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1. Introduction



Gamma-Ray Burst (GRB)
✓X-γ線で光る宇宙で最も明るい天体.

✓相対論的ジェットが関係               .        
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✓2つの種族: Long / Short GRB.
✓宇宙論的な現象.
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✓プロンプト(γ, X) + 残光(X, opt, radio).
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図 1.1: 観測されたGRBの T90の分布図。左：Swiftにいたる歴代の衛星で観測さ
れたGRB[1]。 右：Fermi衛星GBMで観測されたGRB[2]。

1.1 GRBの全体像
GRBは初めにガンマ線やX線で観測される。この段階を即時放射と呼ぶ。即時
放射の継続時間を評価するのに、観測されたガンマ線のエネルギーのうち 90% が
放射された時間 T90がよく用いられる。T90は 10!3 ! 103 sec と 6桁に渡り分布
している (図.1.1)。 また T90 ! 2 sec と T90 " 2 sec に二極分布しておりそれぞれ
short,、long GRBと呼ぶ (以下それぞれ SGRB, LGRBと略す)。典型的な T90の
値は SGRBが 1秒、LGRBが 20秒である。即時放射に引き続いてアフターグロー
がX線、光学、電波で数日程度観測される。アフターグローはべき関数的に暗く
なる。

BATSE衛星が観測したGRBの発生頻度は全天で! 600個/yrと見積もられて
いる。銀河の平均個数密度が 0.02/Mpc3であることを用いると、全宇宙での発生頻
度は! 7.5/Gpc3/yrあるいは、! 0.4/galaxy/Myrと見積もられる。GRBはジェッ
トであると考えられているが、その場合地球の方向に向いていないGRBも考慮に
入れる必要がある。ジェットの開き角を 5-10度と仮定すると、全宇宙での発生頻
度は 10!(5-6)/galaxy/yrになる。Ic型超新星爆発の発生頻度は 10!3/galaxy/yrで
あるが、それと比べると稀な現象であることがわかる。
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Long GRB
★大質量星重力崩壊説

・すべて Type Ic SN.

・星形成が活発な母銀河.

★最遠方天体の１つ

GRB : 初期宇宙を観測する重要な手段の一つ.

*c.f., galaxy: 
 z~7.51, 7.215, 7.213

Finkelstein et al. 2013 
Shibuya et al. 2012
Ono et al. 2011

Schulze et al. 
arXiv:1401.3774
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Fig. 2. X-ray, optical and NIR light curves of the transient following GRB 120422A. Arrows indicate 3� upper limits.
The UVOT v-band upper limits are very shallow and not displayed. Data in the g0r0i0z0J-bands were modelled with a
SN 1998bw template at z = 0.283 superposed on a power law (where the slope was identical in all bands) using the
formalism in Zeh et al. (2004). The best-fit model parameters are shown in Table 3. Model light curves in bluer or redder
filters are not shown since they would require extrapolation of the spectral range of the SN1998bw template. Fit residuals
are displayed in the bottom panel. The XMM-Newton observation was carried out at 980 ks (open dot). The shifts (in
magnitude) of the di↵erent bands are given in the legend. To convert the X-ray light curve to flux density, we assumed a
spectral slope of � = 0.9 and no spectral evolution (for details on the SED modelling see Sect. 3.2.3). Both assumptions
have no implications on our analysis. The XMM-Newton data point was discarded from the light curve fit because of
uncertainties in the cross-calibration between Swift/XRT and XMM-Newton. The vertical lines indicate the epochs of
the X-ray-to-NIR SEDs presented in Sect. 3.2.3.
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・超新星(SN)が付随したGRBの存在.

→ H, He外層を失った大質量星,
    Wolf-Rayet(WR)星が親星候補.

Fruchter et al.
2006

Tanvir et al. 2009・GRB 090423: z = 8.26
・GRB 080913: z = 6.7
・GRB 050904: z = 6.3

Greiner et al. 2009

Kawai et al. 2006

・GRB 130606A: z = 5.9 Chornock et al. 2013

Woosley 1993, MacFadyen & Woosley 1999



遠方宇宙におけるGRB
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★ z>10: 初代星, 初代銀河形成期

★ 初代星

Pop III GRBの観測的特徴と可能性を議論.

・初代星起源のGRB(Pop III GRB)の寄与.

・ゼロ金属量の始原ガスから形成される.

・星風による質量損失が小さい.
→ H, He 外層をもつ半径の大きな親星.
親星の違いがどう反映されるか.

・現在の星より大質量                  .

!h > !c

RULGRB ! 2"10!3Gpc!3yr!1 RCFPE ! 0.1 ("j/12")
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・初期宇宙における星形成の情報を得る可能性.



2. Population III GRB 
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Zhang, B., & Mészáros, P. 2001, ApJ, 552, L35
Zhang, B., Fan, Y. Z., Dyks, J., et al. 2006, ApJ, 642, 354
Zhang, B., Liang, E., Page, K. L., et al. 2007, ApJ, 655, 989
Zhang, B.-B., Fan, Y.-Z., Shen, R.-F., et al. 2012, ApJ, 756, 190

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) = !jṀ(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 = "
dMr

dt!(r)
, (A2)

where Mr is the mass coordinate, and " represents the e!ect of disk accretion, which is set as " = 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),

#h(t) =
#j

1 + L̃(t)"1/2
, (A3)

L̃(t) =
Lj(t! rh/(#jc))

"j(t)$#(rh)c3
,

where #j " 1 is the velocity of the jet and $#(r) is the density of the stellar envelope. The radius of the jet head is

obtained from rh(t) =
! t

#h(t$)c dt$ and "j(t) = %r2h(t)&
2
j represents the cross section of the jet head where &j is the

MJ ! T 3/2 n!1/2 (18)

MJ,III.1 " 103M" (19)

MJ,III.2 " 40M" (20)

J21,crit vs !19 (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

dt!
(27)

Ṁ = dMr/dt!,r (28)

Ṁacc =
dMr

dtacc
= "Ṁsp (29)

#

R0 " R# " 1013 cm (30)

Lyman$ ", 10 $

表 1:

z = 0.677 Our model GRB 111209A

E!,iso (1053 erg) 10 5.82± 0.73

T90 (104 s) 1.1 2.0

Ep keV 716 520± 89

10

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 e!ective 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., !h ! 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

!c(t) "

!

Ec(t)

3"!(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

!c(t$)c dt$ at
the bottom. Then, the volume of the cocoon Vc can be estimated as Vc(t) = #rc(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)

4#r2"!(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 ($j, %j). In this paper, we assume that both
%j and $j 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 E!,iso and the prompt
duration &t! , 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

&t! = (tfin # tbo)(1 + z), (A6)

and the isotropic energy as

E!,iso =

# tfin

tbo

Liso(t
$)dt$, (A7)

where Liso(t) = '!(4/$2j )Lj(t) is the isotropic luminosity of the prompt emission, and '! is the radiation e"ciency.

In summary, we fix ($j, %j, '!) to reproduce Eobs
!,iso and &tobs! . These parameters have been inferred for LGRBs

both observationally and theoretically. $j and '! can be estimated for bursts with jet-break signature; $j " 5%

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

!,iso " 1052-1054 erg and &tobs " 10-100 s. Suwa & Ioka (2011) argued that these can be reproduced for a WR
progenitor with %j " 10"4-10"3 (also see Kawanaka et al. 2013, for the theoretical estimates). In this paper, we take
%j = 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
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with the characteristic frequency and the cooling frequency of synchrotron radiation

(m " 4.6$ 1013 f(p)2'2e,"1'
1/2
B,"2E

1/2
kin,53(1 + z)"1t"3/2

4 Hz, (A9)

=const.,
: 球対称, 自由落下

→ ジェット伝播を計算.

Woosley et al. 2002✓Pop III 親星モデル:                        .

!h > !c

RULGRB ! 2"10!3Gpc!3yr!1 RCFPE ! 0.1 ("j/12")
!2 Gpc!3yr!1 RSLSN !

10Gpc!3yr!1 ! 10-103M# 40, 70M#, Z = 0

tbreak < t!

F (#,MBH, Ṁ ; r)

tbreak # t!

tb < t!

L!

t! = t!(Mc,M,Rc)

$(r) = $1(R/r $ 1)n

t! > t!(core)z

E! ! 1.7" 1052erg

Z = Z!

Z = Z!

・大きな水素外層をもつ, 青色超巨星(BSG).
・半径はWR星の ~ 100倍.

ジェット✓放射モデル:
・放射効率:

– 20 –

Table 1: Observational Results of ULGRBs. Durations, isotropic energies and jet opening
angles.

GRB Duration [ s ] Eiso [ erg ] !j redshift (z)

101225A ! 7000† ! 1.2! 1052† " 0.847
111209A ! 10000† 5.8! 1053‡ ! 12!† 0.677
121027A ! 6000† 2! 1053" ! 10!† 1.773

Reference: †Levan et al. (2013), ‡Gendre et al. (2013), "Peng et al. (2013)

Table 2: Our model parameters.

111209A 111209A 101225A 121027A

!j 12! 18! 15! 20!

"j 1.24! 10#3 1.24! 10#3 6.2! 10#4 1.24! 10#3

#! 0.23 0.65 0.8 0.3
p 2.5 2.5 2.1 2.6
Ekin (1053 erg) 19 3.1 1.1 4.7
#e 8! 10#3 0.03 5! 10#4 0.1
#B 5! 10#4 1! 10#3 1! 10#2 1! 10#3

n 0.1 0.1 1.0 0.01
EB#V 0.1 0.1 0.08 0.1

Mc (M$) 5.8 11 9.9 13
Ec (1053 erg) 1.0 1.1 0.59 1.2
Eiso (1053 erg) 5.8 5.8 4.6 2.0

→ジェット貫通後の諸量を計算.

関係, Band スペクトルを仮定.
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90M! can be progenitors of GRBs. For this purpose, we consider the jet propagation in

the stellar envelope and analytically calculate the evolution of the jet-cocoon structure. In
BSG envelopes, the jet head velocity is larger than the cocoon velocity all the way except
for the very early time and we can expect a successful jet breakout. On the other hand,

in RSG envelopes, the cocoon edge reaches the stellar surface as early as or even earlier
than the jet head and in this case, we expect that the jet stalls on the way. We find that

those Pop III stars who end as BSGs (30 ! 44, 60 and 70M!) can raise GRBs, while those
end as RSGs (45, 50, 55, 65, 75, 80, 85 and 90M!) cannot raise GRBs. It is generally thought

that Wolf-Rayet stars (radii " 1010 cm) without hydrogen or helium envelopes are the most
favorable progenitors of GRBs. From the above discussions, however, we find that BSGs
(radii " 1012 cm) are compact enough for the successful jet breakout and that RSGs have

enough largely extended envelopes for jets to be stalled on the way.

Using our model, we evaluate observational characters of Pop III GRBs. We predict
that although Pop III GRBs radiate as much energy as the most energetic local long GRBs
and have the much longer duration, Pop III GRBs are slightly less luminous than local long

GRBs. Moreover, assuming that the Ep ! Lp (or Ep ! E!,iso) correlation holds for Pop III
GRBs, we predict that Pop III GRBs have the much softer (or mildly softer) spectra than

local long GRBs in the observer frame. We also discuss the detectability of Pop III GRBs by
future satellite missions such as Lobster and EXIST in detail. If the Ep ! E!,iso correlation

holds for Pop III GRBs, we find that we can detect Pop III GRBs at redshifts z ! 9 by
EXIST. We observe such ”not so distant” (z " 9) Pop III GRBs as long duration X-ray
rich GRBs with almost constant luminosity by EXIST. On the other hand, if the Ep ! Lp

correlation holds, we find that we can detect Pop III GRBs at very high redshifts up to
z " 19 by Lobster. We observe such GRBs from low mass Pop III stars as long duration

X-ray flashes with almost constant luminosity by Lobster.

We briefly comment the expected observable GRB rate per year by Lobster using the

results of de Souza et al. (2011). We calculate the observed GRB rate per year dNobs
GRB/dz

as
dNobs

GRB

dz
=

!obs

4!
"beam

dNGRB

dz
, (13)

where dNGRB/dz, !obs and "beam correspond to the intrinsic GRB rate (the number of on-
axis and o"-axis GRBs) per year, the detector field of view and the beaming factor of the
burst. In Fig. 6 of de Souza et al. (2011), they calculated dNGRB/dz for an optimistic case

and we use their values. Here, we also adopt the values of "beam " 0.01 and !obs " 0.5 sr
for Lobster (Gehrels et al. 2012). Optimistically speaking, we predict that Lobster detects

about 40, 4 and 0.4 Pop III GRBs per year at z = 9, 14 and 19, respectively.

Finally, we briefly discuss one of the assumptions in this paper. We assume that all
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where !j = 1 is the original ultra-relativistic jet velocity, "!(r) is the stellar mass density at
radius r and rh is the jet head position which is obtained from rh(t) =

! t
!h(t")cdt". Since

the velocity of the jet head is non-relativistic, the shocked jet head can spread out sideways
to form a cocoon of hot plasma. Cocoon may also expand into the stellar envelope by its
thermal pressure and the expansion velocity can be evaluated from the pressure balance at
the cocoon edge (Matzner 2003)

!c(t) !

"
Ec(t)

3"!(rh)c2Vc(t)
. (6)

In Eq. (6), the cocoon is supposed to have a conical shape with height rh(t) and circular
radius rc(t) =

! t
!c(t")dt" at the bottom so that the cocoon volume Vc is calculated from

Vc(t) = #rc(t)2rh(t)/3. We also assume that all the jet energy is stored in the cocoon before
breakout i.e., Ec(t) =

! t
Lj(t""rh/c)dt". As it expands, cocoon also loads the stellar material

in the direction of motion and the cocoon loaded mass can be evaluated from

Mc(t) =
rc(t)2

4rh(t)2

# rh(t)

4#r2"!(r)dr. (7)

If mass accretion onto the central engine continues long enough until the jet breaks
out the stellar envelope, we may regard that the progenitor can raise a GRB. We write the
time of jet breakout as tbo. After jet breakout at tbo, we suppose that the prompt emission
starts and it lasts until all the stellar envelope collapses into the hole at t!(R!). Since the
radiation mechanism of prompt gamma ray photons are uncertain, here we simply take the
radiation e!ciency $! so that a fraction $! of jet energy is radiated for prompt emission i.e.,
Liso(t) = $!(2/%2j )Lj(t). Thus the isotropic radiation energy Eiso is calculated from

Eiso =

# t!(R!)

tbo

Liso(t
")dt". (8)

We consider that other fraction, 1" $!, of jet energy injected after breakout is gone to
the kinetic energy of the relativistic ejecta, which is consumed in the afterglow phase through
the external shock emission. So, the kinetic energy of relativistic ejecta is calculated from
Ekin = Eiso(1"$!)/$!. Next, we calculate afterglow light curves contributed from the external
shock emission following the standard model in Sari et al. (1998).

The interaction between the relativistic ejecta and the interstellar matter forms a shock
front and the kinetic energy of the ejecta is converted into the internal energy. The relativistic
ejecta is decelerated adiabatically in the Blandford-McKee manner (Blandford & McKee
1976). A fraction, $e, of the internal energy is used to accelerate relativistic electrons and
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Table 1: The comparison of typical long GRBs and Pop III GRBs with 40M!.

Long GRB Pop III GRB (z = 9)

T90 [s] 101"3 6! 104

E!,iso [erg] 1052"54 1054

Lp [erg s"1] 1052"53 6! 1050

Eobs
p [keV] 102"3 5.5 (Ep " Lp)

120 (Ep " E!,iso)

Table 2: The observational characteristics of Pop III GRBs at z = 19 for various progenitor
masses.

mass [M!] 30 44 60 70

E!,iso (1054) [erg] 0.94 1.1 1.5 1.6
Lp (1050) [erg sec"1] 5.1 6.4 1.7 1.9

T90 (105) [sec] 0.87 1.3 10 11
Eobs

p [keV] (Ep " Lp) 2.5 2.8 1.4 1.5
Eobs

p [keV] (Ep " E!,iso) 54 60 70 75

Nakauchi et al. 2012

・大きめの放射エネルギー. 
・とても長い継続時間.

・小さめの放射光度.

★特徴

・高赤方偏移

・大きな半径 ジェット貫通時間
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stellar collapse and estimated the accretion rate onto the black
hole. Then they evaluated the jet luminosity and showed that
the burst activity of a Pop III star is observable by current
detectors. In Suwa & Ioka (2011), they analytically studied the
jet propagation in the stellar envelope and showed that massive
Pop III stars (!900 M") can produce GRBs even though they
have large hydrogen envelopes, since the long-lasting accretion
provides enough energy and time for the successful jet breakout.
In addition, Nagakura et al. (2012) performed two-dimensional
relativistic hydrodynamic simulations in which the accretion
onto a black hole and the jet production are treated in a self-
consistent way for stellar models of massive Pop III stars
(915 M"), W-R stars (initially 16 M"), and low-mass Pop III
stars (40 M"). They confirmed the validity of the analytic results
in Suwa & Ioka (2011) and also found that 40 M" Pop III stars
can be progenitors of GRBs, but did not study their observational
characteristics and detectability.

The idea of GRBs from blue supergiants (BSGs) was sug-
gested in Mészáros & Rees (2001). Although they considered
the jet dynamics in the stellar envelope, they treated a steady
jet and did not reflect the central engine activity caused by the
change of the accretion rate. They did not quantitatively evaluate
the possibility of GRBs from BSGs. On the other hand, Woosley
& Heger (2012) discussed gamma-ray transients from Pop III
BSG collapsars by investigating the mass accretion of the out-
ermost layers of a star, but did not discuss the jet propagation
and the jet breakout. Assuming that the conversion efficiency
of the accretion energy to the radiation energy is !10#2, they
found that Pop III BSGs can produce long gamma-ray transients
with duration 104–105 s and luminosity 1048–1049 erg s#1. In
this paper, we simultaneously investigate both aspects (the jet
propagation and the central engine activity) in a self-consistent
way by including the following physical processes: the stellar
collapse, the non-steady jet injection, and the jet propagation in
the stellar envelope. By doing this, we quantitatively discuss the
possibility of the jet breakout and GRB especially for low-mass
Pop III stars (around 40 M").

In Section 2, after introducing the stellar models and the
jet propagation models, we investigate the productivity of a
GRB focusing on a 40 M" Pop III star, which is a Pop III star
with the typical mass reported by the state-of-the-art simulation
done in Hosokawa et al. (2011). In Section 3, we calculate
the observational characteristics, such as the duration T90,
the peak luminosity Lp, and the spectrum peak energy in the
observer frame Eobs

p , of GRBs from 40 M" Pop III progenitors.
Then we evaluate the detectability of such Pop III GRBs by
future detectors such as Lobster and EXIST in detail, varying
the redshift of a burst. We apply the above discussions to
different progenitor models with masses of 30–90 M". At the
end of Section 3, we evaluate the light curves of Pop III GRB
radio afterglow emissions and their detectability by the Low
Frequency Array (LOFAR) and the Expanded Very Large Array
(EVLA). Section 4 is devoted to the summary and discussions.

2. GRBs FROM LOW-MASS POP III STARS

2.1. Progenitor and Relativistic Jet Models

We employ a pre-collapse stellar model of z40.0 by Woosley
et al. (2002), which provides the structure of a 40 M" star
with zero metallicity at the final phase of stellar evolution.
It is considered that a 40 M" Pop III star promptly forms a
black hole after the core collapse (Heger et al. 2003). Then we
consider the subsequent evolution of the stellar collapse and the

jet propagation in the stellar envelope following a prescription
similar to Suwa & Ioka (2011).

We first assume that the collapse proceeds in a spherically
symmetric manner without pressure support so that each mass
shell of the star within mass [Mr,Mr + dMr ] and radius
[r, r + dr] falls into the central core in the free-fall timescale
tff(r) =

!
r3/GMr . We calculate the mass accretion rate from

the expression Ṁ(r) = dMr/dtff(r). When the mass of the
central core becomes 3 M", we identify that a black hole is
formed since the maximum possible mass of a neutron star is
!3 M" (Rhoades & Ruffini 1974; Chitre & Hartle 1976). After
the formation of the black hole, we assume that a cold relativistic
jet with a constant opening angle !j = 5$ has been launched
and we take this moment as the origin of time (t = 0).

There are two main candidates for the jet production mech-
anism, i.e., the neutrino annihilation process and the magnetic
process. Suwa & Ioka (2011) showed that the jet model based
on the neutrino annihilation process is not appropriate for pro-
ducing GRBs from very massive Pop III stars. Accordingly,
we adopt the jet model based on the magnetic process. In this
model, the jet injection luminosity Ljet(t) is considered to be
represented as Ljet(t) = "Ṁ(t)c2 (see Suwa & Ioka 2011 and
references therein), where the constant " is an energy conver-
sion efficiency and we take the value of " = 6.2 % 10#4. This
is a calibrated value for W-R stars to reproduce the energetics
of canonical local long GRBs; i.e., nearly 1052 erg of energy
should be injected into the relativistic jet after the breakout.

In this paper, it may appear that we neglect the effect of the
stellar rotation and treat the stellar collapse in a spherically
symmetric way. According to Kumar et al. (2008), when
the stellar rotation is taken into consideration, the accretion
timescale onto the central black hole for each mass shell tacc(r)
can be represented as tacc(r) ! tff(r)/#, where # ! 0.1 is
the standard dimensionless viscosity parameter of the disk. As
described in Suwa & Ioka (2011), we regard that this uncertain
factor is absorbed within the calibrated parameter ". Therefore,
we think that the disk formation is implicitly taken into account
and that the spherically symmetric prescription makes sense.

In the following sections, we consider the propagation of a jet
in the stationary stellar envelope. For the 40 M" Pop III model,
the He core mass and the He core radius are MHe ! 22 M" and
rHe ! 1011 cm, respectively. Therefore, the collapse timescale
of the He core is estimated to be tcoll ! 600 s. On the other hand,
the timescale for the jet head to reach the outer edge of the He
core can be evaluated as tcross ! rHe/0.1c ! 30 s, since we can
see that the average velocity of the jet head within the He core
is !0.1c (see Figure 1). Accordingly, tcross & tcoll holds. We
confirm that this inequality holds better in outer layers and that
calculations based on the stationary envelope are self-consistent.

2.2. Jet Propagation in the Pop III Star Envelope

First, we consider the propagation of a jet in the stellar enve-
lope. As pointed out in the previous subsection, we approximate
that the stellar envelope is stationary and that the density pro-
file is the same as that in the pre-supernova stage until the jet
breaks out. A jet propagating through the stellar envelope forms
forward and reverse shocks at its head. Here, we assume that
the separation between these shocks is small compared with
the distance from the stellar center. From the continuity of the
momentum flux at the jet head, we have (Matzner 2003),

$jc
2hj(!j!h)2(%j # %h)2 + Pj = $'c

2h'(!h%h)2 + P', (1)

2

・大きな水素外層の降着
→ 中心エンジンの活動時間を長びかせられる.

★理由

Swift衛星での検出は難しい.
Suwa & Ioka 2011

将来衛星での観測可能性を議論.
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stellar collapse and estimated the accretion rate onto the black
hole. Then they evaluated the jet luminosity and showed that
the burst activity of a Pop III star is observable by current
detectors. In Suwa & Ioka (2011), they analytically studied the
jet propagation in the stellar envelope and showed that massive
Pop III stars (!900 M") can produce GRBs even though they
have large hydrogen envelopes, since the long-lasting accretion
provides enough energy and time for the successful jet breakout.
In addition, Nagakura et al. (2012) performed two-dimensional
relativistic hydrodynamic simulations in which the accretion
onto a black hole and the jet production are treated in a self-
consistent way for stellar models of massive Pop III stars
(915 M"), W-R stars (initially 16 M"), and low-mass Pop III
stars (40 M"). They confirmed the validity of the analytic results
in Suwa & Ioka (2011) and also found that 40 M" Pop III stars
can be progenitors of GRBs, but did not study their observational
characteristics and detectability.

The idea of GRBs from blue supergiants (BSGs) was sug-
gested in Mészáros & Rees (2001). Although they considered
the jet dynamics in the stellar envelope, they treated a steady
jet and did not reflect the central engine activity caused by the
change of the accretion rate. They did not quantitatively evaluate
the possibility of GRBs from BSGs. On the other hand, Woosley
& Heger (2012) discussed gamma-ray transients from Pop III
BSG collapsars by investigating the mass accretion of the out-
ermost layers of a star, but did not discuss the jet propagation
and the jet breakout. Assuming that the conversion efficiency
of the accretion energy to the radiation energy is !10#2, they
found that Pop III BSGs can produce long gamma-ray transients
with duration 104–105 s and luminosity 1048–1049 erg s#1. In
this paper, we simultaneously investigate both aspects (the jet
propagation and the central engine activity) in a self-consistent
way by including the following physical processes: the stellar
collapse, the non-steady jet injection, and the jet propagation in
the stellar envelope. By doing this, we quantitatively discuss the
possibility of the jet breakout and GRB especially for low-mass
Pop III stars (around 40 M").

In Section 2, after introducing the stellar models and the
jet propagation models, we investigate the productivity of a
GRB focusing on a 40 M" Pop III star, which is a Pop III star
with the typical mass reported by the state-of-the-art simulation
done in Hosokawa et al. (2011). In Section 3, we calculate
the observational characteristics, such as the duration T90,
the peak luminosity Lp, and the spectrum peak energy in the
observer frame Eobs

p , of GRBs from 40 M" Pop III progenitors.
Then we evaluate the detectability of such Pop III GRBs by
future detectors such as Lobster and EXIST in detail, varying
the redshift of a burst. We apply the above discussions to
different progenitor models with masses of 30–90 M". At the
end of Section 3, we evaluate the light curves of Pop III GRB
radio afterglow emissions and their detectability by the Low
Frequency Array (LOFAR) and the Expanded Very Large Array
(EVLA). Section 4 is devoted to the summary and discussions.
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et al. (2002), which provides the structure of a 40 M" star
with zero metallicity at the final phase of stellar evolution.
It is considered that a 40 M" Pop III star promptly forms a
black hole after the core collapse (Heger et al. 2003). Then we
consider the subsequent evolution of the stellar collapse and the

jet propagation in the stellar envelope following a prescription
similar to Suwa & Ioka (2011).

We first assume that the collapse proceeds in a spherically
symmetric manner without pressure support so that each mass
shell of the star within mass [Mr,Mr + dMr ] and radius
[r, r + dr] falls into the central core in the free-fall timescale
tff(r) =

!
r3/GMr . We calculate the mass accretion rate from

the expression Ṁ(r) = dMr/dtff(r). When the mass of the
central core becomes 3 M", we identify that a black hole is
formed since the maximum possible mass of a neutron star is
!3 M" (Rhoades & Ruffini 1974; Chitre & Hartle 1976). After
the formation of the black hole, we assume that a cold relativistic
jet with a constant opening angle !j = 5$ has been launched
and we take this moment as the origin of time (t = 0).

There are two main candidates for the jet production mech-
anism, i.e., the neutrino annihilation process and the magnetic
process. Suwa & Ioka (2011) showed that the jet model based
on the neutrino annihilation process is not appropriate for pro-
ducing GRBs from very massive Pop III stars. Accordingly,
we adopt the jet model based on the magnetic process. In this
model, the jet injection luminosity Ljet(t) is considered to be
represented as Ljet(t) = "Ṁ(t)c2 (see Suwa & Ioka 2011 and
references therein), where the constant " is an energy conver-
sion efficiency and we take the value of " = 6.2 % 10#4. This
is a calibrated value for W-R stars to reproduce the energetics
of canonical local long GRBs; i.e., nearly 1052 erg of energy
should be injected into the relativistic jet after the breakout.

In this paper, it may appear that we neglect the effect of the
stellar rotation and treat the stellar collapse in a spherically
symmetric way. According to Kumar et al. (2008), when
the stellar rotation is taken into consideration, the accretion
timescale onto the central black hole for each mass shell tacc(r)
can be represented as tacc(r) ! tff(r)/#, where # ! 0.1 is
the standard dimensionless viscosity parameter of the disk. As
described in Suwa & Ioka (2011), we regard that this uncertain
factor is absorbed within the calibrated parameter ". Therefore,
we think that the disk formation is implicitly taken into account
and that the spherically symmetric prescription makes sense.

In the following sections, we consider the propagation of a jet
in the stationary stellar envelope. For the 40 M" Pop III model,
the He core mass and the He core radius are MHe ! 22 M" and
rHe ! 1011 cm, respectively. Therefore, the collapse timescale
of the He core is estimated to be tcoll ! 600 s. On the other hand,
the timescale for the jet head to reach the outer edge of the He
core can be evaluated as tcross ! rHe/0.1c ! 30 s, since we can
see that the average velocity of the jet head within the He core
is !0.1c (see Figure 1). Accordingly, tcross & tcoll holds. We
confirm that this inequality holds better in outer layers and that
calculations based on the stationary envelope are self-consistent.

2.2. Jet Propagation in the Pop III Star Envelope

First, we consider the propagation of a jet in the stellar enve-
lope. As pointed out in the previous subsection, we approximate
that the stellar envelope is stationary and that the density pro-
file is the same as that in the pre-supernova stage until the jet
breaks out. A jet propagating through the stellar envelope forms
forward and reverse shocks at its head. Here, we assume that
the separation between these shocks is small compared with
the distance from the stellar center. From the continuity of the
momentum flux at the jet head, we have (Matzner 2003),

$jc
2hj(!j!h)2(%j # %h)2 + Pj = $'c

2h'(!h%h)2 + P', (1)

2

10-11

10-10

102 103 104 105

flu
x 

(0
.3

 - 
5 

ke
V)

 [e
rg

 c
m

-2
 s

-1
]

Time in obs frame [sec]

z =  9
z =  14
z =  19

表 1:

z = 0.677 Our model GRB 111209A

E!,iso (1053 erg) 10 5.82± 0.73

T90 (104 s) 1.1 2.0

Ep keV 716 520± 89

表 2:

LGRB Our model (z = 1)

T90 [s] 101!3 104!5

E!,iso [erg] 1052!54 1054

Lp [erg/s] 1052!53 1050!51

Ep [keV] 102!3 50 (Ep ! Lp)

103 (Ep ! E!,iso)

10! 100 M" (34)

3.1" 10!11
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90M! can be progenitors of GRBs. For this purpose, we consider the jet propagation in

the stellar envelope and analytically calculate the evolution of the jet-cocoon structure. In
BSG envelopes, the jet head velocity is larger than the cocoon velocity all the way except
for the very early time and we can expect a successful jet breakout. On the other hand,

in RSG envelopes, the cocoon edge reaches the stellar surface as early as or even earlier
than the jet head and in this case, we expect that the jet stalls on the way. We find that

those Pop III stars who end as BSGs (30 ! 44, 60 and 70M!) can raise GRBs, while those
end as RSGs (45, 50, 55, 65, 75, 80, 85 and 90M!) cannot raise GRBs. It is generally thought

that Wolf-Rayet stars (radii " 1010 cm) without hydrogen or helium envelopes are the most
favorable progenitors of GRBs. From the above discussions, however, we find that BSGs
(radii " 1012 cm) are compact enough for the successful jet breakout and that RSGs have

enough largely extended envelopes for jets to be stalled on the way.

Using our model, we evaluate observational characters of Pop III GRBs. We predict
that although Pop III GRBs radiate as much energy as the most energetic local long GRBs
and have the much longer duration, Pop III GRBs are slightly less luminous than local long

GRBs. Moreover, assuming that the Ep ! Lp (or Ep ! E!,iso) correlation holds for Pop III
GRBs, we predict that Pop III GRBs have the much softer (or mildly softer) spectra than

local long GRBs in the observer frame. We also discuss the detectability of Pop III GRBs by
future satellite missions such as Lobster and EXIST in detail. If the Ep ! E!,iso correlation

holds for Pop III GRBs, we find that we can detect Pop III GRBs at redshifts z ! 9 by
EXIST. We observe such ”not so distant” (z " 9) Pop III GRBs as long duration X-ray
rich GRBs with almost constant luminosity by EXIST. On the other hand, if the Ep ! Lp

correlation holds, we find that we can detect Pop III GRBs at very high redshifts up to
z " 19 by Lobster. We observe such GRBs from low mass Pop III stars as long duration

X-ray flashes with almost constant luminosity by Lobster.

We briefly comment the expected observable GRB rate per year by Lobster using the

results of de Souza et al. (2011). We calculate the observed GRB rate per year dNobs
GRB/dz

as
dNobs

GRB

dz
=

!obs

4!
"beam

dNGRB

dz
, (13)

where dNGRB/dz, !obs and "beam correspond to the intrinsic GRB rate (the number of on-
axis and o"-axis GRBs) per year, the detector field of view and the beaming factor of the
burst. In Fig. 6 of de Souza et al. (2011), they calculated dNGRB/dz for an optimistic case

and we use their values. Here, we also adopt the values of "beam " 0.01 and !obs " 0.5 sr
for Lobster (Gehrels et al. 2012). Optimistically speaking, we predict that Lobster detects

about 40, 4 and 0.4 Pop III GRBs per year at z = 9, 14 and 19, respectively.

Finally, we briefly discuss one of the assumptions in this paper. We assume that all

関係の場合観測可能性:

・z ~ 19まで検出可能.
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Table 1: The comparison of typical long GRBs and Pop III GRBs with 40M!.

long GRB Pop III GRB (z = 9)

E!,iso [erg] 1052"54 1054

Lp [erg sec"1] 1052"53 6! 1050

T90 [sec] 101"3 6! 104

Eobs
p [keV] 102"3 5.5 (Ep " Lp)

120 (Ep " E!,iso)

Table 2: The observational characteristics of Pop III GRBs at z = 19 for various progenitor

masses.

mass [M!] 30 44 60 70

E!,iso (1054) [erg] 0.94 1.1 1.5 1.6

Lp (1050) [erg sec"1] 5.1 6.4 1.7 1.9

T90 (105) [sec] 0.87 1.3 10 11

Eobs
p [keV] (Ep " Lp) 2.5 2.8 1.4 1.5

Eobs
p [keV] (Ep " E!,iso) 54 60 70 75

~ 120 keV 
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stellar collapse and estimated the accretion rate onto the black
hole. Then they evaluated the jet luminosity and showed that
the burst activity of a Pop III star is observable by current
detectors. In Suwa & Ioka (2011), they analytically studied the
jet propagation in the stellar envelope and showed that massive
Pop III stars (!900 M") can produce GRBs even though they
have large hydrogen envelopes, since the long-lasting accretion
provides enough energy and time for the successful jet breakout.
In addition, Nagakura et al. (2012) performed two-dimensional
relativistic hydrodynamic simulations in which the accretion
onto a black hole and the jet production are treated in a self-
consistent way for stellar models of massive Pop III stars
(915 M"), W-R stars (initially 16 M"), and low-mass Pop III
stars (40 M"). They confirmed the validity of the analytic results
in Suwa & Ioka (2011) and also found that 40 M" Pop III stars
can be progenitors of GRBs, but did not study their observational
characteristics and detectability.

The idea of GRBs from blue supergiants (BSGs) was sug-
gested in Mészáros & Rees (2001). Although they considered
the jet dynamics in the stellar envelope, they treated a steady
jet and did not reflect the central engine activity caused by the
change of the accretion rate. They did not quantitatively evaluate
the possibility of GRBs from BSGs. On the other hand, Woosley
& Heger (2012) discussed gamma-ray transients from Pop III
BSG collapsars by investigating the mass accretion of the out-
ermost layers of a star, but did not discuss the jet propagation
and the jet breakout. Assuming that the conversion efficiency
of the accretion energy to the radiation energy is !10#2, they
found that Pop III BSGs can produce long gamma-ray transients
with duration 104–105 s and luminosity 1048–1049 erg s#1. In
this paper, we simultaneously investigate both aspects (the jet
propagation and the central engine activity) in a self-consistent
way by including the following physical processes: the stellar
collapse, the non-steady jet injection, and the jet propagation in
the stellar envelope. By doing this, we quantitatively discuss the
possibility of the jet breakout and GRB especially for low-mass
Pop III stars (around 40 M").

In Section 2, after introducing the stellar models and the
jet propagation models, we investigate the productivity of a
GRB focusing on a 40 M" Pop III star, which is a Pop III star
with the typical mass reported by the state-of-the-art simulation
done in Hosokawa et al. (2011). In Section 3, we calculate
the observational characteristics, such as the duration T90,
the peak luminosity Lp, and the spectrum peak energy in the
observer frame Eobs

p , of GRBs from 40 M" Pop III progenitors.
Then we evaluate the detectability of such Pop III GRBs by
future detectors such as Lobster and EXIST in detail, varying
the redshift of a burst. We apply the above discussions to
different progenitor models with masses of 30–90 M". At the
end of Section 3, we evaluate the light curves of Pop III GRB
radio afterglow emissions and their detectability by the Low
Frequency Array (LOFAR) and the Expanded Very Large Array
(EVLA). Section 4 is devoted to the summary and discussions.

2. GRBs FROM LOW-MASS POP III STARS

2.1. Progenitor and Relativistic Jet Models

We employ a pre-collapse stellar model of z40.0 by Woosley
et al. (2002), which provides the structure of a 40 M" star
with zero metallicity at the final phase of stellar evolution.
It is considered that a 40 M" Pop III star promptly forms a
black hole after the core collapse (Heger et al. 2003). Then we
consider the subsequent evolution of the stellar collapse and the

jet propagation in the stellar envelope following a prescription
similar to Suwa & Ioka (2011).

We first assume that the collapse proceeds in a spherically
symmetric manner without pressure support so that each mass
shell of the star within mass [Mr,Mr + dMr ] and radius
[r, r + dr] falls into the central core in the free-fall timescale
tff(r) =

!
r3/GMr . We calculate the mass accretion rate from

the expression Ṁ(r) = dMr/dtff(r). When the mass of the
central core becomes 3 M", we identify that a black hole is
formed since the maximum possible mass of a neutron star is
!3 M" (Rhoades & Ruffini 1974; Chitre & Hartle 1976). After
the formation of the black hole, we assume that a cold relativistic
jet with a constant opening angle !j = 5$ has been launched
and we take this moment as the origin of time (t = 0).

There are two main candidates for the jet production mech-
anism, i.e., the neutrino annihilation process and the magnetic
process. Suwa & Ioka (2011) showed that the jet model based
on the neutrino annihilation process is not appropriate for pro-
ducing GRBs from very massive Pop III stars. Accordingly,
we adopt the jet model based on the magnetic process. In this
model, the jet injection luminosity Ljet(t) is considered to be
represented as Ljet(t) = "Ṁ(t)c2 (see Suwa & Ioka 2011 and
references therein), where the constant " is an energy conver-
sion efficiency and we take the value of " = 6.2 % 10#4. This
is a calibrated value for W-R stars to reproduce the energetics
of canonical local long GRBs; i.e., nearly 1052 erg of energy
should be injected into the relativistic jet after the breakout.

In this paper, it may appear that we neglect the effect of the
stellar rotation and treat the stellar collapse in a spherically
symmetric way. According to Kumar et al. (2008), when
the stellar rotation is taken into consideration, the accretion
timescale onto the central black hole for each mass shell tacc(r)
can be represented as tacc(r) ! tff(r)/#, where # ! 0.1 is
the standard dimensionless viscosity parameter of the disk. As
described in Suwa & Ioka (2011), we regard that this uncertain
factor is absorbed within the calibrated parameter ". Therefore,
we think that the disk formation is implicitly taken into account
and that the spherically symmetric prescription makes sense.

In the following sections, we consider the propagation of a jet
in the stationary stellar envelope. For the 40 M" Pop III model,
the He core mass and the He core radius are MHe ! 22 M" and
rHe ! 1011 cm, respectively. Therefore, the collapse timescale
of the He core is estimated to be tcoll ! 600 s. On the other hand,
the timescale for the jet head to reach the outer edge of the He
core can be evaluated as tcross ! rHe/0.1c ! 30 s, since we can
see that the average velocity of the jet head within the He core
is !0.1c (see Figure 1). Accordingly, tcross & tcoll holds. We
confirm that this inequality holds better in outer layers and that
calculations based on the stationary envelope are self-consistent.

2.2. Jet Propagation in the Pop III Star Envelope

First, we consider the propagation of a jet in the stellar enve-
lope. As pointed out in the previous subsection, we approximate
that the stellar envelope is stationary and that the density pro-
file is the same as that in the pre-supernova stage until the jet
breaks out. A jet propagating through the stellar envelope forms
forward and reverse shocks at its head. Here, we assume that
the separation between these shocks is small compared with
the distance from the stellar center. From the continuity of the
momentum flux at the jet head, we have (Matzner 2003),

$jc
2hj(!j!h)2(%j # %h)2 + Pj = $'c

2h'(!h%h)2 + P', (1)
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表 1:

z = 0.677 Our model GRB 111209A

E!,iso (1053 erg) 10 5.82± 0.73

T90 (104 s) 1.1 2.0

Ep keV 716 520± 89

表 2:

LGRB Our model (z = 1)

T90 [s] 101!3 104!5

E!,iso [erg] 1052!54 1054

Lp [erg/s] 1052!53 1050!51

Ep [keV] 102!3 50 (Ep ! Lp)

103 (Ep ! E!,iso)

10! 100 M" (34)

3.1" 10!11 2.4" 10!10
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90M! can be progenitors of GRBs. For this purpose, we consider the jet propagation in

the stellar envelope and analytically calculate the evolution of the jet-cocoon structure. In
BSG envelopes, the jet head velocity is larger than the cocoon velocity all the way except
for the very early time and we can expect a successful jet breakout. On the other hand,

in RSG envelopes, the cocoon edge reaches the stellar surface as early as or even earlier
than the jet head and in this case, we expect that the jet stalls on the way. We find that

those Pop III stars who end as BSGs (30 ! 44, 60 and 70M!) can raise GRBs, while those
end as RSGs (45, 50, 55, 65, 75, 80, 85 and 90M!) cannot raise GRBs. It is generally thought

that Wolf-Rayet stars (radii " 1010 cm) without hydrogen or helium envelopes are the most
favorable progenitors of GRBs. From the above discussions, however, we find that BSGs
(radii " 1012 cm) are compact enough for the successful jet breakout and that RSGs have

enough largely extended envelopes for jets to be stalled on the way.

Using our model, we evaluate observational characters of Pop III GRBs. We predict
that although Pop III GRBs radiate as much energy as the most energetic local long GRBs
and have the much longer duration, Pop III GRBs are slightly less luminous than local long

GRBs. Moreover, assuming that the Ep ! Lp (or Ep ! E!,iso) correlation holds for Pop III
GRBs, we predict that Pop III GRBs have the much softer (or mildly softer) spectra than

local long GRBs in the observer frame. We also discuss the detectability of Pop III GRBs by
future satellite missions such as Lobster and EXIST in detail. If the Ep ! E!,iso correlation

holds for Pop III GRBs, we find that we can detect Pop III GRBs at redshifts z ! 9 by
EXIST. We observe such ”not so distant” (z " 9) Pop III GRBs as long duration X-ray
rich GRBs with almost constant luminosity by EXIST. On the other hand, if the Ep ! Lp

correlation holds, we find that we can detect Pop III GRBs at very high redshifts up to
z " 19 by Lobster. We observe such GRBs from low mass Pop III stars as long duration

X-ray flashes with almost constant luminosity by Lobster.

We briefly comment the expected observable GRB rate per year by Lobster using the

results of de Souza et al. (2011). We calculate the observed GRB rate per year dNobs
GRB/dz

as
dNobs

GRB

dz
=

!obs

4!
"beam

dNGRB

dz
, (13)

where dNGRB/dz, !obs and "beam correspond to the intrinsic GRB rate (the number of on-
axis and o"-axis GRBs) per year, the detector field of view and the beaming factor of the
burst. In Fig. 6 of de Souza et al. (2011), they calculated dNGRB/dz for an optimistic case

and we use their values. Here, we also adopt the values of "beam " 0.01 and !obs " 0.5 sr
for Lobster (Gehrels et al. 2012). Optimistically speaking, we predict that Lobster detects

about 40, 4 and 0.4 Pop III GRBs per year at z = 9, 14 and 19, respectively.

Finally, we briefly discuss one of the assumptions in this paper. We assume that all

関係の場合観測可能性:

観測者系でのジェット貫通からの時間 [ s ]

・GRBがEXISTの
   視野に入ると, 
   ~510秒間観測される.

・z ~ 9まで検出可能.
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他に101225A, 121027A, 130925A; Ultra-Long GRB.
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Figure 1. Light curve of GRB 111209A, presented with a temporal axis which is linear in the left panel (the prompt emission) and logarithmic in the right panel (the
afterglow emission). X-ray data are in gray (XRT) and black (XMM-Newton). The Konus-Wind data (blue solid line) has been scaled to the X-ray data for comparison.
The R-band light curve is constructed from TAROT and Swift/UVOT data (color indices are indicated on the plot).
(A color version of this figure is available in the online journal.)

before the trigger. Swift did not trigger at the start of the event
as the burst was not in the field of view of the BAT instrument.

GRB 111209A was also detected by Konus-Wind. In order
to compare the light curve of this event with other bursts, we
used the publicly available soft band (21–83 keV; similar to the
Swift/BAT 15–150 keV band) light curve. The earliest portion
of the gamma-ray signal detected by Konus-Wind featured a
weak broad pulse. The gamma-ray signal was then observed as
a multi-peaked emission up to about T0 + 10000 s (Golenetskii
et al. 2011). Using the Konus-Wind results, GRB 111209A had
a fluence of (4.86 ± 0.61) ! 10"4 erg cm"2, an isotropic energy
Eiso = (5.82 ± 0.73) ! 1053 erg, and an intrinsic peak of the
spectrum in the !f! space of Ep = 520 ± 89 keV (Golenetskii
et al. 2011). These values are in agreement to within 2" with
the Amati relation (Amati et al. 2002) which empirically links
these last two quantities for long GRBs.

Swift/XRT observations started 425 s after the BAT trigger
(Hoversten et al. 2011) revealing a bright afterglow, observed
also by Swift/UVOT in the optical–UV bands at R.A. (J2000) =
00h57m22.s63 and Decl. (J2000) = "46d48#03.##8, with an esti-
mated uncertainty of 0.##5. The afterglow was also clearly de-
tected by ground based instruments; for example, the TAROT-
La Silla (Klotz et al. 2011), and the GROND robotic tele-
scopes (Kann et al. 2011). In addition, we activated a Target of
Opportunity observation with XMM-Newton, between T0 +
56, 664 s and T0 + 108, 160 s (see the light curve in Figure 1).
This period covered the end of the prompt phase seen in X-ray, a
subsequent plateau phase, and the start of the normal afterglow
decay (Gendre et al. 2011).

3. DATA REDUCTION

3.1. Swift/XRT

Swift/XRT data were taken as Level 1 event files from the
Swift Data Center archive at NASA/GSFC and were processed

with the task xrtpipeline version 0.12.6, applying the most
updated calibrations. Data acquisition started in Windowed
Timing (WT) mode and continued in this mode up to the fourth
orbit (T0 + 22700 s). XRT then switched to the Photon Counting
(PC) mode for the remaining of the observation (up to 26 days
after the trigger). Pile-up can be observed in WT mode during
the first orbit (i.e., up to T0 + 2000 s), and in PC between T0 +
22700 s and T0 + 30900 s. As a consequence, spectra and light
curves were extracted using the methods of Romano et al. (2006)
and Vaughan et al. (2006), excluding a central circle of radius
1 pixels from the point-spread function (PSF) in WT mode; for
the PC mode, the radius was set dynamically between 7 and
1 pixels as a function of the flux of the afterglow, and the results
were checked with the PSF profile of the XRT.

All spectra and light curves were then extracted using
standard filtering and screening criteria (including bad columns
and bad pixels), and corrected for telescope vignetting and
aperture filtering using the ancillary response files (ARFs)
generated by the task xrtmkarf. We then rebinned all files to
either match the spectral resolution when the data quality was
high enough, or to obtain at least 30 counts per bin.

3.2. XMM-Newton

We retrieved the Observation Data Files from the XMM-
Newton archive and reprocessed them using the XMM-SAS
version 12.0.1 and the latest available calibration files associated
with this version of the SAS. The raw events files were processed
using the tasks emchain, epchain, rgsproc, omichain, omfchain.
The PN instrument observed GRB 111209A in Full Window
mode, while the MOS cameras setting was on Small Window.
Because of the brightness of the afterglow, we checked for pile-
up in the data. We used the task epatplot for this purpose,
and confirmed that the data were free from pile-up, even if a
significant fraction of out off time events were observed. Because
of this latter effect, the background regions have been chosen,
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Figure 1. Light curve of GRB 111209A, presented with a temporal axis which is linear in the left panel (the prompt emission) and logarithmic in the right panel (the
afterglow emission). X-ray data are in gray (XRT) and black (XMM-Newton). The Konus-Wind data (blue solid line) has been scaled to the X-ray data for comparison.
The R-band light curve is constructed from TAROT and Swift/UVOT data (color indices are indicated on the plot).
(A color version of this figure is available in the online journal.)

before the trigger. Swift did not trigger at the start of the event
as the burst was not in the field of view of the BAT instrument.

GRB 111209A was also detected by Konus-Wind. In order
to compare the light curve of this event with other bursts, we
used the publicly available soft band (21–83 keV; similar to the
Swift/BAT 15–150 keV band) light curve. The earliest portion
of the gamma-ray signal detected by Konus-Wind featured a
weak broad pulse. The gamma-ray signal was then observed as
a multi-peaked emission up to about T0 + 10000 s (Golenetskii
et al. 2011). Using the Konus-Wind results, GRB 111209A had
a fluence of (4.86 ± 0.61) ! 10"4 erg cm"2, an isotropic energy
Eiso = (5.82 ± 0.73) ! 1053 erg, and an intrinsic peak of the
spectrum in the !f! space of Ep = 520 ± 89 keV (Golenetskii
et al. 2011). These values are in agreement to within 2" with
the Amati relation (Amati et al. 2002) which empirically links
these last two quantities for long GRBs.

Swift/XRT observations started 425 s after the BAT trigger
(Hoversten et al. 2011) revealing a bright afterglow, observed
also by Swift/UVOT in the optical–UV bands at R.A. (J2000) =
00h57m22.s63 and Decl. (J2000) = "46d48#03.##8, with an esti-
mated uncertainty of 0.##5. The afterglow was also clearly de-
tected by ground based instruments; for example, the TAROT-
La Silla (Klotz et al. 2011), and the GROND robotic tele-
scopes (Kann et al. 2011). In addition, we activated a Target of
Opportunity observation with XMM-Newton, between T0 +
56, 664 s and T0 + 108, 160 s (see the light curve in Figure 1).
This period covered the end of the prompt phase seen in X-ray, a
subsequent plateau phase, and the start of the normal afterglow
decay (Gendre et al. 2011).

3. DATA REDUCTION

3.1. Swift/XRT

Swift/XRT data were taken as Level 1 event files from the
Swift Data Center archive at NASA/GSFC and were processed

with the task xrtpipeline version 0.12.6, applying the most
updated calibrations. Data acquisition started in Windowed
Timing (WT) mode and continued in this mode up to the fourth
orbit (T0 + 22700 s). XRT then switched to the Photon Counting
(PC) mode for the remaining of the observation (up to 26 days
after the trigger). Pile-up can be observed in WT mode during
the first orbit (i.e., up to T0 + 2000 s), and in PC between T0 +
22700 s and T0 + 30900 s. As a consequence, spectra and light
curves were extracted using the methods of Romano et al. (2006)
and Vaughan et al. (2006), excluding a central circle of radius
1 pixels from the point-spread function (PSF) in WT mode; for
the PC mode, the radius was set dynamically between 7 and
1 pixels as a function of the flux of the afterglow, and the results
were checked with the PSF profile of the XRT.

All spectra and light curves were then extracted using
standard filtering and screening criteria (including bad columns
and bad pixels), and corrected for telescope vignetting and
aperture filtering using the ancillary response files (ARFs)
generated by the task xrtmkarf. We then rebinned all files to
either match the spectral resolution when the data quality was
high enough, or to obtain at least 30 counts per bin.

3.2. XMM-Newton

We retrieved the Observation Data Files from the XMM-
Newton archive and reprocessed them using the XMM-SAS
version 12.0.1 and the latest available calibration files associated
with this version of the SAS. The raw events files were processed
using the tasks emchain, epchain, rgsproc, omichain, omfchain.
The PN instrument observed GRB 111209A in Full Window
mode, while the MOS cameras setting was on Small Window.
Because of the brightness of the afterglow, we checked for pile-
up in the data. We used the task epatplot for this purpose,
and confirmed that the data were free from pile-up, even if a
significant fraction of out off time events were observed. Because
of this latter effect, the background regions have been chosen,
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before the trigger. Swift did not trigger at the start of the event
as the burst was not in the field of view of the BAT instrument.

GRB 111209A was also detected by Konus-Wind. In order
to compare the light curve of this event with other bursts, we
used the publicly available soft band (21–83 keV; similar to the
Swift/BAT 15–150 keV band) light curve. The earliest portion
of the gamma-ray signal detected by Konus-Wind featured a
weak broad pulse. The gamma-ray signal was then observed as
a multi-peaked emission up to about T0 + 10000 s (Golenetskii
et al. 2011). Using the Konus-Wind results, GRB 111209A had
a fluence of (4.86 ± 0.61) ! 10"4 erg cm"2, an isotropic energy
Eiso = (5.82 ± 0.73) ! 1053 erg, and an intrinsic peak of the
spectrum in the !f! space of Ep = 520 ± 89 keV (Golenetskii
et al. 2011). These values are in agreement to within 2" with
the Amati relation (Amati et al. 2002) which empirically links
these last two quantities for long GRBs.

Swift/XRT observations started 425 s after the BAT trigger
(Hoversten et al. 2011) revealing a bright afterglow, observed
also by Swift/UVOT in the optical–UV bands at R.A. (J2000) =
00h57m22.s63 and Decl. (J2000) = "46d48#03.##8, with an esti-
mated uncertainty of 0.##5. The afterglow was also clearly de-
tected by ground based instruments; for example, the TAROT-
La Silla (Klotz et al. 2011), and the GROND robotic tele-
scopes (Kann et al. 2011). In addition, we activated a Target of
Opportunity observation with XMM-Newton, between T0 +
56, 664 s and T0 + 108, 160 s (see the light curve in Figure 1).
This period covered the end of the prompt phase seen in X-ray, a
subsequent plateau phase, and the start of the normal afterglow
decay (Gendre et al. 2011).

3. DATA REDUCTION

3.1. Swift/XRT

Swift/XRT data were taken as Level 1 event files from the
Swift Data Center archive at NASA/GSFC and were processed

with the task xrtpipeline version 0.12.6, applying the most
updated calibrations. Data acquisition started in Windowed
Timing (WT) mode and continued in this mode up to the fourth
orbit (T0 + 22700 s). XRT then switched to the Photon Counting
(PC) mode for the remaining of the observation (up to 26 days
after the trigger). Pile-up can be observed in WT mode during
the first orbit (i.e., up to T0 + 2000 s), and in PC between T0 +
22700 s and T0 + 30900 s. As a consequence, spectra and light
curves were extracted using the methods of Romano et al. (2006)
and Vaughan et al. (2006), excluding a central circle of radius
1 pixels from the point-spread function (PSF) in WT mode; for
the PC mode, the radius was set dynamically between 7 and
1 pixels as a function of the flux of the afterglow, and the results
were checked with the PSF profile of the XRT.

All spectra and light curves were then extracted using
standard filtering and screening criteria (including bad columns
and bad pixels), and corrected for telescope vignetting and
aperture filtering using the ancillary response files (ARFs)
generated by the task xrtmkarf. We then rebinned all files to
either match the spectral resolution when the data quality was
high enough, or to obtain at least 30 counts per bin.

3.2. XMM-Newton

We retrieved the Observation Data Files from the XMM-
Newton archive and reprocessed them using the XMM-SAS
version 12.0.1 and the latest available calibration files associated
with this version of the SAS. The raw events files were processed
using the tasks emchain, epchain, rgsproc, omichain, omfchain.
The PN instrument observed GRB 111209A in Full Window
mode, while the MOS cameras setting was on Small Window.
Because of the brightness of the afterglow, we checked for pile-
up in the data. We used the task epatplot for this purpose,
and confirmed that the data were free from pile-up, even if a
significant fraction of out off time events were observed. Because
of this latter effect, the background regions have been chosen,
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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: 通常のベキ的減衰.

青色超巨星(BSG)モデルの範囲内で説明可能か調べる.

(Spectrum not taken.)



3. ULGRBの青色超巨星モデル
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so as to reproduce the observed Eobs
iso . Thus, !j and "# are

chosen appropriately for a given $j 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
"e is strongly constrained from the observed X-ray flux
because of the large dependence of the theoretical flux on
"e, i.e., F(0.3–10 keV) ! "

3/2
e "

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 !
"

3/2
e "

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 "B is obtained for a given am-
bient gas density n. Thus, if we give the ambient gas density
n, afterglow parameters "e, "B , 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 $j and the ambient gas density n. In this study, as for
the progenitor, we adopt the BSG model with a zero age main
sequence (ZAMS) mass of 75 M" and metallicity of 10#4 Z"
calculated by Woosley et al. (2002).8 In the precollapse phase,
this BSG has mass M$ % 75 M" and radius R$ % 8.6&1012 cm.
If we give the jet opening angle $j 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 $j = 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 %tobs

# % 15,000 s (Gendre et al. 2013) are substantially
reproduced by setting the jet efficiency and the radiation
efficiency as !j = 1.24 & 10#3 and "# = 0.38, respectively.
The above set of parameters ($j, !j, "# ) 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

$j 12' 12' 12'

!j 1.24 & 10#3 6.2 & 10#4 1.24 & 10#3

"# 0.38 0.7 0.1
p 2.5 2.1 2.6
"e 0.01 5 & 10#4 0.05
"B 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
%t# (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,
"e = 0.01 and "B = 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 $j = 12' as GRB 111209A and take fiducial
values for the jet efficiency !j = 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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so as to reproduce the observed Eobs
iso . Thus, !j and "# are

chosen appropriately for a given $j 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
"e is strongly constrained from the observed X-ray flux
because of the large dependence of the theoretical flux on
"e, i.e., F(0.3–10 keV) ! "
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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).
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parameters, UV flux can be calculated from FUV !
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B n1/2 (see Equation (A8) with p = 2.5). From the

observed UV flux, the appropriate value of the magnetic
field amplification efficiency "B is obtained for a given am-
bient gas density n. Thus, if we give the ambient gas density
n, afterglow parameters "e, "B , 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 $j and the ambient gas density n. In this study, as for
the progenitor, we adopt the BSG model with a zero age main
sequence (ZAMS) mass of 75 M" and metallicity of 10#4 Z"
calculated by Woosley et al. (2002).8 In the precollapse phase,
this BSG has mass M$ % 75 M" and radius R$ % 8.6&1012 cm.
If we give the jet opening angle $j 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 $j = 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 %tobs

# % 15,000 s (Gendre et al. 2013) are substantially
reproduced by setting the jet efficiency and the radiation
efficiency as !j = 1.24 & 10#3 and "# = 0.38, respectively.
The above set of parameters ($j, !j, "# ) 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
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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,
"e = 0.01 and "B = 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 $j = 12' as GRB 111209A and take fiducial
values for the jet efficiency !j = 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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・Jet 伝播を計算, コクーンが最終的に
   もつエネルギー・質量を評価.
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コクーン放射を考え, 明るいSN的成分を
説明できるかを調べた.



GRB 111209A
コクーン放射により明るいSN的成分を無矛盾に説明できた.
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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 !j = 12# and n = 0.04 cm"3, other parameters are determined from the observations as "j = 1.24!10"3, #! = 0.38, p = 2.5, #e = 0.01,
#B = 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 e!-
ciency, and the magnetic field amplification e!ciency as
n = 0.04 cm!3, !e = 0.01 and !B = 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 di!cult 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 "j = 12"

as GRB 111209A, and take fiducial values for the jet
e!ciency, #j = 6.2 " 10!4 and the radiation e!ciency,
!! = 0.7. The parameter set gives $t! ! 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 !e < 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, !e = 5 " 10!4, and
!B = 0.05. In the later phase, the HN-like bump dom-
inates (Levan et al. 2013), and it can be fitted by the
CFPEs (thin-dashed lines) with Ahost

V = 0.58.
Although the uncertainties are relatively high, one can

see that the prompt and afterglow emissions of GRB

＊パラメタ: プロンプト, 残光の観測を再現するようフィット.
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Summary & Discussion

✓Pop III GRBの観測的特徴と観測可能性を議論した.
✓Pop III GRBはとても長い継続時間をもつ.

✓コクーン放射で明るいSN的成分を無矛盾に説明.
✓Pop III GRBと似た性質をもつULGRBの発見.

✓GRBは遠方宇宙を探る重要な手段の1つ.

✓将来観測衛星で z ~ 10 のGRBも観測されるだろう.

✓Pop III GRBにも明るいSN的成分の付随が期待される.
・Pop III 親星モデルでコクーン放射を計算.

・コクーン放射起源のSN的成分はJWSTで z ~ 15まで観測可能.

Pop III GRB + 明るいSN的成分の同時観測が有用かもしれない.

Kashiyama, DN et al. 2013


