (dashed lines), 0.1 (dash-dotted lines), and 0.01 (dotted lines) of the
maximum density.

Because of the enhancement of these elements and the
simultaneous suppression of 56Ni, the abundances of these
elements relative to iron (e.g., [44Ca, 48Ti, 64Zn/Fe]) are
greatly enhanced. For more asymmetric explosion, the
e†ect of a-rich freezeout is even larger.

2. Incomplete Si-burning and O-burning regions are
more extended for larger explosion energies (Nakamura et
al. 2001b). This results in the enhancement of 28Si, 32S,
40Ca, 52Cr (produced as 52Fe) and 54Fe and in the
reduction of O. Asphericity has little e†ect on the pro-
duction of these elements.

The most pronounced e†ect of asphericity is that ele-
ments produced by the strong a-rich freezeout are greatly
enhanced relative to iron (e.g., [Ti/Fe]). For other explosive
burning products, the e†ect of a large explosion energy
usually dominates over that of asphericity.

4. THE LATE-TIME SPECTRA OF SN 1998bw

In order to verify the observable consequences of an
axisymmetric explosion, we calculated the proÐles of the
[Fe II] blend and of [O I] for models AÈG. Line emissivities
were obtained from a one-dimensional non-LTE nebular

TABLE 2

ABUNDANCES OF MAJOR STABLE ISOTOPES RELATIVE TO THE SOLAR

VALUES FOR MODEL C

Species [X/O]a [X/Fe] Species [X/O] [X/Fe]

12C . . . . . . . . [1.31 [0.880 40Ca . . . . . . [0.183 0.246
14N . . . . . . . [4.09 [3.66 44Ca . . . . . . 0.0989 0.529
16O . . . . . . . 0.000 0.430 45Sc . . . . . . . [1.17 [0.740
19F . . . . . . . . [5.40 [4.97 48Ti . . . . . . . 0.0153 0.445
20Ne . . . . . . [0.437 [0.00731 51V . . . . . . . . [0.538 [0.109
23Na . . . . . . [0.210 0.220 52Cr . . . . . . . [0.215 0.215
24Mg . . . . . . [0.146 0.284 55Mn . . . . . . [0.605 [0.176
27Al . . . . . . . 0.127 0.557 54Fe . . . . . . . [0.224 0.206
28Si . . . . . . . [0.0516 0.378 56Fe . . . . . . . [0.430 0.000
31P . . . . . . . . [0.0192 0.411 59Co . . . . . . [0.668 [0.238
32S . . . . . . . . [0.182 0.248 58Ni . . . . . . . [0.220 0.210
35Cl . . . . . . . [0.769 [0.339 63Cu . . . . . . [1.46 [1.03
36Ar . . . . . . . [0.244 0.186 64Zn . . . . . . [0.750 [0.320
39K . . . . . . . [0.979 [0.549

a [A/B] 4 log10 (A/B) [ log10 (A/B)
_

Maeda+ (2002)Nucleosynthesis
Post-process nucleosynthesis calculations

Many earlier works in the context of bipolar  
explosion in SNe (e.g., Nagataki+1997,2003,2005, 
Maeda+2002,Tominaga+2007)

56Ni mass: (e.g.,Nagataki+2003,Tominaga+2007)　　　　　　　　　　　　　　　　
slow energy deposition ➡ M(56Ni)<<0.1M◉ 
instantaneous energy injection ➡ M(56Ni)~0.1M◉

56Ni distribution:    　　　　　　　　　　　　　　　　
region with high X(56Ni) is formed around the jet 
and a region with unburned 16O is surrounding 
the region  　　　　　　　　　　　　　　　　　　　
➡  consistent with optical spectra of some HNe

Nagataki+ (2003)

Ni
Oxygen
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Post-process nucleosynthesis calculations

Many earlier works in the context of bipolar  
explosion in SNe (e.g., Nagataki
+1997,2003,2005, Maeda+2002,Tominaga
+2007)

Tracer particle method is employed
t=2.0 t=5.0 t=100.0

Nucleosynthesis
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Distributions of elements are similar to earlier 
works in the context of HNe.

Particles that contains 56Ni have velocities <0.3c

Ni mass ~ 0.13 M◉, smaller by a factor of 2-3 
than observed values

No. 1, 2002 SN 1998bw NUCLEOSYNTHESIS AND SPECTRA 407

TABLE 1

DETAILED YIELDS OF MODEL C

Yield Yield Yield Yield Yield
Species (M

_
) Species (M

_
) Species (M

_
) Species (M

_
) Species (M

_
)

12C . . . . . . . . 1.35E[01 13C . . . . . . . 1.84E[08 14N . . . . . . . 8.13E[05 15N . . . . . . . 2.63E[08 16O . . . . . . . 8.72
17O . . . . . . . . 1.11E[07 18O . . . . . . . 1.77E[06 19F . . . . . . . . 1.45E[09 20Ne . . . . . . 5.38E[01 21Ne . . . . . . 1.92E[03
22Ne . . . . . . 5.51E[02 23Na . . . . . . 1.87E[02 24Mg . . . . . . 3.35E[01 25Mg . . . . . . 4.08E[02 26Mg . . . . . . 8.86E[02
26Al . . . . . . . 6.28E[05 27Al . . . . . . 7.06E[02 28Si . . . . . . . 5.27E[01 29Si . . . . . . . 5.43E[02 30Si . . . . . . . 5.65E[02
31P . . . . . . . . 7.09E[03 32S . . . . . . . . 2.37E[01 33S . . . . . . . . 9.40E[04 34S . . . . . . . . 1.45E[02 36S . . . . . . . . 1.71E[05
35Cl . . . . . . . 3.92E[04 37Cl . . . . . . 8.90E[05 36Ar . . . . . . . 4.01E[02 38Ar . . . . . . . 5.73E[03 40Ar . . . . . . . 1.98E[07
39K . . . . . . . . 3.31E[04 40K . . . . . . . 7.56E[08 41K . . . . . . . 2.30E[05 40Ca . . . . . . 3.57E[02 42Ca . . . . . . 1.67E[04
43Ca . . . . . . 1.25E[05 44Ca . . . . . . 1.62E[03 46Ca . . . . . . 1.23E[09 45Sc . . . . . . . 2.39E[06 46Ti . . . . . . . 6.93E[05
47Ti . . . . . . . 5.57E[05 48Ti . . . . . . . 2.02E[03 49Ti . . . . . . . 3.90E[05 50Ti . . . . . . . 1.36E[09 50V . . . . . . . . 4.60E[09
51V . . . . . . . . 9.91E[05 50Cr . . . . . . 4.39E[04 52Cr . . . . . . . 8.25E[03 53Cr . . . . . . . 7.72E[04 54Cr . . . . . . . 1.52E[07
55Mn . . . . . . 3.00E[03 54Fe . . . . . . 3.87E[02 56Fe . . . . . . . 3.95E[01 57Fe . . . . . . . 1.65E[02 58Fe . . . . . . . 4.88E[08
59Co . . . . . . 6.56E[04 58Ni . . . . . . 2.71E[02 60Ni . . . . . . . 1.20E[02 61Ni . . . . . . . 6.09E[04 62Ni . . . . . . . 5.08E[03
64Ni . . . . . . . 4.29E[12 63Cu . . . . . . 1.80E[05 65Cu . . . . . . 1.12E[05 64Zn . . . . . . 1.60E[04 66Zn . . . . . . 8.93E[05
67Zn . . . . . . 6.53E[07 68Zn . . . . . . 1.23E[07 69Ga . . . . . . 9.72E[10 71Ga . . . . . . 2.45E[10 70Ge . . . . . . 1.02E[09

values for model C (in Table 2, [A/B] 4 log10 (A/B)
where A and B are nuclear mass fractions).[ log10 (A/B)

_
,

The main characteristics can be summarized as follows (see
also Nomoto et al. 2001b) :

1. The complete Si-burning region is more extended for
larger explosion energies. The aspherical explosion causes a
region of higher entropy along the z-axis, which o†ers better
conditions for the a-rich freezeout (Fig. 1). The high entropy
inhibits the production of 56Ni. Much 4He is left after the
freezeout, so the elements produced through 4He capture
are very abundant in the deepest region along the z-axis
(Fig. 2). This results in the enhancement of the elements
synthesized in the deepest region, such as 44Ca (produced as
44Ti), 48Ti (as 48Cr), and elements heavier than A D 58.

FIG. 3.ÈTwo-dimensional distribution of 56Ni (open circles) and 16O
(dots) of model C in the homologous expansion phase. Open circles and
dots denote test particles in which the mass fractions of 56Ni and 16O,
respectively, exceeds 0.1. Lines are density contours at the level of 0.5 (solid
lines), 0.3 (dashed lines), 0.1 (dash-dotted lines), and 0.01 (dotted lines) of the
maximum density.

Because of the enhancement of these elements and the
simultaneous suppression of 56Ni, the abundances of these
elements relative to iron (e.g., [44Ca, 48Ti, 64Zn/Fe]) are
greatly enhanced. For more asymmetric explosion, the
e†ect of a-rich freezeout is even larger.

2. Incomplete Si-burning and O-burning regions are
more extended for larger explosion energies (Nakamura et
al. 2001b). This results in the enhancement of 28Si, 32S,
40Ca, 52Cr (produced as 52Fe) and 54Fe and in the
reduction of O. Asphericity has little e†ect on the pro-
duction of these elements.

The most pronounced e†ect of asphericity is that ele-
ments produced by the strong a-rich freezeout are greatly
enhanced relative to iron (e.g., [Ti/Fe]). For other explosive
burning products, the e†ect of a large explosion energy
usually dominates over that of asphericity.

4. THE LATE-TIME SPECTRA OF SN 1998bw

In order to verify the observable consequences of an
axisymmetric explosion, we calculated the proÐles of the
[Fe II] blend and of [O I] for models AÈG. Line emissivities
were obtained from a one-dimensional non-LTE nebular

TABLE 2

ABUNDANCES OF MAJOR STABLE ISOTOPES RELATIVE TO THE SOLAR

VALUES FOR MODEL C

Species [X/O]a [X/Fe] Species [X/O] [X/Fe]

12C . . . . . . . . [1.31 [0.880 40Ca . . . . . . [0.183 0.246
14N . . . . . . . [4.09 [3.66 44Ca . . . . . . 0.0989 0.529
16O . . . . . . . 0.000 0.430 45Sc . . . . . . . [1.17 [0.740
19F . . . . . . . . [5.40 [4.97 48Ti . . . . . . . 0.0153 0.445
20Ne . . . . . . [0.437 [0.00731 51V . . . . . . . . [0.538 [0.109
23Na . . . . . . [0.210 0.220 52Cr . . . . . . . [0.215 0.215
24Mg . . . . . . [0.146 0.284 55Mn . . . . . . [0.605 [0.176
27Al . . . . . . . 0.127 0.557 54Fe . . . . . . . [0.224 0.206
28Si . . . . . . . [0.0516 0.378 56Fe . . . . . . . [0.430 0.000
31P . . . . . . . . [0.0192 0.411 59Co . . . . . . [0.668 [0.238
32S . . . . . . . . [0.182 0.248 58Ni . . . . . . . [0.220 0.210
35Cl . . . . . . . [0.769 [0.339 63Cu . . . . . . [1.46 [1.03
36Ar . . . . . . . [0.244 0.186 64Zn . . . . . . [0.750 [0.320
39K . . . . . . . [0.979 [0.549

a [A/B] 4 log10 (A/B) [ log10 (A/B)
_

Maeda+ (2002)

●: X(56Ni) >0.1

●: X(28Si) >0.1

●: X(16O ) > 0.1
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Distributions of elements are similar to earlier 
works in the context of HNe.

Particles that contains 56Ni have velocities <0.3c

Ni mass ~ 0.13 M◉, smaller by a factor of 2-3 
than observed values

No. 1, 2002 SN 1998bw NUCLEOSYNTHESIS AND SPECTRA 407

TABLE 1

DETAILED YIELDS OF MODEL C

Yield Yield Yield Yield Yield
Species (M

_
) Species (M

_
) Species (M

_
) Species (M

_
) Species (M

_
)

12C . . . . . . . . 1.35E[01 13C . . . . . . . 1.84E[08 14N . . . . . . . 8.13E[05 15N . . . . . . . 2.63E[08 16O . . . . . . . 8.72
17O . . . . . . . . 1.11E[07 18O . . . . . . . 1.77E[06 19F . . . . . . . . 1.45E[09 20Ne . . . . . . 5.38E[01 21Ne . . . . . . 1.92E[03
22Ne . . . . . . 5.51E[02 23Na . . . . . . 1.87E[02 24Mg . . . . . . 3.35E[01 25Mg . . . . . . 4.08E[02 26Mg . . . . . . 8.86E[02
26Al . . . . . . . 6.28E[05 27Al . . . . . . 7.06E[02 28Si . . . . . . . 5.27E[01 29Si . . . . . . . 5.43E[02 30Si . . . . . . . 5.65E[02
31P . . . . . . . . 7.09E[03 32S . . . . . . . . 2.37E[01 33S . . . . . . . . 9.40E[04 34S . . . . . . . . 1.45E[02 36S . . . . . . . . 1.71E[05
35Cl . . . . . . . 3.92E[04 37Cl . . . . . . 8.90E[05 36Ar . . . . . . . 4.01E[02 38Ar . . . . . . . 5.73E[03 40Ar . . . . . . . 1.98E[07
39K . . . . . . . . 3.31E[04 40K . . . . . . . 7.56E[08 41K . . . . . . . 2.30E[05 40Ca . . . . . . 3.57E[02 42Ca . . . . . . 1.67E[04
43Ca . . . . . . 1.25E[05 44Ca . . . . . . 1.62E[03 46Ca . . . . . . 1.23E[09 45Sc . . . . . . . 2.39E[06 46Ti . . . . . . . 6.93E[05
47Ti . . . . . . . 5.57E[05 48Ti . . . . . . . 2.02E[03 49Ti . . . . . . . 3.90E[05 50Ti . . . . . . . 1.36E[09 50V . . . . . . . . 4.60E[09
51V . . . . . . . . 9.91E[05 50Cr . . . . . . 4.39E[04 52Cr . . . . . . . 8.25E[03 53Cr . . . . . . . 7.72E[04 54Cr . . . . . . . 1.52E[07
55Mn . . . . . . 3.00E[03 54Fe . . . . . . 3.87E[02 56Fe . . . . . . . 3.95E[01 57Fe . . . . . . . 1.65E[02 58Fe . . . . . . . 4.88E[08
59Co . . . . . . 6.56E[04 58Ni . . . . . . 2.71E[02 60Ni . . . . . . . 1.20E[02 61Ni . . . . . . . 6.09E[04 62Ni . . . . . . . 5.08E[03
64Ni . . . . . . . 4.29E[12 63Cu . . . . . . 1.80E[05 65Cu . . . . . . 1.12E[05 64Zn . . . . . . 1.60E[04 66Zn . . . . . . 8.93E[05
67Zn . . . . . . 6.53E[07 68Zn . . . . . . 1.23E[07 69Ga . . . . . . 9.72E[10 71Ga . . . . . . 2.45E[10 70Ge . . . . . . 1.02E[09

values for model C (in Table 2, [A/B] 4 log10 (A/B)
where A and B are nuclear mass fractions).[ log10 (A/B)

_
,

The main characteristics can be summarized as follows (see
also Nomoto et al. 2001b) :

1. The complete Si-burning region is more extended for
larger explosion energies. The aspherical explosion causes a
region of higher entropy along the z-axis, which o†ers better
conditions for the a-rich freezeout (Fig. 1). The high entropy
inhibits the production of 56Ni. Much 4He is left after the
freezeout, so the elements produced through 4He capture
are very abundant in the deepest region along the z-axis
(Fig. 2). This results in the enhancement of the elements
synthesized in the deepest region, such as 44Ca (produced as
44Ti), 48Ti (as 48Cr), and elements heavier than A D 58.

FIG. 3.ÈTwo-dimensional distribution of 56Ni (open circles) and 16O
(dots) of model C in the homologous expansion phase. Open circles and
dots denote test particles in which the mass fractions of 56Ni and 16O,
respectively, exceeds 0.1. Lines are density contours at the level of 0.5 (solid
lines), 0.3 (dashed lines), 0.1 (dash-dotted lines), and 0.01 (dotted lines) of the
maximum density.

Because of the enhancement of these elements and the
simultaneous suppression of 56Ni, the abundances of these
elements relative to iron (e.g., [44Ca, 48Ti, 64Zn/Fe]) are
greatly enhanced. For more asymmetric explosion, the
e†ect of a-rich freezeout is even larger.

2. Incomplete Si-burning and O-burning regions are
more extended for larger explosion energies (Nakamura et
al. 2001b). This results in the enhancement of 28Si, 32S,
40Ca, 52Cr (produced as 52Fe) and 54Fe and in the
reduction of O. Asphericity has little e†ect on the pro-
duction of these elements.

The most pronounced e†ect of asphericity is that ele-
ments produced by the strong a-rich freezeout are greatly
enhanced relative to iron (e.g., [Ti/Fe]). For other explosive
burning products, the e†ect of a large explosion energy
usually dominates over that of asphericity.

4. THE LATE-TIME SPECTRA OF SN 1998bw

In order to verify the observable consequences of an
axisymmetric explosion, we calculated the proÐles of the
[Fe II] blend and of [O I] for models AÈG. Line emissivities
were obtained from a one-dimensional non-LTE nebular

TABLE 2

ABUNDANCES OF MAJOR STABLE ISOTOPES RELATIVE TO THE SOLAR

VALUES FOR MODEL C

Species [X/O]a [X/Fe] Species [X/O] [X/Fe]

12C . . . . . . . . [1.31 [0.880 40Ca . . . . . . [0.183 0.246
14N . . . . . . . [4.09 [3.66 44Ca . . . . . . 0.0989 0.529
16O . . . . . . . 0.000 0.430 45Sc . . . . . . . [1.17 [0.740
19F . . . . . . . . [5.40 [4.97 48Ti . . . . . . . 0.0153 0.445
20Ne . . . . . . [0.437 [0.00731 51V . . . . . . . . [0.538 [0.109
23Na . . . . . . [0.210 0.220 52Cr . . . . . . . [0.215 0.215
24Mg . . . . . . [0.146 0.284 55Mn . . . . . . [0.605 [0.176
27Al . . . . . . . 0.127 0.557 54Fe . . . . . . . [0.224 0.206
28Si . . . . . . . [0.0516 0.378 56Fe . . . . . . . [0.430 0.000
31P . . . . . . . . [0.0192 0.411 59Co . . . . . . [0.668 [0.238
32S . . . . . . . . [0.182 0.248 58Ni . . . . . . . [0.220 0.210
35Cl . . . . . . . [0.769 [0.339 63Cu . . . . . . [1.46 [1.03
36Ar . . . . . . . [0.244 0.186 64Zn . . . . . . [0.750 [0.320
39K . . . . . . . [0.979 [0.549

a [A/B] 4 log10 (A/B) [ log10 (A/B)
_

Maeda+ (2002)

●: X(56Ni) >0.1

●: X(28Si) >0.1

●: X(16O ) > 0.1

SN component resulting from failed jet are similar to how typical 
HNe spectra look like 
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CSM interaction
Dense circumstellar medium is expected around the progenitor star.

ejecta-CSM interaction efficiently convert the kinetic energy of the ejecta into 
the internal energy and thus might give rise to bright emission in X-ray and 
gamma-ray.

Some earlier works for the collision of mildly relativistic ejecta with CSM (e.g., Tan
+2001). 

η Carinae      ©NASA
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injection radius:                Rin = 3×108cm 

total energy:                      E =5×1052 erg

energy deposition rate:  dE/dt=50×1051 erg/s

half opening angle:        θj =10°

initial jet Lorentz factor: Γj = 5

specific internal energy: ε0/c2=20

CSM  :                                    Mdot=10-3, 10-4, 10-5, 10-6, 10-7 M◉/yr, vw=1000km/s

– 5 –

the velocity at the inner boundary is given by,

vj =

√
1− 1

Γ2
j

, (2)

and the other components are set to be zero. Using the jet opening angle θj and the radius
of the stellar core Rin, the area Sj through which the jet is injected can be expressed as,

Sj = 2πR2
j (1− cos θj). (3)

Thus, the energy flux is given by

Ė

Sj
=

Ė

2πR2
j (1− cos θj)

. (4)

Equating this expression with the energy flux along the radial direction given in Equation
(A10), (ρhΓ2

j −D)vj, we obtain the density ρ0 at the inner boundary,

ρ0 =
Ė

2πR2
in(1− cos θj)

1

vj[(1 + γε0)Γ2
j − Γj]

, (5)

where we have used the equation of state for an ideal gas with the adiabatic index of γ(= 4/3).
The expression of the pressure p0 at the inner boundary is easily derived,

p0 = (γ − 1)ρ0ε0. (6)

Thus, the free parameters, Ė, θj, Γj, ε0, and τj are crucial for the evolution of the jet.
Especially, from the relativistic Bernoulli’s principle, the maximum Lorentz factor of the jet
can be roughly estimated as,

Γmax " (1 + γε0)Γj. (7)

In this work, the initial Lorentz factor and the specific internal energy are assumed to be
Γj = 5 and ε0 = 20, which leads to the maximum Lorentz factor of Γmax ∼ 140.

2.3. Mapping procedure

To follow the evolution of the jet for a long time, e.g., up to ∼ 105-106 s after the
injection, a large computational domain is required. The jet propagates at ultra-relativistic
speeds, which clearly indicates that the scale of the ejecta reaches ∼ 3 × 1015-3 × 1016 cm.
On the other hand, the scale of the region where the jet is injected is that of the iron core
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Jet injection
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CSM interaction
Models with dense CSM lead to “forward shock - reverse shock” system

Models with dilute CSM lead to “forward shock - rarefaction wave” system
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dM/dt=10-3 M◉/yr

dM/dt=10-7 M◉/yr
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CSM interaction
The internal energy flux F in the shocked region is of the order of 1020-1021 erg/s/
cm2 for models with Mdot=10-3, 10-4, 10-5 M◉/yr

assume the internal energy is dominated by photons and some fraction of 
photons can decouple from the shocked region, 

L~4πR2Fε
  ~4×1046 ε erg/s 
       ×(R/6×1012cm)2(F/1020 erg s-1cm - 2)

CSM interaction has a potential to 
produce emission with L ~ 1046-47 erg/s
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flux : F = P/(γ-1)×Γ2vr

ε: fraction of the energy emitted as photons

However, thermal equilibrium between 
radiation and gas is not achieved!

τsc~3 for dM/dt=10-3M◉/yr
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Summary
Failed jet is promising  to explain low-luminosity GRBs.

Ultra-relativistic jet is failed to be created 　　　　　　　　　　　　　　　　　
➡ kinetic energy of the relativistic ejecta is much smaller than the kinetic energy 
of the non-relativistic one

Explosive nucleosynthesis in the failed jet model　　　　　　　　　　　　　  
➡ similar result to HNe cases

The interaction of the ejecta with dense CSM is investigated 　　　　　　　　　　
➡ CSM interaction has a possibility in producing highly energetic emission with 
Lγ,iso ~ 1046 - 1047 erg/s
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dynamical range is huge

➡ jet ~ 1013-14 cm ⇄ Fe core ~ 108-9 cm

Courant condition limits the time stepΔt < cΔx

The numerical domain doubles as the ejecta expand. The resolution is 
halved. 

x

z

x

z

×2 ×2

Mapping procedure
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Results
Ultra-relativistic jet

Mildly relativistic
 blast wave

13年11月14日木曜日


