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Introduction



Ultra-Long GRB: A New Population?

✓Above GRBs show extremely long central engine activity.
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Table 1
Observed Characteristics of ULGRBs

111209A 101225A 121027A

Eobs
iso (1053 erg) 5.81 !0.122 2.03

δtobs
γ (s) 150001 !20001 100003

θj !12◦2 · · · !10◦2

z 0.6771 0.8472 1.7732

Notes. For GRB 101225A, the prompt emission was already
active when the Swift BAT first slewed to the burst location
(Levan et al. 2013), which gives lower limits. GRB 121027A
can be divided into the prompt emission with the duration of
∼200 s and the giant X-ray flare lasting for ∼104 s (Peng et al.
2013). Here, we include the giant X-ray flare to the prompt
phase, given that both of them can be originated from the
central engine.
References. (1) Gendre et al. 2013; (2) Levan et al. 2013;
(3) Peng et al. 2013.

SLSN-like component is ascribed to a cocoon fireball photo-
spheric emission (CFPE; Kashiyama et al. 2013). In our pre-
vious work, we already proposed the idea that such a CFPE
may be a necessary counterpart of BSG GRBs and estimated
its basic properties using a simple analytical model. In this pa-
per, we refine our model of the CFPE and explicitly show that
the underlying SN component of GRB 111209A afterglow is
quite well explained by the CFPE. We also apply our model to
the other two bursts, GRB 101225A and GRB 121027A. Then
we suggest that some fraction of the observed SLSNe might
be originated from the CFPE of off-axis ULGRBs. CFPEs may
become a smoking gun of the BSG model for ULGRBs.

This paper is organized as follows. In Section 2, we review
the observational results of ULGRBs. In Section 3, we propose
the BSG model for those ULGRBs. In Section 4, we explicitly
show that the SLSN-like bump of GRB 111209A afterglow can
be fitted quite well by the CFPE model. We also apply our model
to the other two bursts, GRB 101225A and GRB 121027A.
Sections 5 and 6 are devoted to the discussions and summary.
In the Appendix, we describe our model and the calculation
method in detail.

2. ULTRA-LONG GAMMA-RAY BURSTS

In this section, we briefly summarize the observed features
of the following recently detected ULGRBs: GRB 101225A,
GRB 111209A, and GRB 121027A. We show some represen-
tative features of them in Table 1 (for details, see Gendre et al.
2013; Levan et al. 2013). They all have ultra-long durations of
∼104 s and isotropic energies of Eγ ,iso ∼ 1052–1053 erg in the
prompt phase.4

X-ray afterglows were observed by the Swift X-Ray Telescope
(XRT). For GRB 111209A and GRB 121027A, the LC shapes
are similar to those of conventional LGRBs, i.e., consisting
of a steep decay, a shallow decay, and a normal decay phase
(Zhang et al. 2006). The jet breaks have not been confirmed until
∼2×106 s, which gives constraints on the following jet opening
angles: θj > 12◦ (GRB 111209A) and θj > 10◦ (GRB 121027A)

4 Gendre et al. (2013) showed that the estimated spectrum peak energies Ep
and Eγ ,iso of GRB 111209A agree with the Ep − Eγ ,iso correlation (Amati
et al. 2002) within the 2σ level. While both the prompt emission and X-ray
flare of GRB 121027A satisfy the Ep − Lp correlation (Yonetoku et al. 2004),
the Ep − Eγ ,iso correlation holds only for the prompt emission (Peng et al.
2013). Physical values of GRB 101225A were not determined well, and the
relationship with these empirical correlations are uncertain.

(Levan et al. 2013). For GRB 101225A, an X-ray afterglow is
not detected after the end of the steep decay phase ∼105 s and
no constraint is given to the jet opening angle (Levan et al.
2013).

A remarkable feature was found in the UV/optical/IR after-
glow of GRB 111209A (Levan et al. 2013), which we mainly
discuss in this paper.5 For tobs ! 1 day, the u-band LC exhibits
a single power law decay with t−1.38, which is similar to the
X-ray band, while the J-band LC decays more slowly as t−0.5.
The difference between u-band and J-band temporal indices
(∼0.9) contradicts that predicted from the standard external
shock model (0.25), which can be seen from Equation (A8).
Levan et al. (2013) argued that these emissions may be SN
bumps, which are clearly different from other GRB-associated
SN, and are as bright as the so-called SLSNe, which are typ-
ically brighter than the normal SN by a factor of ∼100 (e.g.,
Gal-Yam 2012). GRB 101225A also showed very shallow tem-
poral decay (∝ t−0.59 in the r band and ∝ t−0.34 in the i band)
for the late-time GRB afterglow. These are also ascribed to an
underlying SN component whose peak luminosity is compara-
ble to the GRB-associated hypernova, SN 1998bw (Levan et al.
2013). Although such an SN-like bump has not been reported
yet for GRB 121027A, it may be a unique feature of ULGRBs.

3. BLUE SUPERGIANT MODEL

In this section, we review the BSG model for ULGRBs. It
should be emphasized that this model naturally exhibits the
ultra-long duration of these events. In addition, it is predicted
that this model accompanies an SLSN-like bright bump in
the afterglow phase, which might be actually observed in the
optical/infrared band. In this paper, we refer the pre-SN models
to Woosley et al. (2002),6 whose data are available from the
webpage of Alex Heger.7 The schematic picture of our model is
shown in Figure 1. We describe details of our model below.

Our calculations are based on the collapsar scenario of
LGRBs (Woosley 1993; MacFadyen & Woosley 1999). In
this scenario, ultra-relativistic jets are launched from the BH
accretion disk system, which is formed following massive
progenitor collapses so that the GRB prompt emission is raised
after jets break out of the progenitor envelope. The central engine
is essentially kept active, while the progenitor envelope can be
accreted onto it (Kumar et al. 2008) with a typical timescale of

δtγ ∼ tff(R∗)(1 + z) ∼ 77
(

R∗

RW-R

)3/2 (
M∗

MW-R

)−1/2

(1 + z) s,

(1)
where tff(r) =

√
r3/GMr is the free fall timescale of a

mass shell at mass coordinate Mr and radius r. For a W-R
progenitor with a radius of RW-R ∼ 2 × 1010 cm and a mass
of MW-R ∼ 10 M' (Woosley et al. 2002), typical durations
of observed LGRBs are reproduced from Equation (1). On the
other hand, in order to explain the durations of ULGRBs, one

5 Even before tobs " 1 day, some complex features (rebrightening and decay)
are seen in the UV/optical/IR light curves. Stratta et al. (2013) performed a
detailed temporal and spectral analysis of these features. On the contrary, we
focus on the afterglow light curves after tobs ! 1 day.
6 In our previous study (Nakauchi et al. 2012), we defined the point where
the density becomes 10−7 g cm−3 as the radius for jet breakout for stellar
models with metallicity of 10−4 Z'. Since each stellar model in Woosley et al.
(2002) has an outermost density that is different from each other, we adjusted
them to the same value. In this paper, following them, we adopted the point of
10−7 g cm−3 as the effective stellar surface in calculating the jet propagation.
7 http://2sn.org/stellarevolution/data.shtml.
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A remarkable feature was found in the UV/optical/IR after-
glow of GRB 111209A (Levan et al. 2013), which we mainly
discuss in this paper.5 For tobs ! 1 day, the u-band LC exhibits
a single power law decay with t−1.38, which is similar to the
X-ray band, while the J-band LC decays more slowly as t−0.5.
The difference between u-band and J-band temporal indices
(∼0.9) contradicts that predicted from the standard external
shock model (0.25), which can be seen from Equation (A8).
Levan et al. (2013) argued that these emissions may be SN
bumps, which are clearly different from other GRB-associated
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Gal-Yam 2012). GRB 101225A also showed very shallow tem-
poral decay (∝ t−0.59 in the r band and ∝ t−0.34 in the i band)
for the late-time GRB afterglow. These are also ascribed to an
underlying SN component whose peak luminosity is compara-
ble to the GRB-associated hypernova, SN 1998bw (Levan et al.
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3. BLUE SUPERGIANT MODEL

In this section, we review the BSG model for ULGRBs. It
should be emphasized that this model naturally exhibits the
ultra-long duration of these events. In addition, it is predicted
that this model accompanies an SLSN-like bright bump in
the afterglow phase, which might be actually observed in the
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to Woosley et al. (2002),6 whose data are available from the
webpage of Alex Heger.7 The schematic picture of our model is
shown in Figure 1. We describe details of our model below.
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δtγ ∼ tff(R∗)(1 + z) ∼ 77
(

R∗

RW-R

)3/2 (
M∗

MW-R

)−1/2

(1 + z) s,

(1)
where tff(r) =

√
r3/GMr is the free fall timescale of a

mass shell at mass coordinate Mr and radius r. For a W-R
progenitor with a radius of RW-R ∼ 2 × 1010 cm and a mass
of MW-R ∼ 10 M' (Woosley et al. 2002), typical durations
of observed LGRBs are reproduced from Equation (1). On the
other hand, in order to explain the durations of ULGRBs, one

5 Even before tobs " 1 day, some complex features (rebrightening and decay)
are seen in the UV/optical/IR light curves. Stratta et al. (2013) performed a
detailed temporal and spectral analysis of these features. On the contrary, we
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models with metallicity of 10−4 Z'. Since each stellar model in Woosley et al.
(2002) has an outermost density that is different from each other, we adjusted
them to the same value. In this paper, following them, we adopted the point of
10−7 g cm−3 as the effective stellar surface in calculating the jet propagation.
7 http://2sn.org/stellarevolution/data.shtml.
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of observed LGRBs are reproduced from Equation (1). On the
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reddening was seen. These are also ascribed to an underlying supernova component whose
peak luminosity is comparable to GRB-associated SN 1998bw (Levan et al. 2013). Although
such a SN-like counterpart has not been reported yet for GRB 121027A, it may be an unique
feature of ULGRBs. ???Ask about GRB 121027A afterglow.

3. Blue-supergiant Hypothesis

In this section, we review the BSG hypothesis of ULGRBs. It should be emphasized
that this model naturally exhibits the ultra-long duration of these events. In addition, it is
predicted that this model accompanies a bright counterpart in the afterglow phase, which
might be actually observed in the optical/infrared band. The schematic picture of our model
is shown in Fig. ??. In the following, we represent one by one.
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and radius r, and α is the viscosity parameter. For a WR progenitor with its radius RWR ∼
5×1010 cm and its mass MWR ∼ 10 M# (Woosley et al. 2002), typical durations of observed
LGRBs are reproduced. On the other hand, in order to explain the durations of ULGRBs,
one needs to invoke an envelope accretion of a more massive and extended progenitor, e.g.,
for a blue supergiant (BSG) with R∗ ∼ 1012 cm and M∗ ∼ 50 M#, we can estimate as

δt ∼ 1.2× 104
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Based on this estimate, BSGs were proposed as progenitors of ULGRBs (Gendre et al. 2013;
Kashiyama et al. 2013). According to the stellar evolution theory, metal poor stars end as
BSGs with massive hydrogen envelopes and typical radii of 1012−1013 cm. This is because the
low opacity envelope suppresses the line-driven mass loss from the stellar surface (Woosley
et al. 2002). After their death, metal poor stars with mass of 40− 140 M# are considered to
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SLSN-like Bump in Opt/IR Afterglow

✓Opt/IR: Superluminous-SN-like bump ~ HN×10.
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Fig. 6.— The UV and optical light curve of GRB 101225A (top) and GRB 111209A (bottom). The colours represent the same filters
in each panel as shown by the inset key. We note that in the GRB 111209A panel we have represented the UVOT white light filter with
the same colour (black) as the u-band given the similar central wavelength, but where the u-band is indicated with circles, the white light
points are marked as triangles. In addition we show the inferred temporal slopes as solid lines for the r and i-bands for GRB 101225A, and
for the u- and J-bands in GRB 111209A. The curves show the expectation of a SN 1998bw-like SN in the relevant band (colours coded as
above) with no scaling or stretching. This is seen to be similar to the late time magnitude of GRB 101225A, but well below the level seen
in GRB 111209A
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✓X/UV: power-law decay.

We examine whether they are explained with BSG model.

(Spectrum not taken.)
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Overview of Our Model

Woosley et al. 2002✓Progenitor: BSG with           ,              .
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so as to reproduce the observed Eobs
iso . Thus, ηj and εγ are

chosen appropriately for a given θj and progenitor model.
The kinetic energy of the relativistic ejecta Ekin is obtained
at this stage (see Appendix A.2).

3. Third, we calculate the afterglow emissions following the
standard external shock model in Sari et al. (1998) and
compare our results with the observed X-ray LCs. To
begin with, from the X-ray LC slope, the power law
index of the accelerated electron’s energy spectrum p
is determined. Then, the electron acceleration efficiency
εe is strongly constrained from the observed X-ray flux
because of the large dependence of the theoretical flux on
εe, i.e., F(0.3–10 keV) ∝ ε

3/2
e ε

1/8
B n0 (see Appendix A.3 and

Equation (A8) with p = 2.5).
4. Fourth, we calculate the CFPEs, using Ec(tbo) and Mc(tbo)

as the initial parameters of the cocoon fireball. We suppose
that the CFPE contributes dominantly to the optical/IR
bump. CFPE is attenuated by the host galaxy, and the
V-band extinction in host galaxy, Ahost

V , is adjusted so as
to reproduce the observed SN-like bump in the optical/IR
band (see Appendix A.4).

5. Finally, we suppose that the UV flux is dominantly con-
tributed from the external shock emission. For typical
parameters, UV flux can be calculated from FUV ∝
ε

3/2
e ε

7/8
B n1/2 (see Equation (A8) with p = 2.5). From the

observed UV flux, the appropriate value of the magnetic
field amplification efficiency εB is obtained for a given am-
bient gas density n. Thus, if we give the ambient gas density
n, afterglow parameters εe, εB , and p are set appropriately
from the X-ray and UV observations (see Appendix A.3).

In summary, we have six constraints from the observations
against eight unknown parameters. As the two free parameters,
we choose θj and the ambient gas density n. In this study, as for
the progenitor, we adopt the BSG model with a zero age main
sequence (ZAMS) mass of 75 M" and metallicity of 10−4 Z"
calculated by Woosley et al. (2002).8 In the precollapse phase,
this BSG has mass M∗ ∼ 75 M" and radius R∗ ∼ 8.6×1012 cm.
If we give the jet opening angle θj and the ambient gas density
n, we can calculate all the features of ULGRBs both in prompt
and afterglow phases. The model parameters, which fit the
observational data, are summarized in Table 2.

4.1. GRB 111209A

For GRB 111209A, we set the jet opening angle as θj = 12◦,
which is the lower limit given by the nondetection of the jet
break in the X-ray afterglow (Levan et al. 2013). In this case,
the observed isotropic energy Eobs

iso ∼ 5.8 × 1053 erg and the
duration δtobs

γ ∼ 15,000 s (Gendre et al. 2013) are substantially
reproduced by setting the jet efficiency and the radiation
efficiency as ηj = 1.24 × 10−3 and εγ = 0.38, respectively.
The above set of parameters (θj, ηj, εγ ) determines the kinetic
energy of the relativistic ejecta as Ekin = 9.6 × 1053 erg and
the internal energy and the baryon mass of the cocoon as
Ec(tbo) = 1.0 × 1053 erg and Mc(tbo) = 5.8 M", respectively
(see Table 2).

8 The observations suggested that the ULGRB host galaxies have subsolar
metallicities and that as long as we consider BSG progenitors, they might be
originated from massive star binary systems rather than single low metal
massive stars (Stratta et al. 2013). However, the stellar structure is not so
different in BSGs, so that our progenitor can be regarded as a representative
model applicable for any scenario, i.e., either the consequence of single star
evolution or binary evolution.

Table 2
Model Parameters and Calculated Quantities with a Zero Age

Main Sequence (ZAMS) Mass of 75 M" and a Metallicity
of 10−4 Z" Calculated by Woosley et al. (2002)

111209A 101225A 121027A

θj 12◦ 12◦ 12◦

ηj 1.24 × 10−3 6.2 × 10−4 1.24 × 10−3

εγ 0.38 0.7 0.1
p 2.5 2.1 2.6
εe 0.01 5 × 10−4 0.05
εB 1 × 10−3 0.05 8 × 10−4

n (cm−3) 0.04 0.1 0.01
Ahost

V (mag) 0.26 0.58 1.1

Eiso (1053 erg) 5.9 2.4 1.5
δtγ (s) 9000 5100 15000
Ekin (1053 erg) 9.6 1.0 14
Ec(tbo) (1053 erg) 1.0 0.56 1.0
Mc(tbo) (M") 5.8 7.0 5.8

The left panel of Figure 2 shows the XRT afterglow LC (black
dots with error bars) and the theoretical fitting (solid gray line).
The right panel of this figure shows the UV/optical/IR afterglow
LCs and the theoretical fittings for u (black), g (blue), r (green),
i (magenta), and J (red) bands. The data points at ∼200 day
may reflect the host galaxy contribution (Levan et al. 2013). We
focus on the normal decay phase starting at tobs ∼ 105 s. The
observed X-ray flux decays as t−1.36 for t ! 105 s (Levan et al.
2013). This gives the power law index of nonthermal electrons as
p = 2.5. The X-ray and u-band fluxes are reproduced by setting
the ambient gas density, the electron acceleration efficiency, and
the magnetic field amplification efficiency as n = 0.04 cm−3,
εe = 0.01 and εB = 1 × 10−3, respectively. One can see that
the standard afterglow components (thin dotted lines) roughly
illustrate the observed data for 1 day " tobs " 5 day,9
and the SLSN-like bump dominates in optical/IR bands for
tobs ! 5 day. We find that by setting Ahost

V = 0.26 mag,
the CFPEs (thin dashed lines) explain the SLSN-like bump
quite well.

The model parameters for the above fittings have reasonable
values (see Table 2). Thus, we can conclude that ULGRB
111209A and the accompanying SLSN-like bump are well
reproduced by the BSG collapsar model. Note that since the
CFPEs are calculated on the basis of a Type IIP SN model, the
observed bump may be able to be explained by an SN ejecta, not
by a cocoon. However, a significantly large explosion energy of
∼1053 erg (∼ a third of the binding energy of the neutron star)
is still necessary, which would be very difficult as far as we
consider standard spherical explosions.

4.2. GRB 101225A

For GRB 101225A, it is relatively hard to constrain our
model parameters since we only have a lower limit to the
duration and the isotropic energy of the prompt emission and
no constraint is given to the opening angle. Here we assume the
same opening angle θj = 12◦ as GRB 111209A and take fiducial
values for the jet efficiency ηj = 6.2 × 10−4 and the radiation

9 One can see that there is a re-brightening in the u band at ∼1 day, which
also cannot be explained by the standard external shock model. Our target
here, however, is the SLSN-like component that emerged after ∼10 day. So,
for simplicity, we treat the power law component of the afterglow within the
standard model. Detailed theoretical interpretations of this re-brightening are
discussed in Stratta et al. (2013).
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2013). This gives the power law index of nonthermal electrons as
p = 2.5. The X-ray and u-band fluxes are reproduced by setting
the ambient gas density, the electron acceleration efficiency, and
the magnetic field amplification efficiency as n = 0.04 cm−3,
εe = 0.01 and εB = 1 × 10−3, respectively. One can see that
the standard afterglow components (thin dotted lines) roughly
illustrate the observed data for 1 day " tobs " 5 day,9
and the SLSN-like bump dominates in optical/IR bands for
tobs ! 5 day. We find that by setting Ahost

V = 0.26 mag,
the CFPEs (thin dashed lines) explain the SLSN-like bump
quite well.

The model parameters for the above fittings have reasonable
values (see Table 2). Thus, we can conclude that ULGRB
111209A and the accompanying SLSN-like bump are well
reproduced by the BSG collapsar model. Note that since the
CFPEs are calculated on the basis of a Type IIP SN model, the
observed bump may be able to be explained by an SN ejecta, not
by a cocoon. However, a significantly large explosion energy of
∼1053 erg (∼ a third of the binding energy of the neutron star)
is still necessary, which would be very difficult as far as we
consider standard spherical explosions.

4.2. GRB 101225A

For GRB 101225A, it is relatively hard to constrain our
model parameters since we only have a lower limit to the
duration and the isotropic energy of the prompt emission and
no constraint is given to the opening angle. Here we assume the
same opening angle θj = 12◦ as GRB 111209A and take fiducial
values for the jet efficiency ηj = 6.2 × 10−4 and the radiation

9 One can see that there is a re-brightening in the u band at ∼1 day, which
also cannot be explained by the standard external shock model. Our target
here, however, is the SLSN-like component that emerged after ∼10 day. So,
for simplicity, we treat the power law component of the afterglow within the
standard model. Detailed theoretical interpretations of this re-brightening are
discussed in Stratta et al. (2013).

4

✓Jet: Cold relativistic jet.
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APPENDIX

A. CALCULATION METHODS

In this appendix, we show the calculation method we use for evaluating electromagnetic emissions associated with
BSG GRBs. Our method is based on the collapsar-jet scenario. Once a progenitor model and a set of phenomenological
parameters are fixed, we can calculate physical quantities of the prompt emission, the afterglow emission, and the
cocoon-fireball photospheric emission (CFPE) in a self-consistent manner.

A.1. Jet-cocoon Formation inside Progenitors

First, we model jet-cocoon formation within progenitors following our previous studies (Suwa & Ioka 2011;
Nakauchi et al. 2012; Kashiyama et al. 2013). In this paper, we consider massive progenitors with M ! 40 M!,
which will collapse directly into a black hole (BH) without significant mass ejections (Heger et al. 2003). We assume
that a bi-polar relativistic jet is launched when the mass of the central BH becomes 3 M!. The jet luminosity is
proportional to the mass accretion rate onto the central BH,

Lj(t) = ηjṀ(t)c2. (A1)

This can be justified for jets driven by magneto-hydrodynamic mechanisms (e.g., Komissarov & Barkov 2010). Here,
t is the time since the central engine becomes active in the GRB rest frame. The mass accretion rate Ṁ(t) can be
estimated as

Ṁ = α
dMr

dtff(r)
, (A2)

where Mr is the mass coordinate, and α represents the effect of disk accretion, which is set as α = 1 throughout this
paper (Kumar et al. 2008).
The velocity of the jet head can be obtained from the pressure balance at the interface of the jet and the stellar

envelope (Matzner 2003),

βh(t) =
βj

1 + L̃(t)−1/2
, (A3)

L̃(t) =
Lj(t− rh/(βjc))

Σj(t)ρ∗(rh)c3
,

where βj ≈ 1 is the velocity of the jet and ρ∗(r) is the density of the stellar envelope. The radius of the jet head is

obtained from rh(t) =
∫ t

βh(t′)c dt′ and Σj(t) = πr2h(t)θ
2
j represents the cross section of the jet head where θj is the

MJ ∝ T 3/2 n−1/2 (18)

MJ,III.1 ∼ 103M" (19)

MJ,III.2 ∼ 40M" (20)

J21,crit vs ζ19 (21)

Ec ∼ 4.5× 1052 erg (22)

Mc ∼ 2.1 M" (23)

R0 ∼ R∗ (24)

Ec ∼ 4× 1052 erg (25)

Mc ∼ 0.9 M" (26)

Ṁsp =
dMr

dtff
(27)

Ṁ = dMr/dtff,r (28)

Ṁacc =
dMr

dtacc
= αṀsp (29)

η

R0 ∼ R∗ ∼ 1013 cm (30)

Lyman− α, 10 σ

表 1:

z = 0.677 Our model GRB 111209A

Eγ,iso (1053 erg) 10 5.82± 0.73

T90 (104 s) 1.1 2.0

Ep keV 716 520± 89
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jet opening angle. We regard that the jet breaks out the envelope when rh(tbo) = R∗ where tbo is the time of the jet
break out. A successful GRB is expected if the central engine is still active after the breakout time, which corresponds
to Ṁ(t) ! 10−3M# s−1 (e.g., Chen & Beloborodov 2007) at t > tbo since the neutrino cooling is not effective for
Ṁ(t) < 10−3M# s−1. For BSG progenitors, we showed that jets can penetrate the progenitor envelopes irrespective
of their masses (Suwa & Ioka 2011; Nakauchi et al. 2012; Kashiyama et al. 2013).
As far as the jet head is non-relativistic, i.e., βh ! 1, shocked matter at the jet head will spread out sideways, and

form a cocoon. The cocoon expands in the stellar envelope with a transverse velocity of

βc(t) ∼

√

Ec(t)

3ρ∗(rh)c2Vc(t)
, (A4)

which is obtained from the pressure balance at the interface of the cocoon and the stellar envelope (Matzner 2003).

We assume that the cocoon has a conical shape with a height of rh(t) and a circular radius of rc(t) =
∫ t

βc(t′)c dt′ at
the bottom. Then, the volume of the cocoon Vc can be estimated as Vc(t) = πrc(t)2rh(t)/3. As it expands, cocoon
also loads the stellar material along the direction of motion and the mass loaded in the cocoon can be evaluated from

Mc(t) =
rc(t)2

4rh(t)2

∫ rh(t)

4πr2ρ∗(r)dr. (A5)

Before the jet breakout, most of the jet energy is stored in the cocoon and the cocoon energy can be described as
Ec(t) =

∫ t
Lj(t′ − rh/c)dt′.

In summary, we can calculate the jet breakout time tbo, the cocoon energy Ec(tbo) and the mass of the cocoon
Mc(tbo) by fixing the progenitor model and the central engine parameters (θj, ηj). In this paper, we assume that both
ηj and θj are constants for simplicity (but see e.g., Kawanaka et al. 2013; Mizuta & Ioka 2013).

A.2. Prompt Emission

After the jet breakout, a fraction of the jet energy will be dissipated and radiated as prompt gamma-rays. Since
the mechanism is still highly uncertain, we here do not discuss the energy spectrum (see Nakauchi et al. 2012, for
discussion about the spectrum of prompt emissions). Instead, we estimate the isotropic energy Eγ,iso and the prompt
duration δtγ , and compare them with the observed ones.
In general, the dissipation radius is larger than the progenitor radius, and the prompt emission starts at t ∼ tbo.

Following the results of e.g., Chen & Beloborodov (2007), we suppose that the prompt emission ends when the mass
accretion rate becomes smaller than the critical value Ṁ(tfin) ∼ 10−3 M# s−1. Hence, one can evaluate the duration
of the prompt emission as

δtγ = (tfin − tbo)(1 + z), (A6)

and the isotropic energy as

Eγ,iso =

∫ tfin

tbo

Liso(t
′)dt′, (A7)

where Liso(t) = εγ(4/θ2j )Lj(t) is the isotropic luminosity of the prompt emission, and εγ is the radiation efficiency.

In summary, we fix (θj, ηj, εγ) to reproduce Eobs
γ,iso and δtobsγ . These parameters have been inferred for LGRBs

both observationally and theoretically. θj and εγ can be estimated for bursts with jet-break signature; θj ∼ 5◦

(Ghirlanda et al. 2004; Soderberg et al. 2006) and εγ ∼ 0.01-1 (Zhang et al. 2007). The observed LGRBs typically
have Eobs

γ,iso ∼ 1052-1054 erg and δtobs ∼ 10-100 s. Suwa & Ioka (2011) argued that these can be reproduced for a WR
progenitor with ηj ∼ 10−4-10−3 (also see Kawanaka et al. 2013, for the theoretical estimates). In this paper, we take
ηj = 6.2× 10−4 as a fiducial value.

A.3. Afterglow Emission

We calculate the afterglow emissions based on the standard external shock model (Sari et al. 1998). The relativistic
jet finally decelerates in the interstellar medium, where a fraction of electrons is accelerated to relativistic energies
at the forward shock, and emits synchrotron radiation in magnetic fields amplified by the shock. For the observed
ULGRBs, the normal decay phase of the afterglow starts at tobs ∼ 105 s, which corresponds to the slow cooling phase,
and the jet break is not confirmed until ∼ 2× 106 s (Levan et al. 2013). In this case, the light curves can be modeled
as

Fν ∼











0.061 f(p)p−1εp−1
e,−1ε

p+1
4

B,−2E
p+3
4

kin,53n
1/2D−2

28 (1 + z)
3−p

2 t
−

3p−3
4

4

(

ν
1014 Hz

)

1−p

2 Jy (νm < ν < νc),

9.8× 10−4 f(p)p−1εp−1
e,−1ε

p−2
4

B,−2E
p+2
4

kin,53n
0D−2

28 (1 + z)
2−p

2 t
−

3p−2
4

4

(

ν
1016 Hz

)−
p

2 Jy (νc < ν),

(A8)

with the characteristic frequency and the cooling frequency of synchrotron radiation

νm ∼ 4.6× 1013 f(p)2ε2e,−1ε
1/2
B,−2E

1/2
kin,53(1 + z)−1t−3/2

4 Hz, (A9)

=const.

We choose the parameters so that our model becomes 
consistent with observations of prompt emission & afterglow.

✓As an energy source, we focus on the energy stored 
   in the cocoon.

✓We calculate the jet evolution in the star.
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✓Along with jet, cocoon breakouts star
    and releases its energy.

Cocoon ~ shocked stellar + jet materials.

✓All the jet energy flows into cocoon
   before breakout.

✓Cocoon loads stellar mass along with its 
    expansion.
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Standard Afterglow 
+

Cocoon Fireball Photospheric Emission

CFPE
✓Photospheric emission from 
   expanding cocoon fireball (CFPE).
   ~ application of SN model. Arnett 1980

Popov 1993

– 24 –

emission from the cocoon ejecta may be analogous to those of a supernova ejecta with the
explosion energy Ec ≡ Ec(tbo), the initial mass Mc ≡ Mc(tbo) and the initial radius R0.
We calculate the cocoon fireball photospheric emission (CFPE) following Arnett (1980) and
Popov (1993), who studied emissions from supernova ejecta in analytical way based on the
assumptions below.

First, cocoon ejecta evolves with a uniform density profile,

ρc(t) = ρc,0

(
R0

R(t)

)3

, (A11)

where ρc,0 is the initial density determined from Mc ≡ 4πR3
0ρc,0/3. R(t) ∼ v0t is the radius

of the cocoon ejecta surface and v0 =
√
10Ec/3Mc is the free-coasting velocity of the ejecta.

Second, cocoon ejecta expands spherically and homologously,

r = x R(t), v(r, t) = x v0. (A12)

Finally, cocoon ejecta is radiation dominated so that pressure can be written as P (t) =
aT 4(t)/3, where a = 7.56 × 10−15 erg cm−3 K−4 is the radiation constant. At its breakout,
the cocoon height is comparable to the progenitor radius R∗. After cocoon ejecta radius is
doubled, the initial cocoon internal energy is evenly divided into thermal and kinetic energy.
This is similar to the situation at a supernova shock breakout and we regard this doubling
time as the initial condition, so that the initial radius is taken as R0 = 2R∗. The temperature
of the cocoon ejecta decreases following the energy equation

∂ec
∂t

+ P
∂

∂t

(
1

ρc

)
= − ∂L

∂mr
, (A13)

where ec is the specific internal energy and mr is the mass coordinate. The right hand side
of Eq. (A13) reflects the energy loss by photon diffusion,

L = −4πr2
ac

3κρc

∂T 4

∂r
. (A14)

At first, the ejecta surface nearly corresponds to the photosphere radius and the ejecta
temperature decreases with its expansion. After the effective surface temperature becomes
lower than Tion ≡ 6000 K, recombination commences in the ejecta and recombination front
propagates inward to the ejecta. We represent the time when the recombination front appears
as ti. Since photons escape the recombined region almost freely, the recombination front
becomes the photosphere for t > ti. We suppose that the Thomson opacity dominates before
recombination and the opacity becomes zero after recombination, so the opacity can be
represented as

κ =

{
κT = 0.34 cm2 g−1 T > Tion,
0 T < Tion.

(A15)

✓Outside the star, cocoon expands 
   to an almost spherical shape.

✓After the optical depth becomes low 
   enough, photons can escape.

✓CFPEs from BSGs will look like 
    Type IIP SNe, because of H envelope.

✓For LC fitting, we add CFPE to 
   standard external shock component.
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Figure 2. Theoretical fitting of GRB 111209A afterglow light curves (LCs). The left panel shows the LC in XRT range and the right
one is in UV/optical/IR range, where the points represent the observed data, and the solid lines correspond to the theoretical model in X
(grey), u (black), g (blue), r (green), i (magenta) and J (red) bands, respectively. While the observations are shown as filled circles with the
same colors, respectively. We use a BSG progenitor with zero age main sequence (ZAMS) mass of 75 M! and 10−4 Z!. We find that if we
give θj = 12◦ and n = 0.04 cm−3, other parameters are determined from the observations as ηj = 1.24×10−3, εγ = 0.38, p = 2.5, εe = 0.01,
εB = 1 × 10−3, and Ahost

V = 0.26 (see Table 2). In the right panel, the thin-dotted lines correspond to the external shock components.
The SLSN-like bump, which dominates at later phase, is well reproduced by the CFPE (thin-dashed lines) with Ec(tbo) = 1.0 × 1053 erg
and Mc(tbo) = 5.8 M!. We see the theoretical curves reproduce the observations quite well. The data points at ∼ 200 day may reflect the
emissions from the host galaxy (Levan et al. 2013).

The left panel of Fig. 2 shows the XRT afterglow
LC (black dots with error bars) and the theoretical fit-
ting (solid gray line). The right panel of this figure
shows the UV/optical/IR afterglow LCs and the theo-
retical fittings for u (black), g (blue), r (green), i (ma-
genta), and J (red) bands. The data points at ∼ 200 day
may reflect the host galaxy contribution (Levan et al.
2013). We focus on the normal decay phase starting
at tobs ∼ 105 s. The observed X-ray flux decays as
t−1.36 for t ! 105 s (Levan et al. 2013). This gives the
power law index of non-thermal electrons as p = 2.5.
The X-ray and u-band fluxes are reproduced by setting
the ambient gas density, the electron acceleration effi-
ciency, and the magnetic field amplification efficiency as
n = 0.04 cm−3, εe = 0.01 and εB = 1 × 10−3, respec-
tively. One can see that the standard-afterglow compo-
nents (thin-dotted lines) roughly illustrate the observed
data for 1 day " tobs " 5 day,7 and the SLSN-like bump
dominates in optical/IR bands for tobs ! 5 day. We
find that by setting Ahost

V = 0.26 mag, the CFPEs (thin-
dashed lines) explain the SLSN-like bump quite well.
The model parameters for the above fittings have rea-

sonable values (see Table 2). Thus, we can conclude
that ULGRB 111209A and the accompanying SLSN-like
bump are well reproduced by the BSG collapsar model.
Note that since the CFPEs are calculated based on a
TypeIIP SN model, the observed bump may be able to
be explained by a SN ejecta, not by a cocoon. How-
ever, a significantly large explosion energy of ∼ 1053 erg

7 One can see that there is a re-brightening in u-band at ∼ 1 day,
which also cannot be explained by the standard external shock
model. Our target here is, however, the SLSN-like component
emerged after ∼ 10 day. So, for simplicity, we treat the power law
component of the afterglow within the standard model. Detailed
theoretical interpretations of this re-brightening are discussed in
Stratta et al. (2013).

(∼ a third of the binding energy of the neutron star) is
still necessary, which would be very difficult as far as we
consider standard spherical explosions.

4.2. GRB 101225A

For GRB 101225A, it is relatively hard to constrain
our model parameters, since we only have a lower limit
to the duration and the isotropic energy of the prompt
emission, and no constraint is given to the opening an-
gle. Here, we assume the same opening angle θj = 12◦

as GRB 111209A, and take fiducial values for the jet
efficiency, ηj = 6.2 × 10−4 and the radiation efficiency,
εγ = 0.7. The parameter set gives δtγ ∼ 5100 s and
Eiso = 2.4 × 1053 erg, which exceed the observed lower
limits, and Ekin = 1.0×1053 erg is also obtained. Cocoon
parameters are also calculated as Ec(tbo) = 5.6×1052 erg
and Mc(tbo) = 7.0 M#, respectively.
The left panel of Fig. 3 shows the afterglow LC in XRT

band. For tobs > 105 s, only an upper limit is given,
and the normal decay phase is not confirmed. Thus, the
afterglow parameters are also hardly constrained from
the observation. We find that the theoretical LC (grey
solid line) is basically consistent with the observed upper
limit for εe < 5× 10−4. The right panel of Fig. 3 shows
the afterglow LCs in i (magenta) and r (green) bands.
Here we divide the LCs into two phases by tobs ∼ 5 day.
In the earlier phase, we suppose that the standard af-
terglow emissions (thin-dotted lines) dominate, and find
that the observed LCs are fitted with a given set of the
parameters, p = 2.1, n = 0.1 cm−3, εe = 5 × 10−4, and
εB = 0.05. In the later phase, the HN-like bump dom-
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The Astrophysical Journal, 778:1 (11pp), 2013 ??? Nakauchi et al.

Table 1
Observed Characteristics of ULGRBs

111209A 101225A 121027A

Eobs
iso (1053 erg) 5.81 !0.122 2.03

δtobs
γ (s) 150001 !20001 100003

θj !12◦2 · · · !10◦2

z 0.6771 0.8472 1.7732

Notes. For GRB 101225A, the prompt emission was already
active when the Swift BAT first slewed to the burst location
(Levan et al. 2013), which gives lower limits. GRB 121027A
can be divided into the prompt emission with the duration of
∼200 s and the giant X-ray flare lasting for ∼104 s (Peng et al.
2013). Here, we include the giant X-ray flare to the prompt
phase, given that both of them can be originated from the
central engine.
References. (1) Gendre et al. 2013; (2) Levan et al. 2013;
(3) Peng et al. 2013.

SLSN-like component is ascribed to a cocoon fireball photo-
spheric emission (CFPE; Kashiyama et al. 2013). In our pre-
vious work, we already proposed the idea that such a CFPE
may be a necessary counterpart of BSG GRBs and estimated
its basic properties using a simple analytical model. In this pa-
per, we refine our model of the CFPE and explicitly show that
the underlying SN component of GRB 111209A afterglow is
quite well explained by the CFPE. We also apply our model to
the other two bursts, GRB 101225A and GRB 121027A. Then
we suggest that some fraction of the observed SLSNe might
be originated from the CFPE of off-axis ULGRBs. CFPEs may
become a smoking gun of the BSG model for ULGRBs.

This paper is organized as follows. In Section 2, we review
the observational results of ULGRBs. In Section 3, we propose
the BSG model for those ULGRBs. In Section 4, we explicitly
show that the SLSN-like bump of GRB 111209A afterglow can
be fitted quite well by the CFPE model. We also apply our model
to the other two bursts, GRB 101225A and GRB 121027A.
Sections 5 and 6 are devoted to the discussions and summary.
In the Appendix, we describe our model and the calculation
method in detail.

2. ULTRA-LONG GAMMA-RAY BURSTS

In this section, we briefly summarize the observed features
of the following recently detected ULGRBs: GRB 101225A,
GRB 111209A, and GRB 121027A. We show some represen-
tative features of them in Table 1 (for details, see Gendre et al.
2013; Levan et al. 2013). They all have ultra-long durations of
∼104 s and isotropic energies of Eγ ,iso ∼ 1052–1053 erg in the
prompt phase.4

X-ray afterglows were observed by the Swift X-Ray Telescope
(XRT). For GRB 111209A and GRB 121027A, the LC shapes
are similar to those of conventional LGRBs, i.e., consisting
of a steep decay, a shallow decay, and a normal decay phase
(Zhang et al. 2006). The jet breaks have not been confirmed until
∼2×106 s, which gives constraints on the following jet opening
angles: θj > 12◦ (GRB 111209A) and θj > 10◦ (GRB 121027A)

4 Gendre et al. (2013) showed that the estimated spectrum peak energies Ep
and Eγ ,iso of GRB 111209A agree with the Ep − Eγ ,iso correlation (Amati
et al. 2002) within the 2σ level. While both the prompt emission and X-ray
flare of GRB 121027A satisfy the Ep − Lp correlation (Yonetoku et al. 2004),
the Ep − Eγ ,iso correlation holds only for the prompt emission (Peng et al.
2013). Physical values of GRB 101225A were not determined well, and the
relationship with these empirical correlations are uncertain.

(Levan et al. 2013). For GRB 101225A, an X-ray afterglow is
not detected after the end of the steep decay phase ∼105 s and
no constraint is given to the jet opening angle (Levan et al.
2013).

A remarkable feature was found in the UV/optical/IR after-
glow of GRB 111209A (Levan et al. 2013), which we mainly
discuss in this paper.5 For tobs ! 1 day, the u-band LC exhibits
a single power law decay with t−1.38, which is similar to the
X-ray band, while the J-band LC decays more slowly as t−0.5.
The difference between u-band and J-band temporal indices
(∼0.9) contradicts that predicted from the standard external
shock model (0.25), which can be seen from Equation (A8).
Levan et al. (2013) argued that these emissions may be SN
bumps, which are clearly different from other GRB-associated
SN, and are as bright as the so-called SLSNe, which are typ-
ically brighter than the normal SN by a factor of ∼100 (e.g.,
Gal-Yam 2012). GRB 101225A also showed very shallow tem-
poral decay (∝ t−0.59 in the r band and ∝ t−0.34 in the i band)
for the late-time GRB afterglow. These are also ascribed to an
underlying SN component whose peak luminosity is compara-
ble to the GRB-associated hypernova, SN 1998bw (Levan et al.
2013). Although such an SN-like bump has not been reported
yet for GRB 121027A, it may be a unique feature of ULGRBs.

3. BLUE SUPERGIANT MODEL

In this section, we review the BSG model for ULGRBs. It
should be emphasized that this model naturally exhibits the
ultra-long duration of these events. In addition, it is predicted
that this model accompanies an SLSN-like bright bump in
the afterglow phase, which might be actually observed in the
optical/infrared band. In this paper, we refer the pre-SN models
to Woosley et al. (2002),6 whose data are available from the
webpage of Alex Heger.7 The schematic picture of our model is
shown in Figure 1. We describe details of our model below.

Our calculations are based on the collapsar scenario of
LGRBs (Woosley 1993; MacFadyen & Woosley 1999). In
this scenario, ultra-relativistic jets are launched from the BH
accretion disk system, which is formed following massive
progenitor collapses so that the GRB prompt emission is raised
after jets break out of the progenitor envelope. The central engine
is essentially kept active, while the progenitor envelope can be
accreted onto it (Kumar et al. 2008) with a typical timescale of

δtγ ∼ tff(R∗)(1 + z) ∼ 77
(

R∗

RW-R

)3/2 (
M∗

MW-R

)−1/2

(1 + z) s,

(1)
where tff(r) =

√
r3/GMr is the free fall timescale of a

mass shell at mass coordinate Mr and radius r. For a W-R
progenitor with a radius of RW-R ∼ 2 × 1010 cm and a mass
of MW-R ∼ 10 M' (Woosley et al. 2002), typical durations
of observed LGRBs are reproduced from Equation (1). On the
other hand, in order to explain the durations of ULGRBs, one

5 Even before tobs " 1 day, some complex features (rebrightening and decay)
are seen in the UV/optical/IR light curves. Stratta et al. (2013) performed a
detailed temporal and spectral analysis of these features. On the contrary, we
focus on the afterglow light curves after tobs ! 1 day.
6 In our previous study (Nakauchi et al. 2012), we defined the point where
the density becomes 10−7 g cm−3 as the radius for jet breakout for stellar
models with metallicity of 10−4 Z'. Since each stellar model in Woosley et al.
(2002) has an outermost density that is different from each other, we adjusted
them to the same value. In this paper, following them, we adopted the point of
10−7 g cm−3 as the effective stellar surface in calculating the jet propagation.
7 http://2sn.org/stellarevolution/data.shtml.
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this scenario, ultra-relativistic jets are launched from the BH
accretion disk system, which is formed following massive
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(2002).8 In the pre-collapseprecollapse phase, this BSG has mass M∗ ∼ 75 M" and radius

R∗ ∼ 8.6 × 1012 cm. If we give the jet opening angle θj and the ambient gas density n, we

can calculate all the features of ULGRBs both in prompt and afterglow phases. The model

parameters, which fit the observational data, are summarized in Table 2.

4.1. GRB 111209A

For GRB 111209A, we set the jet opening angle as θj = 12◦, which is the lower limit

given by the non-detectionnondetection of the jet break in the X-ray afterglow (Levan

et al. 2013). In this case, the observed isotropic energy Eobs
iso ∼ 5.8 × 1053 erg and the

duration δtobs
γ ∼ 15,000 s (Gendre et al. 2013) are substantially reproduced by setting the

jet efficiency and the radiation efficiency as ηj = 1.24 × 10−3 and εγ = 0.38, respectively.

The above set of parameters (θj, ηj, εγ) determines the kinetic energy of the relativistic

ejecta as Ekin = 9.6 × 1053 erg, and the internal energy and the baryon mass of the cocoon

as Ec(tbo) = 1.0 × 1053 erg and Mc(tbo) = 5.8 M", respectively (see Table 2).

The left panel of Fig. Figure 2 shows the XRT afterglow LC (black dots with error

bars) and the theoretical fitting (solid gray line). The right panel of this figure shows

the UV/optical/IR afterglow LCs and the theoretical fittings for uu (black), gg (blue),

rr (green), ii (magenta), and JJ (red) bands. The data points at ∼200 day may reflect

8The observations suggested that the ULGRB host galaxies have sub-solarsubsolar metal-

licities, and that as long as we consider BSG progenitors, they might be originated from

massive star binary systems rather than single low metal massive stars (Stratta et al. 2013).

However, the stellar structure is not so different in BSGs, so that our progenitor can be

regarded as a representative model applicable for any scenario, i.e., either the consequence

of single star evolution or binary evolution.
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Discussion & Summary



CFPE as a Clue for Progenitor Model

✓ For larger progenitor, jet breakout time becomes longer.

✓ Cocoon energy for BSG and WR case. 
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3p−3

4 or t−
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4
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Ec(tbo) ∼ 7.3× 1051 erg

Γjet ! 300

< z >∼ 2.1

H : He : D : Li ∼ 0.76 : 0.24 : 4× 10−5 : 2× 10−9

∼ 10− 1000 M"

ηj = 6.2× 10−4

βh =
1

1 + L̃−1/2

θj = const. = 5◦

BSG
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2 < p < 3
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WR
(Same parameter values are adopted.)

>>

✓Larger progenitor is more favorable for bright CFPE.

✓ Larger energy is stored in the cocoon before breakout.

✓A bright CFPE can be a smoking gun evidence
   for BSG model.

(BSG radius >> WR radius.) 



Possible Subclass of SLSN

External Shock 
emission

SLSN-like 
 Bump Only

CFPE

Standard Afterglow 

+
✓For an off-axis observer of ULGRB,
   only SLSN-like component from 
   CFPE can be seen.

✓This conjecture can be tested 
   by simultaneous & follow-up 
   observation of orphan afterglow.

SLSN-like Bump

Type IIP SLSN from CFPE rate 
~ 0.1% of SLSN rate.

✓Event rate.

Gal-Yam. 2012

βh > βc

RULGRB ∼ 2× 10−3Gpc−3yr−1 RCFPE ! 0.09 (θj/12◦)
−2 Gpc−3yr−1

tbreak < tff

tbreak ≤ tγ

tb < tff

Lγ

tγ = tγ(Mc,M,Rc)

ρ(r) = ρ1(R/r − 1)n

tγ > tff(core)z

Eγ ∼ 1.7× 1052erg

Z = Z⊙
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Z = 10−4Z⊙

V (r) = −GM

r

βh > βc

RULGRB ∼ 2 × 10−3Gpc−3yr−1 RCFPE ! 0.09 (θj/12◦)
−2 Gpc−3yr−1

RSLSN ∼ 10Gpc−3yr−1

tbreak < tff

tbreak ≤ tγ

tb < tff

Lγ

tγ = tγ(Mc,M,Rc)

ρ(r) = ρ1(R/r − 1)n

tγ > tff(core)z

Eγ ∼ 1.7× 1052erg

Z = Z⊙

Z = Z⊙

Z = 10−4Z⊙

βh > βc

RULGRB ∼ 2×10−3Gpc−3yr−1 RCFPE ∼ 0.1 (θj/12◦)
−2 Gpc−3yr−1 RSLSN ∼

10Gpc−3yr−1

tbreak < tff

tbreak ≤ tγ

tb < tff

Lγ

tγ = tγ(Mc,M,Rc)

ρ(r) = ρ1(R/r − 1)n

tγ > tff(core)z

Eγ ∼ 1.7× 1052erg

Z = Z⊙
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Summary

✓GRB111209A shows a SLSN-like bump in Opt/IR afterglow.

✓We find that SLSN-like bump can be explained by CFPE.

✓Bright CFPE is characteristic to BSG collapsar.
It can be a smoking gun evidence of progenitor model.

✓Our result supports the BSG model for ULGRB.

✓ULGRB may form a new population of GRBs.
✓BSG model is favorable for their duration.

✓We calculate the propagation of jet and cocoon.

BSG model is consistent both with prompt & SLSN-like bump.


