
第一回MeVガンマ線天文学研究会 @京都大学　2017.2.27-28  

京都大学 天体核研究室　 

D1 松本達矢!
Collaborators ：仲内大翼 (東北大)　 中村卓史 (京都大)!
                          井岡邦仁 (基研)　　 Alex.Heger (Monash大) 

Ref. T.Matsumoto et al. ApJ, 810, 64 (2015)!
        T.Matsumoto et al. ApJ, 823, 83 (2016) 

超大質量星の起こす!
ガンマ線バースト!



Supermassive black holes 
e.g. Our galaxy : SgA*!
       z ~ 6-7 :!
!

The Origin?? !
!
!
!
 1. Population III stars!
　　⇒!
　　　 but, feedbacks make difficult Eddington accretion…!
 2. Supermassive stars!

ones showing opposite peak and line base displacement in radial
velocity (Shen and Loeb, 2010), but altogether they account for no
more than a few percent of quasars.

13. Toward higher and higher redshifts: the evidence for a
turnover

FWHM Hb measures can provide good MBH estimates out to z!
3.8. 8 m-class telescopes yield high s/n measures for the high lumi-
nosity tail of the quasar optical luminosity function. Sampling over
a wider part of the optical luminosity function (down to Seyfert 1
luminosities (MV ! -23) becomes possible with the next generation
of large telescopes). BH mass estimates beyond z ! 3.8 or simply
larger samples beyond z ! 0.7 requires use of Hb surrogate lines.
The two most used surrogates are MgIIk2800 and CIVk1549.
CIVk1549 cannot be trusted but MgIIk2800 may be able to serve
as a surrogate virial estimator for the highest redshift quasars

currently known. Spectra can be obtained for z ! 6 quasars in the
K band (Kurk et al., 2007).

The best MBH estimates out to z ! 4 show no evidence of a turn-
over which would reflect the epoch when the largest black holes
were still growing. Instead we see constant MBH upper limit near
logMBH ! 9.7 if we trust in part (which we do not) the measure-
ments based on CIVk1549 (Shen et al., 2008; Labita et al., 2009).
There may be a change at higher redshift (Trakhtenbrot et al.,
2011) if we consider only MBH values obtained from Hb and
MgIIk2800 measures. Fig. 9 combines a low-z sample (Zamfir
et al., 2010) with samples using Hb observed with IR spectrometers
(to z ! 3.5) and MgIIk2800 using optical and IR measures. We see a
possible turnover in estimated MBH at the highest redshifts
although some care is needed in interpreting these results. Most
sources in the range 1 [ z [ 2.5 were selected from the brightest
quasars in the Hamburg ESO survey and are the most luminous
quasars known in that redshift range. Observations at very high
redshift refer to much fainter quasars. We must restrict our atten-
tion to the high-end of the mass distribution when we evaluate the
significance of the turnover. Counting sources with masses in the
ranges 9.25 6 logMBH 6 9.75 and 8.75 6 logMBH 6 9.25, we find
that the ratio of the numbers of less-massive to more-massive
sources at redshift J 4 is lower than for the samples at
1 [ z [ 3.8. A simple application of Poisson statistics to these ra-
tios confirms a real trend. Given the different sample selection cri-
teria at different redshifts we believe that more data are needed
before the turnover can be regarded as established.

As a final consideration we note that the computed MBH may
not be critical for concordance cosmology, since black holes can
grow to the observed masses in a duty cycle that is significantly
shorter than the age of the Universe at z ! 6 according to Trakh-
tenbrot et al. (2011).

14. Conclusion

MBH computation techniques for large samples of quasars are
rough and the lack of accuracy in MBH estimates is serious. There
are several areas that could lead to significant improvement:

" a significant reduction in scatter could be achieved by more
careful selection of virial broadening estimators (best are Hb
and MgII);
" a second factor is related to knowledge of the BLR structure that

is still hotly debated (Gaskell, 2009b). There is evidence that
Pop. A and B sources show different BLR structure and kinemat-
ics. Significantly different f values are likely associated with the
two populations;
" photoionization methods should be favored over methods

based on the rBLR-L correlation.

Considering the large scatter introduced by uncertainties in the
factors entering the virial relation it is still not surprising that MBH

estimates and those derived by randomly reassigning the quasar
broad-line widths to different objects show such similarities in
the MBH vs. z plane (Croom, 2011). However this provocative result
may not stand for long.

The work was presented as an invited talk at special workshop
‘‘Spectral lines and super-massive black holes’’ held on June 10,
2011 as a part of activity in the frame of COST action 0905 ‘‘Black
holes in a violent universe’’ and as a part of the 8th Serbian
Conference on Spectral Line Shapes in Astrophysics. We are
indebted to Martin Gaskell for discussions and many insightful
suggestions. We also acknowledge with gratitude the hospitality
and good organization of the Conference in Divčibare: Luka,
Dragana, Darko and all the others of the organizing committee.

Fig. 8. Sketch illustrating 2 examples of most-frequently observed Hb profiles in
Pop. B sources (upper half) and the profiles that might be signatures of binary black
holes. The SDSS 153636.221 + 044127.0 Hb line profile (Boroson and Lauer, 2009)
corresponds to the lower-left case.

Fig. 9. MBH versus z for a low-z sample (gray dots Zamfir et al., 2010), and several
intermediate to high z samples. Red circles: Marziani et al. (2009); open squares:
Dietrich et al. (2009); open triangles: Shemmer et al. (2004); filled pentagons:
Netzer et al. (2007); filled squares: Trakhtenbrot et al. (2011); open starred
octagons: Willott et al. (2010); filled octagons: Kurk et al. (2007); large spot at
z ! 7: the high-z quasar whose discovery was announced in late June 2011
(Mortlock et al., 2011). The dashed line marks MBH = 5 # 109 M$. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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∼ 6の初期宇宙（ビッグバンからおよそ 1Gyr後）では質量が 109M⊙ の超巨大ブラック
ホール (BH) が観測されている。この超巨大 BH が恒星質量 BH のガス降着によって形
成されたと考えると、質量獲得には時間がかかりすぎることが指摘されている。よって、
より短時間で観測されている超巨大 BH が形成できるような過程を考えなければならな
い。近年、このような形成過程の一つとして、超大質量星と呼ばれる天体が注目されてい
る。超大質量星とは、質量 105M⊙、半径が 1014−15 cmの巨大な恒星で、重力崩壊によっ
てほぼ同質量の BH を形成すると考えられている。この大質量 BH がガス降着で成長す
ると、観測されている超巨大 BHを説明できる。しかし、超大質量星は z ∼ 10の初期宇
宙に存在しているため、現在までに観測された例はない。本研究では、超大質量星を観
測的に検証する手段として、重力崩壊時に起こる可能性にある Gamma-ray burst(GRB)

に着目する。GRBは大質量星の重力崩壊に伴って、中心部で形成された BHから相対論
的なジェットが駆動され、星の表面を突き破って起こす爆発現象である。また、GRBは
宇宙一大きな爆発現象として知られており、遠方で起こっても観測可能である。超大質
量星が GRBを起こすにあたり、大きな障害となるのは、超大質量星の半径が非常に大き
いことである。超大質量星の半径は太陽のおよそ 103−4 倍であり、これは GRB を起こ
せない天体である赤色超巨星に匹敵する。本研究では、超大質量星内でのジェットの伝
播計算結果を紹介した後、GRB の可能性について述べる。さらに、今後の展望として、
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instability if the gravitational collapse is delayed, a process possi-
ble due to turbulence generated during the virialization of the halo.
If the thermal instability occurs, the cloud can fragment into many
smaller mass clumps instead of forming a single SMS. We therefore
simulate the collapse to determine the likelihood of the outcome be-
ing a monolithic collapse to a single star or fragmentation into a
binary or multiple member system.

2 M E T H O D O L O G Y

We performed a three-dimensional hydrodynamical simulation of
the gravitational collapse of a primordial-gas cloud using the adap-
tive mesh refinement code, ENZO (Bryan et al. 2014). Our main
purpose is to investigate the gas dynamics over a wide range
of the densities (10−21 ! ρ ! 10−7 g cm−3). The cloud initially
has a spherically symmetric density profile enhanced by a fac-
tor f (=1.6) above the critical Bonnor–Ebert (BE) distribution, an
isothermal sphere embedded in a pressurized medium and supported
in marginal hydrostatic equilibrium against gravitational collapse.
According to cosmological simulations (e.g. Wise et al. 2008), at
the centre of a first galaxy with virial temperature "104 K, forming
in an environment where the H2 formation is suppressed, a warm
(T ∼ 8000 K) cloud with ∼105 M⊙ becomes gravitationally unsta-
ble at ρ ∼ 10−20 g cm−3 and collapses. Based on this, we set the
central density and temperature of the cloud to ρc = 1.67 × 10−20 g
cm−3 and T = 8000 K, giving a mass and radius of 1.17 × 105 M⊙
and 10.8 pc, respectively. Although we here do not impose an exter-
nal FUV radiation, H2 is collisionally dissociated for ρ " 10−20 g
cm−3 and T " 6000 K. Note that we neglect the dark-matter grav-
ity since the cloud is already bound by the self-gravity of its gas.
Our simulation box size is (50 pc)3 and refinement is controlled by
insisting that one Jeans length is resolved by at least 64 grid cells
(e.g. Turk et al. 2012). Under this condition, the simulation uses 23
out of the allowed 25 refinement levels, ensuring we are resolved
by the above criteria at all times and giving a limiting resolution of
!0.1 au.

The development of turbulence in the central region of forming
first galaxies has been suggested by numerical simulations (e.g.
Wise & Abel 2007; Greif et al. 2008). In the initial phase of col-
lapse with ∼10−20 g cm−3, the turbulence is still subsonic in the
cloud. To consider the density and velocity perturbations due to the
turbulence, we initially impose a subsonic velocity field (the root
mean square of the velocity is set to 0.1cs) with power spectrum
P(k) ∝ k−4, which corresponds to the so-called Larson’s law for
the contemporary star-forming regions (Larson 1981). To ensure
that the turbulence is adequately resolved, we select the maximum
k-mode value of 1/10 of the number of cells across the cloud.

We consider the non-equilibrium primordial chemistry of 9
species (H, H2, e−, H+, H+

2 , H−, He, He+, and He++) and 13 hy-
drogen reactions selected to reproduce the correct thermal/chemical
evolution of the warm atomic-cooling cloud (reactions 3, 4, 7−10,
12, 15−18, 28, and 32 in table 2 of Omukai 2001). We adopt
the reaction rate coefficients updated by the following studies: 7–
10 (Coppola et al. 2011), 15 (Martin, Schwarz & Mandy 1996),
17 (Stibbe & Tennyson 1999), and 28 (Ferland et al. 1992). The
four helium reactions originally included in ENZO are also present,
although they are not relevant in our calculation. We initially as-
sume a uniform distribution of ionization degree with 10−4 and H2

molecular fraction with 10−7, respectively (e.g. Shang et al. 2010).
At high density, the chemical reactions proceed faster than the cloud
collapse and chemical equilibrium is achieved. To smoothly con-
nect the non-equilibrium chemistry to that of equilibrium, we solve

the chemical network including both the forward and reverse re-
actions for dominant processes. To solve the chemistry equations,
we employ the piecewise exact solution method (Inoue & Inutsuka
2008) instead of the original ENZO solver, which cannot follow the
chemical evolution with high enough density to reach the chemical
equilibrium. For the radiative cooling, we consider atomic cool-
ing (H Lyα, two-photon emission, and H− free–bound, free–free
emission) and H2 cooling (rovibrational line and collision-induced
emission). We also include the suppression of the cooling rate in the
optically thick case by using the optical depth estimated as ρκLc

(e.g. Omukai 2001; Shang et al. 2010), where κ includes the H2-line
opacity and the Rosseland mean opacity considering the H Rayleigh
scattering, the H2 collision-induced absorption, and the H− bound-
free and free–free absorption, and Lc the size of the central core,
which is approximately given by the Jeans length for the spherically
symmetric cloud in the runaway collapse. Finally, note that we do
not include the heating/cooling associated with the chemical reac-
tions because their effect is negligible during the thermal evolution
of the atomic-cooling clouds.

3 R ESULTS

Fig. 1 shows the density distribution at the end of the simulation,
where the central density reaches ∼10−7 g cm−3, for four different
spatial scales; from the top-left clockwise, large-scale gas distri-
bution (∼1 pc), the collapsing core (∼0.1 pc), the central ∼100 au
region, and the protostar formed at the centre (∼10 au). The central
portion of the cloud undergoes the runaway collapse. The turbu-
lence forms filamentary structures that channel material into the
central region (ρ ∼ 10−8 g cm−3), feeding the protostar. The left-
bottom panel presents the density distribution around the protostar.
At the end of this simulation, the protostellar mass reaches ≃1 M⊙
and its radius ≃2 au. These values are consistent with the result
of the stellar-structure calculation by Hosokawa et al. (2012), who
assumed a steady and spherical accretion.

Fig. 2 shows the evolution of mass-weighted radial profiles of
(a) density, (b) temperature, and (c) H2 fraction. During collapse,

Figure 1. Density distribution in the plane through the density peak for
four spatial scales: from top-left, clockwise: the large-scale gas distribu-
tion (∼1 pc), a collapsing core by the H− free–bound continuum cooling
(∼0.1 pc), the central region around the protostar (∼100 au), and the final
protostar (∼10 au).
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But, there is No observation!!!
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✓How to detect such high-z objects??!
　e.g. Population III stars : Gamma-ray bursts!
!

We study whether SMSs launch GRBs!
                               and their observability.!
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ホール (BH) が観測されている。この超巨大 BH が恒星質量 BH のガス降着によって形
成されたと考えると、質量獲得には時間がかかりすぎることが指摘されている。よって、
より短時間で観測されている超巨大 BH が形成できるような過程を考えなければならな
い。近年、このような形成過程の一つとして、超大質量星と呼ばれる天体が注目されてい
る。超大質量星とは、質量 105M⊙、半径が 1014−15 cmの巨大な恒星で、重力崩壊によっ
てほぼ同質量の BH を形成すると考えられている。この大質量 BH がガス降着で成長す
ると、観測されている超巨大 BHを説明できる。しかし、超大質量星は z ∼ 10の初期宇
宙に存在しているため、現在までに観測された例はない。本研究では、超大質量星を観
測的に検証する手段として、重力崩壊時に起こる可能性にある Gamma-ray burst(GRB)

に着目する。GRBは大質量星の重力崩壊に伴って、中心部で形成された BHから相対論
的なジェットが駆動され、星の表面を突き破って起こす爆発現象である。また、GRBは
宇宙一大きな爆発現象として知られており、遠方で起こっても観測可能である。超大質
量星が GRBを起こすにあたり、大きな障害となるのは、超大質量星の半径が非常に大き
いことである。超大質量星の半径は太陽のおよそ 103−4 倍であり、これは GRB を起こ
せない天体である赤色超巨星に匹敵する。本研究では、超大質量星内でのジェットの伝
播計算結果を紹介した後、GRB の可能性について述べる。さらに、今後の展望として、
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✓SMSs have very large radii.!
Can jets break out successfully??	
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Jet Propagation in progenitors 
Method!
1.Gravitaional collapse!
　mass accretion rate onto BH:!
!
!
2.Jet formation!
　jet luminosity: powered by mass accretion with MHD process 
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Lj(t) = ηjṀ(t)c2 (9)
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表 1 Jet 伝播の計算で得られる Eγ,iso、Lp と GRB の観測に基づいた経験則を用い
て求められた peak energyの値。GRBの redshiftは z = 10としている。
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As long as the velocity of the jet head is nonrelativistic
(C � 1h ), the shocked jet head can expand sideways to form a
cocoon structure surrounding the jet. Since the temperature of
the cocoon is high, it is radiationpressuredominated. As long
as the sound-crossing time in the cocoon is shorter than the
dynamical time of the jet head, we can neglect the inner
structure of the cocoon and assume that the cocoon is uniform.
Hereafterwe consider the one-zone model for the lateral
expansion of the cocoon. The cocoon is overpressured with
respect to the ambient stellar medium so that it expands
laterally. By considering pressure balance at the surface of the
cocoon, the lateral expansion velocity of the cocoon is
calculated by (Begelman & Cioffi 1989)

C
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, 9c
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a
2

where Pc is the pressure in the cocoon and
S Q�¯ ( ) ( )r M r4 3ra h h

3
h is the mean density of the progenitor

star within the radius rh.
Since the cocoon matter is radiationpressuredominated, the

pressure is given by �P E V3c c c, where Ec andVc represent the
total energy and volume in the cocoon, respectively. Because
the cocoon energy is supplied from the jet head, it is given by
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where Ic indicates the fraction of the jet luminosity streaming
into the cocoon. Throughout the paper, we set I � 1c , since the
velocity of the jet head is nonrelativistic for most of the time
within the progenitor envelope. In Equation (10), the upper
limit of the integral indicates that at t, the jet head receives the
luminosity that is produced at � ( )t r t ch at the central engine.
For the cocoon volume, we assume that the cocoon has a
conical shape with the height of ( )r th and the base radius of

( )r tc , so that it is given by
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where ( )r tc is the lateral distance of the cocoon surface from the
jet axis given by ¨ C�( )r t c dtc c .

Substituting Equations (4) and (8) and the definition of 4h
into Equation (6), the jet head velocity is given by
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Substituting Equations (10) and (11) into (9), the lateral
expansion velocity of the cocoon is given by
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4. ULGRBsFROM SUPERMASSIVE COLLAPSARS

4.1. Successful Breakout of Supermassive Collapsar Jets

In Figure 2, we show the time evolution of the velocities of
the jet head and the lateral expansion of the cocoon surface

with solid and dashed curves, respectively. Red corresponds to
the 1E5 model, blue to the 1E4 model, and green to the RSG
model. They are calculated from Equations (12) and (13). The
horizontal axis shows the time from jet formation: �t tin. The
vertical axis shows the velocity divided by the speed of light.
We can see that for the models 1E4 and 1E5, the velocity of

the jet head is always larger than that of the cocoon surface. On
the other hand, for the RSG model, the velocity of the cocoon
exceeds that of the jet head at 3000 s. In the latter case, the
radius of the jet head is comparable to the lateral size of the
cocoon surface so that they can reach the stellar surface almost
at the same time. This looks like a spherical explosion rather
than a collimated explosion. On the other hand, in the former
case, the collimated jet breaks out of the progenitor surface
since the jet head reaches the surface much earlier than the
cocoon.
In Figure 3, we show the time evolution of the mass

accretion rate onto the BH. The horizontal axis represents the
time from jet formation. The red and blue curves correspond to
the accretion rate obtained from the 1E5 model and the 1E4
model, respectively. For each curve, dashed and solid regions
correspond to the time before and after the jet breakout,
respectively. We also show the accretion rate obtained from the
W-R model (i.e., LGRB), with the gray curve as a reference.
We can see that supermassive collapsar jets can lead to
ULGRBs with the duration of 210 s5 , owing to the accretion
of the massive envelope.
While the SMS models have radii as large as those

ofpresent-day RSGs, we find that the relativistic jet can break
out of the progenitor envelope successfully. This can be
attributed to the difference in the slope of the density profile. At
the outer envelope of a polytropic star with the polytropic index
n, the density profile can be approximated as

*S r � _ �( ) ( )r R r r1 n n
a (Matzner & McKee 1999). Since
SMSs have radiation-pressure-dominated convective

Figure 2. Time evolution of the velocities of the jet head and the lateral
expansion of the cocoon surface. Red, blue, and green lines correspond to the
1E5 model, the 1E4 model, and the RSG, respectively. The horizontal axis
shows the time from jet formation. The vertical axis shows the velocity divided
by the speed of light. The solid and dashed curves correspond to the velocities
of the jet head Ch and the cocoon surface Cc, respectively. For the 1E5 model
and the 1E4 model, the jet head velocity is always larger than that of the
cocoon edge so that the supermassive collapsar jet can break out of the
envelope. For 2t 500 s and 2t 2000 s, the jet head is accelerated drastically
in the 1E5 and 1E4 models, respectively, because the envelope density
decreases more steeply than ∝r−3. On the other hand, in the RSG, the jet head
velocity is overtaken by that of the cocoon at ∼3000 s.
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As long as the velocity of the jet head is nonrelativistic
(C � 1h ), the shocked jet head can expand sideways to form a
cocoon structure surrounding the jet. Since the temperature of
the cocoon is high, it is radiationpressuredominated. As long
as the sound-crossing time in the cocoon is shorter than the
dynamical time of the jet head, we can neglect the inner
structure of the cocoon and assume that the cocoon is uniform.
Hereafterwe consider the one-zone model for the lateral
expansion of the cocoon. The cocoon is overpressured with
respect to the ambient stellar medium so that it expands
laterally. By considering pressure balance at the surface of the
cocoon, the lateral expansion velocity of the cocoon is
calculated by (Begelman & Cioffi 1989)
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where Ic indicates the fraction of the jet luminosity streaming
into the cocoon. Throughout the paper, we set I � 1c , since the
velocity of the jet head is nonrelativistic for most of the time
within the progenitor envelope. In Equation (10), the upper
limit of the integral indicates that at t, the jet head receives the
luminosity that is produced at � ( )t r t ch at the central engine.
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Substituting Equations (10) and (11) into (9), the lateral
expansion velocity of the cocoon is given by
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the 1E5 model, blue to the 1E4 model, and green to the RSG
model. They are calculated from Equations (12) and (13). The
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the other hand, for the RSG model, the velocity of the cocoon
exceeds that of the jet head at 3000 s. In the latter case, the
radius of the jet head is comparable to the lateral size of the
cocoon surface so that they can reach the stellar surface almost
at the same time. This looks like a spherical explosion rather
than a collimated explosion. On the other hand, in the former
case, the collimated jet breaks out of the progenitor surface
since the jet head reaches the surface much earlier than the
cocoon.
In Figure 3, we show the time evolution of the mass

accretion rate onto the BH. The horizontal axis represents the
time from jet formation. The red and blue curves correspond to
the accretion rate obtained from the 1E5 model and the 1E4
model, respectively. For each curve, dashed and solid regions
correspond to the time before and after the jet breakout,
respectively. We also show the accretion rate obtained from the
W-R model (i.e., LGRB), with the gray curve as a reference.
We can see that supermassive collapsar jets can lead to
ULGRBs with the duration of 210 s5 , owing to the accretion
of the massive envelope.
While the SMS models have radii as large as those

ofpresent-day RSGs, we find that the relativistic jet can break
out of the progenitor envelope successfully. This can be
attributed to the difference in the slope of the density profile. At
the outer envelope of a polytropic star with the polytropic index
n, the density profile can be approximated as
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Figure 2. Time evolution of the velocities of the jet head and the lateral
expansion of the cocoon surface. Red, blue, and green lines correspond to the
1E5 model, the 1E4 model, and the RSG, respectively. The horizontal axis
shows the time from jet formation. The vertical axis shows the velocity divided
by the speed of light. The solid and dashed curves correspond to the velocities
of the jet head Ch and the cocoon surface Cc, respectively. For the 1E5 model
and the 1E4 model, the jet head velocity is always larger than that of the
cocoon edge so that the supermassive collapsar jet can break out of the
envelope. For 2t 500 s and 2t 2000 s, the jet head is accelerated drastically
in the 1E5 and 1E4 models, respectively, because the envelope density
decreases more steeply than ∝r−3. On the other hand, in the RSG, the jet head
velocity is overtaken by that of the cocoon at ∼3000 s.
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z = 10 z = 15 z = 20 e.g. z = 7.085 M ≃ 2 × 109 M⊙ 2000 年代以降、赤方偏移
∼ 6の初期宇宙（ビッグバンからおよそ 1Gyr後）では質量が 109M⊙ の超巨大ブラック
ホール (BH) が観測されている。この超巨大 BH が恒星質量 BH のガス降着によって形
成されたと考えると、質量獲得には時間がかかりすぎることが指摘されている。よって、
より短時間で観測されている超巨大 BH が形成できるような過程を考えなければならな
い。近年、このような形成過程の一つとして、超大質量星と呼ばれる天体が注目されてい
る。超大質量星とは、質量 105M⊙、半径が 1014−15 cmの巨大な恒星で、重力崩壊によっ
てほぼ同質量の BH を形成すると考えられている。この大質量 BH がガス降着で成長す
ると、観測されている超巨大 BHを説明できる。しかし、超大質量星は z ∼ 10の初期宇
宙に存在しているため、現在までに観測された例はない。本研究では、超大質量星を観
測的に検証する手段として、重力崩壊時に起こる可能性にある Gamma-ray burst(GRB)

に着目する。GRBは大質量星の重力崩壊に伴って、中心部で形成された BHから相対論
的なジェットが駆動され、星の表面を突き破って起こす爆発現象である。また、GRBは
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the cumulative number of ULGRBs % ( )N z that have redshifts
less than z can be calculated from
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where :GRB is the intrinsic event rate of ULGRBs and r(z) is
the comoving distance to the redshift z. While the intrinsic
event rate :GRB is still uncertain, we can roughly estimate it by
using the formation rate of SMSs or DCBHs, which are
theoretically studied in the previous studies (Agarwal
et al. 2012; Dijkstra et al. 2014; Yue et al. 2014).

Yue et al. (2014) studied the formation rate of DCBHs in the
early universe. They found that DCBHs can be formed from
z = 20 to 13 (corresponding to ∼150Myr), and that the
comoving mass density of DCBHs can be
S _ q �

:M2 10 MpcDCBH
6 3. Since they assumed the typical

mass of a DCBH as _ :M M10DCBH
6 , the comoving number

density of DCBHs can be evaluated as

S_ _ �n M 2 MpcDCBH DCBH DCBH
3 .13 Then, we can obtain

the intrinsic rate of ULGRBs as
: _ _� � � �2 Mpc 150 Myr 10 yr MpcGRB

3 8 1 3. It should be
noted that in this rough estimate, we assume that all the SMSs
collapse to DCBHs after they contribute to ULGRBs. This rate
may be optimistic.
Substituting the above value into Equation (22), the event

rate of the ULGRBs on the whole sky can be obtained as
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The detection rate of the ULGRBs is reduced by the beaming
factor, R R8 q n��≔ ( )2 3.8 10 5beam

2 3 2, since the off-axis
bursts are not detectable. By multiplying the beaming factor by
Equation (23), the detection rate is about one event per year.
The emission from an expanding cocoon fireball might play

a key role to raise the detection rate of the event. After the jet
breakout, the cocoon also breaks out of the star and evolves
like a nonrelativistic fireball outside the star (Kashiyama et al.
2013; Nakauchi et al. 2013). The cocoon emission will be
isotropic and free from the beaming effect.

5.3. Feedback Effects on the Surrounding Environments

Various feedback effects are expected from the supermassive
collapsars, since they release a huge amount of energy. In fact,
the total energy of the cocoon fireball discussed above could be
as large as _ –E 10 10 ergc

55 56 , which can be calculated from
Equation (10), � �( )E E t tc c b . Then, the emission from the
cocoon fireball might be observed as the most energetic SN
explosions in the universe. Moreover, such a violent explosion
could disrupt the host haloand hinder the remnant massive
BHs from growing up to SMBHs within 11 Gyr after the BH
formation.
In addition, if heavy elements are produced in the jet head

and cocoon, they could contribute to the chemical enrichment
of the host halo. The metal-polluted gas will induce the
formation of a second generation of stars. The line features in
the cocoon emission could also tell us the abundance pattern of
the nucleosynthesis to confirm the SMS origin, although the
line may be broad owing to the high expansion velocity.
Recently, Johnson et al. (2013) and Whalen et al. (2013)

considered a very energetic SN explosion of _10 erg55 in the
first galaxiesand calculated the dynamical evolution of the
blast wave within the host. They found that whereas the blast
wave engulfs the entire galaxy, most of its energy is radiated
away via efficient cooling processes, so that the swept-up
matter(_ :M107 ) could recollapse to the host _70 Myr after
the explosion. Thus, such an energetic explosion might not
hinder the remnant massive BH from becoming supermassive
within 1 Gyr after its formation. On the other hand, the
momentum conservation suggests that the host galaxy is
expelled if the explosion energy is larger than

C_ �
:( )( )( )M M v10 10 10 km s 0.3c

56
halo

7
esc

1 erg. Thus, more
detailed calculations are worthwhile.
Even after contributing to the prompt emission, the

relativistic jet has a huge amount of kinetic energy
� �� � _H H H( )E E 1 10 ergk, iso ,iso

57 . This can leadto bright
afterglow emissions at various wavelengths (Ioka & Mészáros

Figure 7. Same as Figure 4, but the flux is calculated from the accreting
supermassive collapsar (magenta curves) assuming that the –E Lp p correlation
holds. We also show the light curves of the 1E5 model for reference.

Figure 8. Same as Figure 7, but the flux is calculated assuming that the
H–E Ep ,iso correlation holds.

13 This number density seems larger than that of the observed typical galaxies.
In Yue et al. (2014), however, they discussed that only a fraction of DCBHs
can grow up by the mass accretion and that most DCBHs do not acquire
sufficient mass and escape our observation.

8

The Astrophysical Journal, 00:000000 (9pp), 2015 Month Day Matsumoto et al.

the cumulative number of ULGRBs % ( )N z that have redshifts
less than z can be calculated from

¨ Q% � : a a a%( ) ( )( ) ( )N z z cr z
dt
dz

dz t4 , 22
z

0
GRB

2
obs

where :GRB is the intrinsic event rate of ULGRBs and r(z) is
the comoving distance to the redshift z. While the intrinsic
event rate :GRB is still uncertain, we can roughly estimate it by
using the formation rate of SMSs or DCBHs, which are
theoretically studied in the previous studies (Agarwal
et al. 2012; Dijkstra et al. 2014; Yue et al. 2014).

Yue et al. (2014) studied the formation rate of DCBHs in the
early universe. They found that DCBHs can be formed from
z = 20 to 13 (corresponding to ∼150Myr), and that the
comoving mass density of DCBHs can be
S _ q �

:M2 10 MpcDCBH
6 3. Since they assumed the typical

mass of a DCBH as _ :M M10DCBH
6 , the comoving number

density of DCBHs can be evaluated as

S_ _ �n M 2 MpcDCBH DCBH DCBH
3 .13 Then, we can obtain

the intrinsic rate of ULGRBs as
: _ _� � � �2 Mpc 150 Myr 10 yr MpcGRB

3 8 1 3. It should be
noted that in this rough estimate, we assume that all the SMSs
collapse to DCBHs after they contribute to ULGRBs. This rate
may be optimistic.
Substituting the above value into Equation (22), the event

rate of the ULGRBs on the whole sky can be obtained as

¨ Q
%
%

� : a a a

_ q
:

�

�

� � �
�

⎛
⎝⎜

⎞
⎠⎟

( ) ( )
( )

N
t

z cr z
dt
dz

dz4

6 10
10 yr Mpc

yr . 23

z

z

obs 13

20

GRB
2

2 GRB
8 1 3

1

The detection rate of the ULGRBs is reduced by the beaming
factor, R R8 q n��≔ ( )2 3.8 10 5beam

2 3 2, since the off-axis
bursts are not detectable. By multiplying the beaming factor by
Equation (23), the detection rate is about one event per year.
The emission from an expanding cocoon fireball might play

a key role to raise the detection rate of the event. After the jet
breakout, the cocoon also breaks out of the star and evolves
like a nonrelativistic fireball outside the star (Kashiyama et al.
2013; Nakauchi et al. 2013). The cocoon emission will be
isotropic and free from the beaming effect.

5.3. Feedback Effects on the Surrounding Environments

Various feedback effects are expected from the supermassive
collapsars, since they release a huge amount of energy. In fact,
the total energy of the cocoon fireball discussed above could be
as large as _ –E 10 10 ergc

55 56 , which can be calculated from
Equation (10), � �( )E E t tc c b . Then, the emission from the
cocoon fireball might be observed as the most energetic SN
explosions in the universe. Moreover, such a violent explosion
could disrupt the host haloand hinder the remnant massive
BHs from growing up to SMBHs within 11 Gyr after the BH
formation.
In addition, if heavy elements are produced in the jet head

and cocoon, they could contribute to the chemical enrichment
of the host halo. The metal-polluted gas will induce the
formation of a second generation of stars. The line features in
the cocoon emission could also tell us the abundance pattern of
the nucleosynthesis to confirm the SMS origin, although the
line may be broad owing to the high expansion velocity.
Recently, Johnson et al. (2013) and Whalen et al. (2013)

considered a very energetic SN explosion of _10 erg55 in the
first galaxiesand calculated the dynamical evolution of the
blast wave within the host. They found that whereas the blast
wave engulfs the entire galaxy, most of its energy is radiated
away via efficient cooling processes, so that the swept-up
matter(_ :M107 ) could recollapse to the host _70 Myr after
the explosion. Thus, such an energetic explosion might not
hinder the remnant massive BH from becoming supermassive
within 1 Gyr after its formation. On the other hand, the
momentum conservation suggests that the host galaxy is
expelled if the explosion energy is larger than

C_ �
:( )( )( )M M v10 10 10 km s 0.3c

56
halo

7
esc

1 erg. Thus, more
detailed calculations are worthwhile.
Even after contributing to the prompt emission, the

relativistic jet has a huge amount of kinetic energy
� �� � _H H H( )E E 1 10 ergk, iso ,iso

57 . This can leadto bright
afterglow emissions at various wavelengths (Ioka & Mészáros

Figure 7. Same as Figure 4, but the flux is calculated from the accreting
supermassive collapsar (magenta curves) assuming that the –E Lp p correlation
holds. We also show the light curves of the 1E5 model for reference.

Figure 8. Same as Figure 7, but the flux is calculated assuming that the
H–E Ep ,iso correlation holds.

13 This number density seems larger than that of the observed typical galaxies.
In Yue et al. (2014), however, they discussed that only a fraction of DCBHs
can grow up by the mass accretion and that most DCBHs do not acquire
sufficient mass and escape our observation.

8

The Astrophysical Journal, 00:000000 (9pp), 2015 Month Day Matsumoto et al.

the cumulative number of ULGRBs % ( )N z that have redshifts
less than z can be calculated from

¨ Q% � : a a a%( ) ( )( ) ( )N z z cr z
dt
dz

dz t4 , 22
z

0
GRB

2
obs

where :GRB is the intrinsic event rate of ULGRBs and r(z) is
the comoving distance to the redshift z. While the intrinsic
event rate :GRB is still uncertain, we can roughly estimate it by
using the formation rate of SMSs or DCBHs, which are
theoretically studied in the previous studies (Agarwal
et al. 2012; Dijkstra et al. 2014; Yue et al. 2014).

Yue et al. (2014) studied the formation rate of DCBHs in the
early universe. They found that DCBHs can be formed from
z = 20 to 13 (corresponding to ∼150Myr), and that the
comoving mass density of DCBHs can be
S _ q �

:M2 10 MpcDCBH
6 3. Since they assumed the typical

mass of a DCBH as _ :M M10DCBH
6 , the comoving number

density of DCBHs can be evaluated as

S_ _ �n M 2 MpcDCBH DCBH DCBH
3 .13 Then, we can obtain

the intrinsic rate of ULGRBs as
: _ _� � � �2 Mpc 150 Myr 10 yr MpcGRB

3 8 1 3. It should be
noted that in this rough estimate, we assume that all the SMSs
collapse to DCBHs after they contribute to ULGRBs. This rate
may be optimistic.
Substituting the above value into Equation (22), the event

rate of the ULGRBs on the whole sky can be obtained as

¨ Q
%
%

� : a a a

_ q
:

�

�

� � �
�

⎛
⎝⎜

⎞
⎠⎟

( ) ( )
( )

N
t

z cr z
dt
dz

dz4

6 10
10 yr Mpc

yr . 23

z

z

obs 13

20

GRB
2

2 GRB
8 1 3

1

The detection rate of the ULGRBs is reduced by the beaming
factor, R R8 q n��≔ ( )2 3.8 10 5beam

2 3 2, since the off-axis
bursts are not detectable. By multiplying the beaming factor by
Equation (23), the detection rate is about one event per year.
The emission from an expanding cocoon fireball might play

a key role to raise the detection rate of the event. After the jet
breakout, the cocoon also breaks out of the star and evolves
like a nonrelativistic fireball outside the star (Kashiyama et al.
2013; Nakauchi et al. 2013). The cocoon emission will be
isotropic and free from the beaming effect.

5.3. Feedback Effects on the Surrounding Environments

Various feedback effects are expected from the supermassive
collapsars, since they release a huge amount of energy. In fact,
the total energy of the cocoon fireball discussed above could be
as large as _ –E 10 10 ergc

55 56 , which can be calculated from
Equation (10), � �( )E E t tc c b . Then, the emission from the
cocoon fireball might be observed as the most energetic SN
explosions in the universe. Moreover, such a violent explosion
could disrupt the host haloand hinder the remnant massive
BHs from growing up to SMBHs within 11 Gyr after the BH
formation.
In addition, if heavy elements are produced in the jet head

and cocoon, they could contribute to the chemical enrichment
of the host halo. The metal-polluted gas will induce the
formation of a second generation of stars. The line features in
the cocoon emission could also tell us the abundance pattern of
the nucleosynthesis to confirm the SMS origin, although the
line may be broad owing to the high expansion velocity.
Recently, Johnson et al. (2013) and Whalen et al. (2013)

considered a very energetic SN explosion of _10 erg55 in the
first galaxiesand calculated the dynamical evolution of the
blast wave within the host. They found that whereas the blast
wave engulfs the entire galaxy, most of its energy is radiated
away via efficient cooling processes, so that the swept-up
matter(_ :M107 ) could recollapse to the host _70 Myr after
the explosion. Thus, such an energetic explosion might not
hinder the remnant massive BH from becoming supermassive
within 1 Gyr after its formation. On the other hand, the
momentum conservation suggests that the host galaxy is
expelled if the explosion energy is larger than

C_ �
:( )( )( )M M v10 10 10 km s 0.3c

56
halo

7
esc

1 erg. Thus, more
detailed calculations are worthwhile.
Even after contributing to the prompt emission, the

relativistic jet has a huge amount of kinetic energy
� �� � _H H H( )E E 1 10 ergk, iso ,iso

57 . This can leadto bright
afterglow emissions at various wavelengths (Ioka & Mészáros

Figure 7. Same as Figure 4, but the flux is calculated from the accreting
supermassive collapsar (magenta curves) assuming that the –E Lp p correlation
holds. We also show the light curves of the 1E5 model for reference.

Figure 8. Same as Figure 7, but the flux is calculated assuming that the
H–E Ep ,iso correlation holds.

13 This number density seems larger than that of the observed typical galaxies.
In Yue et al. (2014), however, they discussed that only a fraction of DCBHs
can grow up by the mass accretion and that most DCBHs do not acquire
sufficient mass and escape our observation.

8

The Astrophysical Journal, 00:000000 (9pp), 2015 Month Day Matsumoto et al.

 z=10!
 z=15!

 z=20!

When Ep-Lp relation holds!

Swift (BAT)

Rcr ∝ M3/2 (1)

Rff ∝ M2/5 (2)

Rms ∝ M1/2 (3)

M∗ = 105M⊙ (4)

z = 10 (5)

β (6)

M(r) =

∫ r

0
4πr′

2
ρdr′ (7)

tff ≃

√
r3

GM(r)
(8)

Lj(t) = ηjṀ(t)c2 (9)
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we evaluate them by applying simple empirical relations
to supermassive collapsar jets.
First of all, we describe our model for the prompt emis-

sion. We assume that once the jet breaks out the surface
at tb, the relativistic jet can contribute to the gamma-ray
emission by using a fraction ϵγ of its energy. Thus, the
collimation-corrected gamma-ray luminosity is given by
Lγ(t) = ϵγLj(t). We also assume that the high energy
emission lasts until all the matter in the envelope has
accreted onto the central BH at tff,∗ = tff(R∗). Hence,
the duration of the prompt emission can be evaluated
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isotropic luminosity of the prompt emission is given by
Lγ,iso(t) = 2

θ2 ϵγηjṀ(t)c2. In this model, the isotropic
radiated energy of the prompt emission Eγ,iso and the
peak luminosity Lp are estimated by

Eγ,iso=
2

θ2

∫ tff,∗

tb

Lγ(t)dt =
2

θ2
ϵγηjc

2

∫ tff,∗

tb

Ṁ(t)dt

=2.9× 1052
(∫ tff,∗

tb
Ṁdt

1M⊙

)
ergs, (16)

and

Lp=Lγ,iso(t = tb) =
2

θ2
ϵγηjc

2Ṁ(t = tb)

=2.9× 1052
(
Ṁ(t = tb)

1M⊙ s−1

)
ergs s−1. (17)

As long as the luminosity is proportional to the mass
accretion rate, the luminosity decreases monotonically
after the breakout. Therefore, the luminosity peaks at
the breakout.
Next, we evaluate the spectral peak energy of the

prompt emission in the central-engine frame Ep. Fol-
lowing Nakauchi et al. (2012), we assume that either one
of the two empirical correlations of LGRBs holds in su-
permassive collapsar jets: the Ep-Lp correlation or the
Ep-Eγ,iso correlation (Yonetoku et al. 2004; Amati et al.
2002). If the Ep-Lp correlation holds for the burst, then
the spectral peak energy can be evaluated from the peak
luminosity Lp, using the correlation

Lp

1052 erg s−1
≃ 2× 10−5

(
Ep

1 keV

)2.0

, (18)

as Ep = 5.6 × 102 and 1.6 × 102 keV for the 1E5 model
and the 1E4 model, respectively. On the other hand, if
the Ep-Eγ,iso correlation holds for the burst, Ep can be
evaluated from the isotropic radiated energy Eγ,iso, using
the correlation

Ep

1 keV
≃ 80

(
Eγ,iso

1052 erg

)0.57

, (19)

as Ep = 2.6 × 104 and 1.4 × 104 keV for the 1E5 model
and the 1E4 model, respectively. We summarize the ob-
servational signatures of the prompt emission from the
supermassive collapsar jets in Table 1, where the redshift
of the burst is set as z = 15. In lines 4 and 5, the spec-
tral peak energy in the observer frame Eobs

p is given by

Eobs
p = Ep/(1 + z). From Table 1, we find that the to-

tal energy is much larger than that of LGRBs, while the

Table 1
Observational Characteristics of the Prompt Emission at z = 15

Progenitor Model 1E5 1E4
Eγ,iso [erg] 2.5× 1056 8.4× 1055

Lp [erg s−1] 6.2× 1052 5.1× 1051

Eobs
p [keV] 3.5× 10 1.0× 10

Eobs
p [keV] 1.6× 103 8.6× 102

Notes. Eobs
p in line 4 and Eobs

p in line 5 show the peak energy
of the spectrum predicted by the empirical relations (18) and (19),
respectively.

peak luminosity is comparable to them. The accretion
time of SMS is much longer than that of LGRB so that
SMS releases much larger amount of energy than WR
collapsars although the luminosity is similar.
Finally, we discuss the detectability of the prompt

emission from the supermassive collapsar jet with detec-
tors like the Burst Alert Telescope (BAT) on board the
Swift satellite (Barthelmy et al. 2005). BAT covers the
energy range from Emin = 15 keV to Emax = 150 keV.
The energy flux detected by BAT is given by

fsig(tγ,obs) = Fbol(tγ)

∫ Emax

Emin
EN(E)dE

∫∞
0 EN(E)dE

, (20)

where tγ = t− tb, tγ,obs = (1 + z)tγ , N(E) and Fbol(tγ)
are the time from the breakout, the time in the observer
frame, the photon number spectrum and the bolometric
flux, respectively. Empirically, we assume that N(E) is
represented by the Band function (Band et al. 1993) with
the spectral indices of α = −1 and β = −2.3 (Kaneko et
al. 2006). The bolometric flux is given by

Fbol(tγ,obs) =
Lγ,iso(tγ)

4πdL(z)2
erg s−1 cm−2, (21)

where dL(z) is the luminosity distance.
In Figure 4, we show the light curves of the prompt

emission in the case of the Ep-Lp correlation. The red
and blue curves correspond to the 1E5 and the 1E4 mod-
els, respectively. We set the redshifts of the bursts as
z = 10 (solid), 15 (dash-dotted), 20 (dotted), respec-
tively. The gray dotted lines show the BAT sensitivities
fsen(∆tobs) with the integration times of ∆tobs = 1 s,
102 s, and 104 s, from top to bottom. If the burst enters
the field of view of the BAT at some time tγ,obs, and the
signal flux is larger than fsen(∆tobs), then it can be ob-
served by BAT up to tγ,obs +∆tobs. We can see that the
burst can be detectable up to z = 20 for ∆tobs = 102 s
in the 1E5 model. We can also see that the burst can
be detectable up to z = 20 for ∆tobs = 104 s in the 1E4
model.
In Figure 5, we show the light curves of the burst in

the case of the Ep-Eγ,iso correlation. We can see that
the observed flux is smaller by an order of magnitude
than that of the above case. This is because the Ep-
Eγ,iso correlation leads to Eobs

p ≃ 1MeV, which is out of
the BAT energy range. Nonetheless, we can see that the
burst can be detectable up to z = 20 for ∆tobs = 104 s
in the 1E5 model. On the other hand, in the 1E4 model,
longer integration times (∆tobs > 104 s) are needed to
detect the burst at such a high redshift of 20.
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we evaluate them by applying simple empirical relations
to supermassive collapsar jets.
First of all, we describe our model for the prompt emis-

sion. We assume that once the jet breaks out the surface
at tb, the relativistic jet can contribute to the gamma-ray
emission by using a fraction ϵγ of its energy. Thus, the
collimation-corrected gamma-ray luminosity is given by
Lγ(t) = ϵγLj(t). We also assume that the high energy
emission lasts until all the matter in the envelope has
accreted onto the central BH at tff,∗ = tff(R∗). Hence,
the duration of the prompt emission can be evaluated
by tff,∗ − tb. Hereafter, we adopt θ = 5◦, ϵγ = 0.1
and ηj = 6.2 × 10−4 as our fiducial values. Then the
isotropic luminosity of the prompt emission is given by
Lγ,iso(t) = 2

θ2 ϵγηjṀ(t)c2. In this model, the isotropic
radiated energy of the prompt emission Eγ,iso and the
peak luminosity Lp are estimated by

Eγ,iso=
2

θ2

∫ tff,∗

tb

Lγ(t)dt =
2

θ2
ϵγηjc

2

∫ tff,∗
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Ṁ(t)dt

=2.9× 1052
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tb
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1M⊙

)
ergs, (16)

and

Lp=Lγ,iso(t = tb) =
2

θ2
ϵγηjc

2Ṁ(t = tb)

=2.9× 1052
(
Ṁ(t = tb)

1M⊙ s−1

)
ergs s−1. (17)

As long as the luminosity is proportional to the mass
accretion rate, the luminosity decreases monotonically
after the breakout. Therefore, the luminosity peaks at
the breakout.
Next, we evaluate the spectral peak energy of the

prompt emission in the central-engine frame Ep. Fol-
lowing Nakauchi et al. (2012), we assume that either one
of the two empirical correlations of LGRBs holds in su-
permassive collapsar jets: the Ep-Lp correlation or the
Ep-Eγ,iso correlation (Yonetoku et al. 2004; Amati et al.
2002). If the Ep-Lp correlation holds for the burst, then
the spectral peak energy can be evaluated from the peak
luminosity Lp, using the correlation

Lp

1052 erg s−1
≃ 2× 10−5

(
Ep

1 keV

)2.0

, (18)

as Ep = 5.6 × 102 and 1.6 × 102 keV for the 1E5 model
and the 1E4 model, respectively. On the other hand, if
the Ep-Eγ,iso correlation holds for the burst, Ep can be
evaluated from the isotropic radiated energy Eγ,iso, using
the correlation

Ep

1 keV
≃ 80

(
Eγ,iso

1052 erg

)0.57

, (19)

as Ep = 2.6 × 104 and 1.4 × 104 keV for the 1E5 model
and the 1E4 model, respectively. We summarize the ob-
servational signatures of the prompt emission from the
supermassive collapsar jets in Table 1, where the redshift
of the burst is set as z = 15. In lines 4 and 5, the spec-
tral peak energy in the observer frame Eobs

p is given by

Eobs
p = Ep/(1 + z). From Table 1, we find that the to-

tal energy is much larger than that of LGRBs, while the

Table 1
Observational Characteristics of the Prompt Emission at z = 15

Progenitor Model 1E5 1E4
Eγ,iso [erg] 2.5× 1056 8.4× 1055

Lp [erg s−1] 6.2× 1052 5.1× 1051

Eobs
p [keV] 3.5× 10 1.0× 10

Eobs
p [keV] 1.6× 103 8.6× 102

Notes. Eobs
p in line 4 and Eobs

p in line 5 show the peak energy
of the spectrum predicted by the empirical relations (18) and (19),
respectively.

peak luminosity is comparable to them. The accretion
time of SMS is much longer than that of LGRB so that
SMS releases much larger amount of energy than WR
collapsars although the luminosity is similar.
Finally, we discuss the detectability of the prompt

emission from the supermassive collapsar jet with detec-
tors like the Burst Alert Telescope (BAT) on board the
Swift satellite (Barthelmy et al. 2005). BAT covers the
energy range from Emin = 15 keV to Emax = 150 keV.
The energy flux detected by BAT is given by

fsig(tγ,obs) = Fbol(tγ)

∫ Emax

Emin
EN(E)dE

∫∞
0 EN(E)dE

, (20)

where tγ = t− tb, tγ,obs = (1 + z)tγ , N(E) and Fbol(tγ)
are the time from the breakout, the time in the observer
frame, the photon number spectrum and the bolometric
flux, respectively. Empirically, we assume that N(E) is
represented by the Band function (Band et al. 1993) with
the spectral indices of α = −1 and β = −2.3 (Kaneko et
al. 2006). The bolometric flux is given by

Fbol(tγ,obs) =
Lγ,iso(tγ)

4πdL(z)2
erg s−1 cm−2, (21)

where dL(z) is the luminosity distance.
In Figure 4, we show the light curves of the prompt

emission in the case of the Ep-Lp correlation. The red
and blue curves correspond to the 1E5 and the 1E4 mod-
els, respectively. We set the redshifts of the bursts as
z = 10 (solid), 15 (dash-dotted), 20 (dotted), respec-
tively. The gray dotted lines show the BAT sensitivities
fsen(∆tobs) with the integration times of ∆tobs = 1 s,
102 s, and 104 s, from top to bottom. If the burst enters
the field of view of the BAT at some time tγ,obs, and the
signal flux is larger than fsen(∆tobs), then it can be ob-
served by BAT up to tγ,obs +∆tobs. We can see that the
burst can be detectable up to z = 20 for ∆tobs = 102 s
in the 1E5 model. We can also see that the burst can
be detectable up to z = 20 for ∆tobs = 104 s in the 1E4
model.
In Figure 5, we show the light curves of the burst in

the case of the Ep-Eγ,iso correlation. We can see that
the observed flux is smaller by an order of magnitude
than that of the above case. This is because the Ep-
Eγ,iso correlation leads to Eobs

p ≃ 1MeV, which is out of
the BAT energy range. Nonetheless, we can see that the
burst can be detectable up to z = 20 for ∆tobs = 104 s
in the 1E5 model. On the other hand, in the 1E4 model,
longer integration times (∆tobs > 104 s) are needed to
detect the burst at such a high redshift of 20.
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As long as the luminosity is proportional to the mass accretion
rate, the luminosity decreases monotonically after the breakout.
Therefore, the luminosity peaks at the breakout.

Next, we evaluate the spectral peak energy of the prompt
emission in the central-engine frame Ep. Following Nakauchi
et al. (2012), we assume that either one of the two empirical
correlations of LGRBs holds in supermassive collapsar jets: the
E Lp p– correlation or the E Ep ,iso– H correlation (Yonetoku
et al. 2004; Amati et al. 2002). If the E Lp p– correlation holds
for the burst, then the spectral peak energy can be evaluated
from the peak luminosity Lp, using the correlation

L E

10 erg s
2 10

1 keV
, 18p

52 1
5 p
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( )q
�
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⎛
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⎞
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as E 5.6 10p
2� q and 1.6 10 keV2q for the 1E5 model and

the 1E4 model, respectively. On the other hand, if the E Ep ,iso– H
correlation holds for the burst, Ep can be evaluated from the
isotropic radiated energy E ,isoH , using the correlation

E E

1 keV
80

10 erg
, 19p ,iso

52

0.57

( )H�
⎛
⎝⎜

⎞
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as E 2.6 10p
4� q and 1.4 10 keV4q for the 1E5 model and

the 1E4 model, respectively. We summarize the observational
signatures of the prompt emission from the supermassive
collapsar jets in Table 1, where the redshift of the burst is set as
z = 15. In lines 4 and 5, the spectral peak energy in the
observer frame Ep

obs is given by E E z1p
obs

p ( )� � . From
Table 1, we find that the total energy is much larger than that of
LGRBs, while the peak luminosity is comparable to them. The
accretion time of SMSs is much longer than that of LGRBs, so
that SMSs releasea much larger amount of energy than W-R
collapsars, although the luminosity is similar.

Finally, we discuss the detectability of the prompt emission
from the supermassive collapsar jet with detectors like the
Burst Alert Telescope (BAT) on board the Swift satellite
(Barthelmy et al. 2005). BAT covers the energy range from
E 15min � to E 150 keVmax � . The energy flux detected by

BAT is given by

f t F t
EN E dE

EN E dE
, 20E

E

sig ,obs bol

0

min

max

( ) ( )
( )

( )
( )

¨

¨
�H H d

where t t tb� �H , t z t1,obs ( )� �H H, N(E), and F tbol ( )H are the
time from the breakout, the time in the observer frame, the
photon number spectrum, and the bolometric flux, respectively.
Empirically, we assume that N(E) is represented by the Band
function (Band et al. 1993) with the spectral indices of 1B � �
and 2.3C � � (Kaneko et al. 2006). The bolometric flux is
given by

F t
L t

d z4
erg s cm , 21bol ,obs

,iso

L
2

1 2( ) ( )
( )

( )
Q

�H
H H � �

where d zL ( ) is the luminosity distance.
In Figure 4, we show the light curves of the prompt emission

in the case of the E Lp p– correlation. The red and blue curves
correspond to the 1E5 and1E4 models, respectively. We set
the redshifts of the bursts as z = 10 (solid), 15 (dot-dashed),
and 20 (dotted). The gray dotted lines show the BAT
sensitivities f tsen obs( )% with the integration times of

t 1obs% � s, 102 s, and 104 s, from top to bottom. If the
burst enters the field of view of the BAT at some time t ,obsH ,
and the signal flux is larger than f tsen obs( )% , then it can be
observed by BAT up to t t,obs obs� %H . We can see that the burst
can be detectable up to z = 20 for t 10 sobs

2% � in the 1E5
model. We can also see that the burst can be detectable up to
z = 20 for t 10 sobs

4% � in the 1E4 model.
In Figure 5, we show the light curves of the burst in the case

of the E Ep ,iso– H correlation. We can see that the observed flux
is smaller by an order of magnitude than that of the above case.
This is because the E Ep ,iso– H correlation leads to
E 1 MeVp

obs � , which is out of the BAT energy range.
Nonetheless, we can see that the burst can be detectable up
to z = 20 for t 10 sobs

4% � in the 1E5 model. On the other

Table 1
Observational Characteristics of the Prompt Emission at z = 15

Progenitor Model 1E5 1E4

E ,isoH (erg) 2.5 × 1056 8.4 × 1055

Lp (erg s 1� ) 6.2 × 1052 5.1 × 1051

Ep
obs (keV) 3.5 × 10 1.0 × 10

Ep
obs (keV) 1.6 × 103 8.6 × 102

Note. Ep
obs in line 4 and Ep

obs in line 5 show the peak energy of the spectrum
predicted by the empirical relations (18) and (19), respectively.

Figure 4. Light curves of the prompt emission of the ULGRBs from
supermassive collapsars. The flux is calculated at the Swift BAT energy range
(15–150 keV), assuming that the E Lp p– correlation holds. The red and blue
curves correspond to the 1E5 and 1E4 models, respectively. The redshifts of
the bursts are z = 10 (solid), 15 (dot-dashed), and 20 (dotted).The gray dotted
lines show the BAT sensitivities f tsen obs( )% with the integration times of

t 1, 10 , 10obs
2 4% � s, from top to bottom.

6

The Astrophysical Journal, 810:64 (9pp), 2015 September 1 Matsumoto et al.

MeV Gamma-rays 

10-11

10-10

10-9

10-8

10-7

10-1 100 101 102 103 104 105 106 107 108 109

flu
x(

15
-1

50
 k

eV
) [

 e
rg

 s
-1

 c
m

-2
 ]

observer time [ s ]

Accreting model
1E5 model

10-11

10-10

10-9

10-8

10-7

10-1 100 101 102 103 104 105 106 107 108 109

flu
x(

15
-1

50
 k

eV
) [

 e
rg

 s
-1

 c
m

-2
 ]

observer time [ s ]

Accreting model
1E5 model

10-11

10-10

10-9

10-8

10-7

10-1 100 101 102 103 104 105 106 107 108 109

flu
x(

15
-1

50
 ke

V)
 [ 

er
g 

s-1
 cm

-2
 ]

observer time [ s ]

Accreting model
1E5 model

the cumulative number of ULGRBs % ( )N z that have redshifts
less than z can be calculated from

¨ Q% � : a a a%( ) ( )( ) ( )N z z cr z
dt
dz

dz t4 , 22
z

0
GRB

2
obs

where :GRB is the intrinsic event rate of ULGRBs and r(z) is
the comoving distance to the redshift z. While the intrinsic
event rate :GRB is still uncertain, we can roughly estimate it by
using the formation rate of SMSs or DCBHs, which are
theoretically studied in the previous studies (Agarwal
et al. 2012; Dijkstra et al. 2014; Yue et al. 2014).

Yue et al. (2014) studied the formation rate of DCBHs in the
early universe. They found that DCBHs can be formed from
z = 20 to 13 (corresponding to ∼150Myr), and that the
comoving mass density of DCBHs can be
S _ q �

:M2 10 MpcDCBH
6 3. Since they assumed the typical

mass of a DCBH as _ :M M10DCBH
6 , the comoving number

density of DCBHs can be evaluated as

S_ _ �n M 2 MpcDCBH DCBH DCBH
3 .13 Then, we can obtain

the intrinsic rate of ULGRBs as
: _ _� � � �2 Mpc 150 Myr 10 yr MpcGRB

3 8 1 3. It should be
noted that in this rough estimate, we assume that all the SMSs
collapse to DCBHs after they contribute to ULGRBs. This rate
may be optimistic.
Substituting the above value into Equation (22), the event

rate of the ULGRBs on the whole sky can be obtained as

¨ Q
%
%

� : a a a

_ q
:

�

�

� � �
�

⎛
⎝⎜

⎞
⎠⎟

( ) ( )
( )

N
t

z cr z
dt
dz

dz4

6 10
10 yr Mpc

yr . 23

z

z

obs 13

20

GRB
2

2 GRB
8 1 3

1

The detection rate of the ULGRBs is reduced by the beaming
factor, R R8 q n��≔ ( )2 3.8 10 5beam

2 3 2, since the off-axis
bursts are not detectable. By multiplying the beaming factor by
Equation (23), the detection rate is about one event per year.
The emission from an expanding cocoon fireball might play

a key role to raise the detection rate of the event. After the jet
breakout, the cocoon also breaks out of the star and evolves
like a nonrelativistic fireball outside the star (Kashiyama et al.
2013; Nakauchi et al. 2013). The cocoon emission will be
isotropic and free from the beaming effect.

5.3. Feedback Effects on the Surrounding Environments

Various feedback effects are expected from the supermassive
collapsars, since they release a huge amount of energy. In fact,
the total energy of the cocoon fireball discussed above could be
as large as _ –E 10 10 ergc

55 56 , which can be calculated from
Equation (10), � �( )E E t tc c b . Then, the emission from the
cocoon fireball might be observed as the most energetic SN
explosions in the universe. Moreover, such a violent explosion
could disrupt the host haloand hinder the remnant massive
BHs from growing up to SMBHs within 11 Gyr after the BH
formation.
In addition, if heavy elements are produced in the jet head

and cocoon, they could contribute to the chemical enrichment
of the host halo. The metal-polluted gas will induce the
formation of a second generation of stars. The line features in
the cocoon emission could also tell us the abundance pattern of
the nucleosynthesis to confirm the SMS origin, although the
line may be broad owing to the high expansion velocity.
Recently, Johnson et al. (2013) and Whalen et al. (2013)

considered a very energetic SN explosion of _10 erg55 in the
first galaxiesand calculated the dynamical evolution of the
blast wave within the host. They found that whereas the blast
wave engulfs the entire galaxy, most of its energy is radiated
away via efficient cooling processes, so that the swept-up
matter(_ :M107 ) could recollapse to the host _70 Myr after
the explosion. Thus, such an energetic explosion might not
hinder the remnant massive BH from becoming supermassive
within 1 Gyr after its formation. On the other hand, the
momentum conservation suggests that the host galaxy is
expelled if the explosion energy is larger than

C_ �
:( )( )( )M M v10 10 10 km s 0.3c

56
halo

7
esc

1 erg. Thus, more
detailed calculations are worthwhile.
Even after contributing to the prompt emission, the

relativistic jet has a huge amount of kinetic energy
� �� � _H H H( )E E 1 10 ergk, iso ,iso

57 . This can leadto bright
afterglow emissions at various wavelengths (Ioka & Mészáros

Figure 7. Same as Figure 4, but the flux is calculated from the accreting
supermassive collapsar (magenta curves) assuming that the –E Lp p correlation
holds. We also show the light curves of the 1E5 model for reference.

Figure 8. Same as Figure 7, but the flux is calculated assuming that the
H–E Ep ,iso correlation holds.

13 This number density seems larger than that of the observed typical galaxies.
In Yue et al. (2014), however, they discussed that only a fraction of DCBHs
can grow up by the mass accretion and that most DCBHs do not acquire
sufficient mass and escape our observation.
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the cumulative number of ULGRBs % ( )N z that have redshifts
less than z can be calculated from
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where :GRB is the intrinsic event rate of ULGRBs and r(z) is
the comoving distance to the redshift z. While the intrinsic
event rate :GRB is still uncertain, we can roughly estimate it by
using the formation rate of SMSs or DCBHs, which are
theoretically studied in the previous studies (Agarwal
et al. 2012; Dijkstra et al. 2014; Yue et al. 2014).

Yue et al. (2014) studied the formation rate of DCBHs in the
early universe. They found that DCBHs can be formed from
z = 20 to 13 (corresponding to ∼150Myr), and that the
comoving mass density of DCBHs can be
S _ q �

:M2 10 MpcDCBH
6 3. Since they assumed the typical

mass of a DCBH as _ :M M10DCBH
6 , the comoving number

density of DCBHs can be evaluated as

S_ _ �n M 2 MpcDCBH DCBH DCBH
3 .13 Then, we can obtain

the intrinsic rate of ULGRBs as
: _ _� � � �2 Mpc 150 Myr 10 yr MpcGRB

3 8 1 3. It should be
noted that in this rough estimate, we assume that all the SMSs
collapse to DCBHs after they contribute to ULGRBs. This rate
may be optimistic.
Substituting the above value into Equation (22), the event

rate of the ULGRBs on the whole sky can be obtained as
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The detection rate of the ULGRBs is reduced by the beaming
factor, R R8 q n��≔ ( )2 3.8 10 5beam

2 3 2, since the off-axis
bursts are not detectable. By multiplying the beaming factor by
Equation (23), the detection rate is about one event per year.
The emission from an expanding cocoon fireball might play

a key role to raise the detection rate of the event. After the jet
breakout, the cocoon also breaks out of the star and evolves
like a nonrelativistic fireball outside the star (Kashiyama et al.
2013; Nakauchi et al. 2013). The cocoon emission will be
isotropic and free from the beaming effect.

5.3. Feedback Effects on the Surrounding Environments

Various feedback effects are expected from the supermassive
collapsars, since they release a huge amount of energy. In fact,
the total energy of the cocoon fireball discussed above could be
as large as _ –E 10 10 ergc

55 56 , which can be calculated from
Equation (10), � �( )E E t tc c b . Then, the emission from the
cocoon fireball might be observed as the most energetic SN
explosions in the universe. Moreover, such a violent explosion
could disrupt the host haloand hinder the remnant massive
BHs from growing up to SMBHs within 11 Gyr after the BH
formation.
In addition, if heavy elements are produced in the jet head

and cocoon, they could contribute to the chemical enrichment
of the host halo. The metal-polluted gas will induce the
formation of a second generation of stars. The line features in
the cocoon emission could also tell us the abundance pattern of
the nucleosynthesis to confirm the SMS origin, although the
line may be broad owing to the high expansion velocity.
Recently, Johnson et al. (2013) and Whalen et al. (2013)

considered a very energetic SN explosion of _10 erg55 in the
first galaxiesand calculated the dynamical evolution of the
blast wave within the host. They found that whereas the blast
wave engulfs the entire galaxy, most of its energy is radiated
away via efficient cooling processes, so that the swept-up
matter(_ :M107 ) could recollapse to the host _70 Myr after
the explosion. Thus, such an energetic explosion might not
hinder the remnant massive BH from becoming supermassive
within 1 Gyr after its formation. On the other hand, the
momentum conservation suggests that the host galaxy is
expelled if the explosion energy is larger than
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1 erg. Thus, more
detailed calculations are worthwhile.
Even after contributing to the prompt emission, the
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Figure 7. Same as Figure 4, but the flux is calculated from the accreting
supermassive collapsar (magenta curves) assuming that the –E Lp p correlation
holds. We also show the light curves of the 1E5 model for reference.

Figure 8. Same as Figure 7, but the flux is calculated assuming that the
H–E Ep ,iso correlation holds.

13 This number density seems larger than that of the observed typical galaxies.
In Yue et al. (2014), however, they discussed that only a fraction of DCBHs
can grow up by the mass accretion and that most DCBHs do not acquire
sufficient mass and escape our observation.
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we evaluate them by applying simple empirical relations
to supermassive collapsar jets.
First of all, we describe our model for the prompt emis-

sion. We assume that once the jet breaks out the surface
at tb, the relativistic jet can contribute to the gamma-ray
emission by using a fraction ϵγ of its energy. Thus, the
collimation-corrected gamma-ray luminosity is given by
Lγ(t) = ϵγLj(t). We also assume that the high energy
emission lasts until all the matter in the envelope has
accreted onto the central BH at tff,∗ = tff(R∗). Hence,
the duration of the prompt emission can be evaluated
by tff,∗ − tb. Hereafter, we adopt θ = 5◦, ϵγ = 0.1
and ηj = 6.2 × 10−4 as our fiducial values. Then the
isotropic luminosity of the prompt emission is given by
Lγ,iso(t) = 2

θ2 ϵγηjṀ(t)c2. In this model, the isotropic
radiated energy of the prompt emission Eγ,iso and the
peak luminosity Lp are estimated by

Eγ,iso=
2

θ2

∫ tff,∗

tb

Lγ(t)dt =
2

θ2
ϵγηjc

2

∫ tff,∗

tb

Ṁ(t)dt

=2.9× 1052
(∫ tff,∗

tb
Ṁdt

1M⊙

)
ergs, (16)

and

Lp=Lγ,iso(t = tb) =
2

θ2
ϵγηjc

2Ṁ(t = tb)

=2.9× 1052
(
Ṁ(t = tb)

1M⊙ s−1

)
ergs s−1. (17)

As long as the luminosity is proportional to the mass
accretion rate, the luminosity decreases monotonically
after the breakout. Therefore, the luminosity peaks at
the breakout.
Next, we evaluate the spectral peak energy of the

prompt emission in the central-engine frame Ep. Fol-
lowing Nakauchi et al. (2012), we assume that either one
of the two empirical correlations of LGRBs holds in su-
permassive collapsar jets: the Ep-Lp correlation or the
Ep-Eγ,iso correlation (Yonetoku et al. 2004; Amati et al.
2002). If the Ep-Lp correlation holds for the burst, then
the spectral peak energy can be evaluated from the peak
luminosity Lp, using the correlation

Lp

1052 erg s−1
≃ 2× 10−5

(
Ep

1 keV

)2.0

, (18)

as Ep = 5.6 × 102 and 1.6 × 102 keV for the 1E5 model
and the 1E4 model, respectively. On the other hand, if
the Ep-Eγ,iso correlation holds for the burst, Ep can be
evaluated from the isotropic radiated energy Eγ,iso, using
the correlation

Ep

1 keV
≃ 80

(
Eγ,iso

1052 erg

)0.57

, (19)

as Ep = 2.6 × 104 and 1.4 × 104 keV for the 1E5 model
and the 1E4 model, respectively. We summarize the ob-
servational signatures of the prompt emission from the
supermassive collapsar jets in Table 1, where the redshift
of the burst is set as z = 15. In lines 4 and 5, the spec-
tral peak energy in the observer frame Eobs

p is given by

Eobs
p = Ep/(1 + z). From Table 1, we find that the to-

tal energy is much larger than that of LGRBs, while the

Table 1
Observational Characteristics of the Prompt Emission at z = 15

Progenitor Model 1E5 1E4
Eγ,iso [erg] 2.5× 1056 8.4× 1055

Lp [erg s−1] 6.2× 1052 5.1× 1051

Eobs
p [keV] 3.5× 10 1.0× 10

Eobs
p [keV] 1.6× 103 8.6× 102

Notes. Eobs
p in line 4 and Eobs

p in line 5 show the peak energy
of the spectrum predicted by the empirical relations (18) and (19),
respectively.

peak luminosity is comparable to them. The accretion
time of SMS is much longer than that of LGRB so that
SMS releases much larger amount of energy than WR
collapsars although the luminosity is similar.
Finally, we discuss the detectability of the prompt

emission from the supermassive collapsar jet with detec-
tors like the Burst Alert Telescope (BAT) on board the
Swift satellite (Barthelmy et al. 2005). BAT covers the
energy range from Emin = 15 keV to Emax = 150 keV.
The energy flux detected by BAT is given by

fsig(tγ,obs) = Fbol(tγ)

∫ Emax

Emin
EN(E)dE

∫∞
0 EN(E)dE

, (20)

where tγ = t− tb, tγ,obs = (1 + z)tγ , N(E) and Fbol(tγ)
are the time from the breakout, the time in the observer
frame, the photon number spectrum and the bolometric
flux, respectively. Empirically, we assume that N(E) is
represented by the Band function (Band et al. 1993) with
the spectral indices of α = −1 and β = −2.3 (Kaneko et
al. 2006). The bolometric flux is given by

Fbol(tγ,obs) =
Lγ,iso(tγ)

4πdL(z)2
erg s−1 cm−2, (21)

where dL(z) is the luminosity distance.
In Figure 4, we show the light curves of the prompt

emission in the case of the Ep-Lp correlation. The red
and blue curves correspond to the 1E5 and the 1E4 mod-
els, respectively. We set the redshifts of the bursts as
z = 10 (solid), 15 (dash-dotted), 20 (dotted), respec-
tively. The gray dotted lines show the BAT sensitivities
fsen(∆tobs) with the integration times of ∆tobs = 1 s,
102 s, and 104 s, from top to bottom. If the burst enters
the field of view of the BAT at some time tγ,obs, and the
signal flux is larger than fsen(∆tobs), then it can be ob-
served by BAT up to tγ,obs +∆tobs. We can see that the
burst can be detectable up to z = 20 for ∆tobs = 102 s
in the 1E5 model. We can also see that the burst can
be detectable up to z = 20 for ∆tobs = 104 s in the 1E4
model.
In Figure 5, we show the light curves of the burst in

the case of the Ep-Eγ,iso correlation. We can see that
the observed flux is smaller by an order of magnitude
than that of the above case. This is because the Ep-
Eγ,iso correlation leads to Eobs

p ≃ 1MeV, which is out of
the BAT energy range. Nonetheless, we can see that the
burst can be detectable up to z = 20 for ∆tobs = 104 s
in the 1E5 model. On the other hand, in the 1E4 model,
longer integration times (∆tobs > 104 s) are needed to
detect the burst at such a high redshift of 20.
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Energetic Cocoon Fireball 
Ec〜1055-56	erg	
Mc〜102-3Msun	

Kashiyama et al. 2013!
Nakauchi et al. 2013 

Hinder successive !
mass accretion !
onto DCBH?	

Cocoon Emission!

βh ≃

√
Lj/cΣh

ρc2
(1)

βc ≃

√
Pc

ρc2
(2)

Ec ∝
∫ tb

Ljdt (3)

Ec ≪ Mcc2

τ0 ∼ κMc/Rc(0)2 ≫ 1

MBH ∼ 105M⊙

MBH ∼ 109M⊙

F = GM1M2
r2

MBH = Mseed exp(
1−ϵ
ϵ

t(z)
tEdd

)

Mseed ! 300M⊙

Mseed ∼ 102−3M⊙

Mseed ∼ 105M⊙

Lγ ∼ 1051 erg s−1

Eγ ∼ 1053 erg

βh ∼ L̃1/2
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z = 10 z = 15 z = 20 e.g. z = 7.085 M ≃ 2 × 109 M⊙ 2000 年代以降、赤方偏移
∼ 6の初期宇宙（ビッグバンからおよそ 1Gyr後）では質量が 109M⊙ の超巨大ブラック
ホール (BH) が観測されている。この超巨大 BH が恒星質量 BH のガス降着によって形
成されたと考えると、質量獲得には時間がかかりすぎることが指摘されている。よって、
より短時間で観測されている超巨大 BH が形成できるような過程を考えなければならな
い。近年、このような形成過程の一つとして、超大質量星と呼ばれる天体が注目されてい
る。超大質量星とは、質量 105M⊙、半径が 1014−15 cmの巨大な恒星で、重力崩壊によっ
てほぼ同質量の BH を形成すると考えられている。この大質量 BH がガス降着で成長す
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る。超大質量星とは、質量 105M⊙、半径が 1014−15 cmの巨大な恒星で、重力崩壊によっ
てほぼ同質量の BH を形成すると考えられている。この大質量 BH がガス降着で成長す
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z = 10 z = 15 z = 20 e.g. z = 7.085 M ≃ 2 × 109 M⊙ 2000 年代以降、赤方偏移
∼ 6の初期宇宙（ビッグバンからおよそ 1Gyr後）では質量が 109M⊙ の超巨大ブラック
ホール (BH) が観測されている。この超巨大 BH が恒星質量 BH のガス降着によって形
成されたと考えると、質量獲得には時間がかかりすぎることが指摘されている。よって、
より短時間で観測されている超巨大 BH が形成できるような過程を考えなければならな
い。近年、このような形成過程の一つとして、超大質量星と呼ばれる天体が注目されてい
る。超大質量星とは、質量 105M⊙、半径が 1014−15 cmの巨大な恒星で、重力崩壊によっ
てほぼ同質量の BH を形成すると考えられている。この大質量 BH がガス降着で成長す
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Figure 5. Same as Fig. 2, but for the Accreting SMS model.
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Figure 7. Same as Fig. 4, but for the Accreting SMS model.

emission as the red objects in a color-color diagram.
In Fig. 8, we show the temporal evolution of the spec-

tral energy distribution (SED) of the cocoon emission
at z = 15. It is obtained from the Accreting SMS
model. The horizontal axis corresponds to the wave-
length in the observer frame. The vertical axis repre-
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Figure 8. Time evolution of the spectral energy distribution
(SED) of the cocoon emission from the Accreting SMS at z = 15.
The horizontal axis shows the wavelength in the observer frame.
The vertical axis represents the flux density. The SEDs after 10,
40, 100, 400, 1000, and 4000 days are shown with the red, green,
blue, magenta, light-blue, and orange solid curves, respectively.
We represent the wavelength range in which photons suffer from
Lyman-α absorption with dark-shaded region. We also show the
regions which correspond to H-, K- and, L- bands with light-shaded
regions. The grey dashed lines in H, K, and L bands represent the
sensitivities of Euclid, WFIRST, and WISH. The grey dash-dotted
and dotted curves also show the sensitivities of JWST in the spec-
troscopic and photometric observations, respectively. The Lyman-
α damping at λobs ! 1.95[(1 + z)/16]µm tells us the redshift of
the burst.

sents the observed flux density. The dark-grey shaded
region shows the wavelength region in which photons
are absorbed by neutral hydrogen in the intergalactic
medium. The light-grey shaded regions correspond to
the H-, K-, and L-bands from left to right, respectively.
The horizontal dashed lines represent the sensitivities of
Euclid, WFIRST, and WISH from top to bottom. We
also show the sensitivities of James Webb Space Tele-
scope (JWST )7, in the spectroscopic and photometric
observations with the dash-dotted and dotted curves, re-
spectively. JWST might be useful for the follow-up spec-
troscopy.
From Fig. 8, we find that the flux is above the detec-

tion limit of JWST spectroscopy for tobs ! 1000 days.
In this case, we can identify the absorption edge of the
SED, which is made by Lyman-α absorption. Then, the
distance or redshift of the event may be measured by
the Gunn-Peterson trough, as is often done in the QSO
observations (Gunn & Peterson 1965).
We can obtain the spectroscopic information around

the first peak of the cocoon emission for tobs ! 2500 days.
If the SED can be taken around of the first peak, we
can estimate the bolometric luminosity at the first peak
L1st. As shown in Eq. (B7), the bolometric luminosity
does not change so much until the recombination starts
at the photosphere. Therefore, we use Eq. (B7) for the
luminosity L1st bellow. We will be able to estimate the
photospheric velocity vph from e.g., the P Cygni profile
of the hydrogen Balmer line (λHα = 0.656(1 + z)µm).
From the photometric observation, the duration of the
cocoon emission in the observer frame ∆tco(1 + z) can
be also obtained.

7 http://www.stsci.edu/jwst/science/sensitivity
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より短時間で観測されている超巨大 BH が形成できるような過程を考えなければならな

1

Lyman-α absorption!

⇒ Near Infrared!
   e.g. Euclid, WFIRST!
           WISH,  !

Arnett 1980　　Popov 1993　　Dexter & Kasen 2013 !
Kashiyama et al. 2013　　Nakauchi et al. 2013    



5

Accreting

:Euclid  z=10  

 20

 22

 24

 26

 28

 0  200  400  600  800  1000

AB
 m

ag
ni

tu
de

observer time [ day ]

J-band
H-band

Figure 5. Same as Fig. 2, but for the Accreting SMS model.
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Figure 6. Same as Fig. 3, but for the Accreting SMS model.
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Figure 7. Same as Fig. 4, but for the Accreting SMS model.

emission as the red objects in a color-color diagram.
In Fig. 8, we show the temporal evolution of the spec-

tral energy distribution (SED) of the cocoon emission
at z = 15. It is obtained from the Accreting SMS
model. The horizontal axis corresponds to the wave-
length in the observer frame. The vertical axis repre-
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Figure 8. Time evolution of the spectral energy distribution
(SED) of the cocoon emission from the Accreting SMS at z = 15.
The horizontal axis shows the wavelength in the observer frame.
The vertical axis represents the flux density. The SEDs after 10,
40, 100, 400, 1000, and 4000 days are shown with the red, green,
blue, magenta, light-blue, and orange solid curves, respectively.
We represent the wavelength range in which photons suffer from
Lyman-α absorption with dark-shaded region. We also show the
regions which correspond to H-, K- and, L- bands with light-shaded
regions. The grey dashed lines in H, K, and L bands represent the
sensitivities of Euclid, WFIRST, and WISH. The grey dash-dotted
and dotted curves also show the sensitivities of JWST in the spec-
troscopic and photometric observations, respectively. The Lyman-
α damping at λobs ! 1.95[(1 + z)/16]µm tells us the redshift of
the burst.

sents the observed flux density. The dark-grey shaded
region shows the wavelength region in which photons
are absorbed by neutral hydrogen in the intergalactic
medium. The light-grey shaded regions correspond to
the H-, K-, and L-bands from left to right, respectively.
The horizontal dashed lines represent the sensitivities of
Euclid, WFIRST, and WISH from top to bottom. We
also show the sensitivities of James Webb Space Tele-
scope (JWST )7, in the spectroscopic and photometric
observations with the dash-dotted and dotted curves, re-
spectively. JWST might be useful for the follow-up spec-
troscopy.
From Fig. 8, we find that the flux is above the detec-

tion limit of JWST spectroscopy for tobs ! 1000 days.
In this case, we can identify the absorption edge of the
SED, which is made by Lyman-α absorption. Then, the
distance or redshift of the event may be measured by
the Gunn-Peterson trough, as is often done in the QSO
observations (Gunn & Peterson 1965).
We can obtain the spectroscopic information around

the first peak of the cocoon emission for tobs ! 2500 days.
If the SED can be taken around of the first peak, we
can estimate the bolometric luminosity at the first peak
L1st. As shown in Eq. (B7), the bolometric luminosity
does not change so much until the recombination starts
at the photosphere. Therefore, we use Eq. (B7) for the
luminosity L1st bellow. We will be able to estimate the
photospheric velocity vph from e.g., the P Cygni profile
of the hydrogen Balmer line (λHα = 0.656(1 + z)µm).
From the photometric observation, the duration of the
cocoon emission in the observer frame ∆tco(1 + z) can
be also obtained.

7 http://www.stsci.edu/jwst/science/sensitivity
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Lj ∝ Ṁ(t) ∼ t
3−2n

3

rh ∼ βht

βh ∝ t
n−3
9−2n

1

βh ≃

√
Lj/cΣh

ρc2
(1)

βc ≃

√
Pc

ρc2
(2)

Ec ∝
∫ tb

Ljdt (3)

Mc ≃ 103 M⊙ ∆t14/5co,7 L
−2/5
c,45 v9/5ph,10,

Ec ≃ 1056 erg ∆t14/5co,7 L
−2/5
c,45 v19/5ph,10,

Rc ≃ 1014 cm Lc,45v
−2
ph,10,

Lc ∼ 1045erg s−1Rc,14Ec,56M
−1
c,3

∆tco ∼ 107sR1/7
c,14E

−5/28
c,56 M15/28

c,3

λobs ! 1.95µm[(1 + z)/16]

Lc

vph ∼ 1010cm s−1E1/2
c,56M

−1/2
c,3

Ec ≪ Mcc2

τ0 ∼ κMc/Rc(0)2 ≫ 1

MBH ∼ 105M⊙

MBH ∼ 109M⊙

F = GM1M2
r2

MBH = Mseed exp(
1−ϵ
ϵ

t(z)
tEdd

)

Mseed ! 300M⊙

Mseed ∼ 102−3M⊙

Mseed ∼ 105M⊙

Lγ ∼ 1051 erg s−1

Eγ ∼ 1053 erg

βh ∼ L̃1/2

Lj ∝ Ṁ(t) ∼ t
3−2n

3

rh ∼ βht

βh ∝ t
n−3
9−2n

1

βh ≃

√
Lj/cΣh

ρc2
(1)

βc ≃

√
Pc

ρc2
(2)

Ec ∝
∫ tb

Ljdt (3)

Mc ≃ 103 M⊙ ∆t14/5co,7 L
−2/5
c,45 v9/5ph,10,

Ec ≃ 1056 erg ∆t14/5co,7 L
−2/5
c,45 v19/5ph,10,

Rc ≃ 1014 cm Lc,45v
−2
ph,10,

Lc ∼ 1045erg s−1Rc,14Ec,56M
−1
c,3

∆tco ∼ 107sR1/7
c,14E

−5/28
c,56 M15/28

c,3

λobs ! 1.95µm[(1 + z)/16]

Lc

vph ∼ 1010cm s−1E1/2
c,56M

−1/2
c,3

Ec ≪ Mcc2

τ0 ∼ κMc/Rc(0)2 ≫ 1

MBH ∼ 105M⊙

MBH ∼ 109M⊙

F = GM1M2
r2

MBH = Mseed exp(
1−ϵ
ϵ

t(z)
tEdd

)

Mseed ! 300M⊙

Mseed ∼ 102−3M⊙

Mseed ∼ 105M⊙

Lγ ∼ 1051 erg s−1

Eγ ∼ 1053 erg

βh ∼ L̃1/2
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Outline 
ü Introduction!
ü Jet propagation in supermassive stars!
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ü Cocoon Emissions from SMS GRBs!

ü Summary 



Summary 
ü SMSs : seed candidate of SMBHs.!
                No observational evidence.!
ü SMSs can produce ultra-long GRBs!
              : radiation pressure dominated!
                duration > 104 s!
                detectable with Swift!
                MeV detectors are needed to detect  !
                                            GRBs with long durations.!
ü Energetic cocoon fireballs may be !
                                   an evidence for SMSs !
!


