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Supermassive Black Holes @ z ~ 7 
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Origin?? !
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1.  Population III stars (First stars)"

2. Supermassive Population III stars (SMSs)"

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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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
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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   : Ultra-luminous Supernovae!!	
The Character of Cocoon Emissions	
＊wavelength :	
　　 A Target of Future Near-Infrared Telescopes	
　　　　　  WISH, WFIRST, Euclid, JWST	
 
 
 
 
 
 
 

＊Important Observables 
　① Redshift : from Gunn Peterson trough 
　② Bolometric luminosity	
　③ Photon diffusion time : from light curve 
 
 
　④ photospheric velocity : from spectroscopy 
 

＊Cocoon parameter estimate from observables 
　① 
　② 
　③ 	
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Gamma-Ray Bursts (GRBs) : Jet-like explosions produced by collapses of massive stars 
　　　　　　　　  　  　　　　　　　　　 &	
　　　　　　　　　　　     Progenitors : Wolf-Rayet stars ( R* ~ 1010-11 cm, M* ~ 10 M⦿)	
Explosion Mechanism (Collapsar Scanario) [2] 
　 
 
 
 
 
 
 
Supermassive Progenitor Model : M* = 105M⦿	

① 1E5 model 
Evolved from zero metal ZAMS stars [3]　 
② Accreting model  
Evolved under a rapid mass accretion (~1 M⦿/yr)[4]	
 ※R* ~ 1014-15cm ~ Red super giants (RSG) 
 
 
 
Can jets penetrate SMSs’ large envelope and produce GRBs?? 
　 calculation of the jet propagation in SMSs 

Method [5,6]                                                                  Results	

　 
 

opening angle               (fixed) 	
 
 
 
 
 
 
 
 
Jets reach progenitors’ surface & are not swallowed by cocoons 	

     Jets can break out of the envelope and produce GRBs!!	
The Character of the GRBs from SMSs	
＊　  
＊ 
　  Detectable by BAT onboard Swift satellite !	

＊ 
　  Ultra-long duration ! 
＊ Event rate < a few / yr / sky	
　 : reduced by jet beaming…	
　  More events if emissions are isotropic	
＊ Explosion energy	
　  Negative feedback for remnant BHs growth !  	
　  Delay of growth ( ~ 70 Myr ) [15,16], or evacuate the host galaxy	

＊ Supermassive BHs (SMBHs) at high-z Universe:	
　    z ~ 6 – 7 (only 0.77 Gyr since the Big Bang), M ~ 109 M⦿ [1] 
＊ When BHs grow with gas accretion,   
 
 
　     What is the seed BH ??	

Ultra-long Gamma-ray Bursts  
from Supermassive  Population III Stars  
Tatsuya Matsumoto (Kyoto Univ.) 
   The existence of black holes (BHs) of mass ~ 109 M⦿ at z > 6 is a big puzzle in astrophysics because even optimistic estimates of the accretion time are insufficient for stellar-mass	
BHs of ~ 10 M⦿ to grow into such supermassive BHs. A resolution of this puzzle might be the direct collapse of supermassive stars with mass M ~ 105 M⦿ into massive seed BHs.	
   We find that if a jet is launched from the accretion disk around the central BH, the jet can break out of the star because of the structure of the radiation-pressure-dominated envelope.	
Such ultra-long gamma-ray bursts with duration of ~ 104-6 s and flux of 10-11-10-8 erg s-1 cm-2 could be detectable by Swift. We estimate an event rate of < 1 yr -1. The total explosion	
energy is 1055-56 erg. The resulting negative feed back delays the growth of the remnant BH by about 70 Myr or evacuates the host galaxy completely. Furthermore, we show that the	
energy injected from the jet into a cocoon is huge ~ 1055-56 erg, so that the cocoon fireball is observed as an ultra-luminous supernova of ~1045-46 erg s-1 for ~ 5000 [(1+z)/16] days.	
They will be detectable by future telescopes with near-infrared bands, such as Euclid, WFIRST, WISH, and JWST up to z ~ 20 and < 10 events per year, providing a direct evidence of	
the direct collapse BH scenario.    	
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Emission from Cocoon Fireballs :                                  &                          & 
 
 
3.2 Results  
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＊SMSs : collapse into seed BHs of high-z SMBHs."
＊SMSs can launch GRBs in spite of their large envelope."
　　 Ultra-long GRBs & Ultra-luminous SNe"
　　 Observations can enable us to estimate the progenitor mass. 

D. Nakauchi (Tohoku Univ.), K. Ioka (KEK) 
A. Heger (Monash Univ.), T. Nakamura (Kyoto Univ.) 

① Gravitational Collapse  ② Jet Launch ③ Jet Breakout 

1. Introduction 

＊ Optically thick and non-relativistic fireballs   
　      Type IIP SNe like emissions [9,10]

 

＊ One-zone light curve model [11-13]	
　 　　　　　　　　 & 	
　 homologous expansion : 	
	
	
　 ① Ionized Hydrogen　　　② Hydrogen Recombination	
　　 : photon diffusion                 : photosphere moves inward	
　　  　　　　　　　　　　　　　plateau in light curves	

    seed candidates:	
    1. First stars (Population III stars) : 	
    2. Supermassive Population III stars (Supermassive stars: SMSs) : 	
 
 But, SMSs have never observed…	
⇒ We study the detectability of SMSs 	
           focusing on Gamma-Ray Bursts produced by collapses of SMSs.	

MBH(t) = MBH,0 exp

[
1− ϵ

ϵ

t− t0
0.45Gyr

]

2. Gamma-Ray Bursts from SMSs 3. Supernovae associating with the GRBs 
δtγ ∼ 101−2s L

≃
Lγ,iso ∼ 1053erg/s

BH Accretion 
        disk 

10-15

10-10

10-5

100

105

1010

108 109 1010 1011 1012 1013 1014 1015 1016

radius [ cm ]

r-3

r-3/2

1E5 model
Accreting model

RSG

10-11

10-10

10-9

10-8

10-7

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

observer time [ s ]

1E5 model
Accreting model

Too large radius for jets to break out 	
                                      and produce GRBs  

D
en

sit
y 

[ g
/c

m
3  ]
	

Radius [ cm ]	

∼ ⊙
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   : Ultra-luminous Supernovae!!	
The Character of Cocoon Emissions	
＊wavelength :	
　　 A Target of Future Near-Infrared Telescopes	
　　　　　  WISH, WFIRST, Euclid, JWST	
 
 
 
 
 
 
 

＊Important Observables 
　① Redshift : from Gunn Peterson trough 
　② Bolometric luminosity	
　③ Photon diffusion time : from light curve 
 
 
　④ photospheric velocity : from spectroscopy 
 

＊Cocoon parameter estimate from observables 
　① 
　② 
　③ 	
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Gamma-Ray Bursts (GRBs) : Jet-like explosions produced by collapses of massive stars 
　　　　　　　　  　  　　　　　　　　　 &	
　　　　　　　　　　　     Progenitors : Wolf-Rayet stars ( R* ~ 1010-11 cm, M* ~ 10 M⦿)	
Explosion Mechanism (Collapsar Scanario) [2] 
　 
 
 
 
 
 
 
Supermassive Progenitor Model : M* = 105M⦿	

① 1E5 model 
Evolved from zero metal ZAMS stars [3]　 
② Accreting model  
Evolved under a rapid mass accretion (~1 M⦿/yr)[4]	
 ※R* ~ 1014-15cm ~ Red super giants (RSG) 
 
 
 
Can jets penetrate SMSs’ large envelope and produce GRBs?? 
　 calculation of the jet propagation in SMSs 

Method [5,6]                                                                  Results	

　 
 

opening angle               (fixed) 	
 
 
 
 
 
 
 
 
Jets reach progenitors’ surface & are not swallowed by cocoons 	

     Jets can break out of the envelope and produce GRBs!!	
The Character of the GRBs from SMSs	
＊　  
＊ 
　  Detectable by BAT onboard Swift satellite !	

＊ 
　  Ultra-long duration ! 
＊ Event rate < a few / yr / sky	
　 : reduced by jet beaming…	
　  More events if emissions are isotropic	
＊ Explosion energy	
　  Negative feedback for remnant BHs growth !  	
　  Delay of growth ( ~ 70 Myr ) [15,16], or evacuate the host galaxy	

＊ Supermassive BHs (SMBHs) at high-z Universe:	
　    z ~ 6 – 7 (only 0.77 Gyr since the Big Bang), M ~ 109 M⦿ [1] 
＊ When BHs grow with gas accretion,   
 
 
　     What is the seed BH ??	

Ultra-long Gamma-ray Bursts  
from Supermassive  Population III Stars  
Tatsuya Matsumoto (Kyoto Univ.) 
   The existence of black holes (BHs) of mass ~ 109 M⦿ at z > 6 is a big puzzle in astrophysics because even optimistic estimates of the accretion time are insufficient for stellar-mass	
BHs of ~ 10 M⦿ to grow into such supermassive BHs. A resolution of this puzzle might be the direct collapse of supermassive stars with mass M ~ 105 M⦿ into massive seed BHs.	
   We find that if a jet is launched from the accretion disk around the central BH, the jet can break out of the star because of the structure of the radiation-pressure-dominated envelope.	
Such ultra-long gamma-ray bursts with duration of ~ 104-6 s and flux of 10-11-10-8 erg s-1 cm-2 could be detectable by Swift. We estimate an event rate of < 1 yr -1. The total explosion	
energy is 1055-56 erg. The resulting negative feed back delays the growth of the remnant BH by about 70 Myr or evacuates the host galaxy completely. Furthermore, we show that the	
energy injected from the jet into a cocoon is huge ~ 1055-56 erg, so that the cocoon fireball is observed as an ultra-luminous supernova of ~1045-46 erg s-1 for ~ 5000 [(1+z)/16] days.	
They will be detectable by future telescopes with near-infrared bands, such as Euclid, WFIRST, WISH, and JWST up to z ~ 20 and < 10 events per year, providing a direct evidence of	
the direct collapse BH scenario.    	
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＊SMSs : collapse into seed BHs of high-z SMBHs."
＊SMSs can launch GRBs in spite of their large envelope."
　　 Ultra-long GRBs & Ultra-luminous SNe"
　　 Observations can enable us to estimate the progenitor mass. 

D. Nakauchi (Tohoku Univ.), K. Ioka (KEK) 
A. Heger (Monash Univ.), T. Nakamura (Kyoto Univ.) 

① Gravitational Collapse  ② Jet Launch ③ Jet Breakout 

1. Introduction 

＊ Optically thick and non-relativistic fireballs   
　      Type IIP SNe like emissions [9,10]

 

＊ One-zone light curve model [11-13]	
　 　　　　　　　　 & 	
　 homologous expansion : 	
	
	
　 ① Ionized Hydrogen　　　② Hydrogen Recombination	
　　 : photon diffusion                 : photosphere moves inward	
　　  　　　　　　　　　　　　　plateau in light curves	

    seed candidates:	
    1. First stars (Population III stars) : 	
    2. Supermassive Population III stars (Supermassive stars: SMSs) : 	
 
 But, SMSs have never observed…	
⇒ We study the detectability of SMSs 	
           focusing on Gamma-Ray Bursts produced by collapses of SMSs.	

MBH(t) = MBH,0 exp
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2. Gamma-Ray Bursts from SMSs 3. Supernovae associating with the GRBs 
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✏ = L/Ṁc2 = 0.1

t0 ⇠ 0.75Gyr(z = 15),MBH,0 ⇠ 105M� ! MBH(t) ⇠ 109M�

t0 ⇠ 0.18Gyr(z = 20),MBH,0 ⇠ 102M� ! MBH(t) ⇠ 107M�

✓ = 5�

(�h > �c)

z = 15	
z = 10	

L ⇠ 1045 erg/sRc,14Ec,56M
�1
c,3

�
obs

⇠ 2µm[(1 + z)/16]

 : J, H, K, L band	
 : 24-28 AB Mag	
 : 100-20000 deg2	

Estimate of the progenitor mass�

⇠
Z

Ljdt ⇠ 1055�56 erg⇠ 1055�56 erg	

 
	

   : Ultra-luminous Supernovae!!	
The Character of Cocoon Emissions	
＊wavelength :	
　　 A Target of Future Near-Infrared Telescopes	
　　　　　  WISH, WFIRST, Euclid, JWST	
 
 
 
 
 
 
 

＊Important Observables 
　① Redshift : from Gunn Peterson trough 
　② Bolometric luminosity	
　③ Photon diffusion time : from light curve 
 
 
　④ photospheric velocity : from spectroscopy 
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Gamma-Ray Bursts (GRBs) : Jet-like explosions produced by collapses of massive stars 
　　　　　　　　  　  　　　　　　　　　 &	
　　　　　　　　　　　     Progenitors : Wolf-Rayet stars ( R* ~ 1010-11 cm, M* ~ 10 M⦿)	
Explosion Mechanism (Collapsar Scanario) [2] 
　 
 
 
 
 
 
 
Supermassive Progenitor Model : M* = 105M⦿	

① 1E5 model 
Evolved from zero metal ZAMS stars [3]　 
② Accreting model  
Evolved under a rapid mass accretion (~1 M⦿/yr)[4]	
 ※R* ~ 1014-15cm ~ Red super giants (RSG) 
 
 
 
Can jets penetrate SMSs’ large envelope and produce GRBs?? 
　 calculation of the jet propagation in SMSs 

Method [5,6]                                                                  Results	
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Jets reach progenitors’ surface & are not swallowed by cocoons 	

     Jets can break out of the envelope and produce GRBs!!	
The Character of the GRBs from SMSs	
＊　  
＊ 
　  Detectable by BAT onboard Swift satellite !	

＊ 
　  Ultra-long duration ! 
＊ Event rate < a few / yr / sky	
　 : reduced by jet beaming…	
　  More events if emissions are isotropic	
＊ Explosion energy	
　  Negative feedback for remnant BHs growth !  	
　  Delay of growth ( ~ 70 Myr ) [15,16], or evacuate the host galaxy	

＊ Supermassive BHs (SMBHs) at high-z Universe:	
　    z ~ 6 – 7 (only 0.77 Gyr since the Big Bang), M ~ 109 M⦿ [1] 
＊ When BHs grow with gas accretion,   
 
 
　     What is the seed BH ??	

Ultra-long Gamma-ray Bursts  
from Supermassive  Population III Stars  
Tatsuya Matsumoto (Kyoto Univ.) 
   The existence of black holes (BHs) of mass ~ 109 M⦿ at z > 6 is a big puzzle in astrophysics because even optimistic estimates of the accretion time are insufficient for stellar-mass	
BHs of ~ 10 M⦿ to grow into such supermassive BHs. A resolution of this puzzle might be the direct collapse of supermassive stars with mass M ~ 105 M⦿ into massive seed BHs.	
   We find that if a jet is launched from the accretion disk around the central BH, the jet can break out of the star because of the structure of the radiation-pressure-dominated envelope.	
Such ultra-long gamma-ray bursts with duration of ~ 104-6 s and flux of 10-11-10-8 erg s-1 cm-2 could be detectable by Swift. We estimate an event rate of < 1 yr -1. The total explosion	
energy is 1055-56 erg. The resulting negative feed back delays the growth of the remnant BH by about 70 Myr or evacuates the host galaxy completely. Furthermore, we show that the	
energy injected from the jet into a cocoon is huge ~ 1055-56 erg, so that the cocoon fireball is observed as an ultra-luminous supernova of ~1045-46 erg s-1 for ~ 5000 [(1+z)/16] days.	
They will be detectable by future telescopes with near-infrared bands, such as Euclid, WFIRST, WISH, and JWST up to z ~ 20 and < 10 events per year, providing a direct evidence of	
the direct collapse BH scenario.    	
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① Gravitational Collapse  ② Jet Launch ③ Jet Breakout 

1. Introduction 

＊ Optically thick and non-relativistic fireballs   
　      Type IIP SNe like emissions [9,10]

 

＊ One-zone light curve model [11-13]	
　 　　　　　　　　 & 	
　 homologous expansion : 	
	
	
　 ① Ionized Hydrogen　　　② Hydrogen Recombination	
　　 : photon diffusion                 : photosphere moves inward	
　　  　　　　　　　　　　　　　plateau in light curves	

    seed candidates:	
    1. First stars (Population III stars) : 	
    2. Supermassive Population III stars (Supermassive stars: SMSs) : 	
 
 But, SMSs have never observed…	
⇒ We study the detectability of SMSs 	
           focusing on Gamma-Ray Bursts produced by collapses of SMSs.	
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   : Ultra-luminous Supernovae!!	
The Character of Cocoon Emissions	
＊wavelength :	
　　 A Target of Future Near-Infrared Telescopes	
　　　　　  WISH, WFIRST, Euclid, JWST	
 
 
 
 
 
 
 

＊Important Observables 
　① Redshift : from Gunn Peterson trough 
　② Bolometric luminosity	
　③ Photon diffusion time : from light curve 
 
 
　④ photospheric velocity : from spectroscopy 
 

＊Cocoon parameter estimate from observables 
　① 
　② 
　③ 	
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Gamma-Ray Bursts (GRBs) : Jet-like explosions produced by collapses of massive stars 
　　　　　　　　  　  　　　　　　　　　 &	
　　　　　　　　　　　     Progenitors : Wolf-Rayet stars ( R* ~ 1010-11 cm, M* ~ 10 M⦿)	
Explosion Mechanism (Collapsar Scanario) [2] 
　 
 
 
 
 
 
 
Supermassive Progenitor Model : M* = 105M⦿	

① 1E5 model 
Evolved from zero metal ZAMS stars [3]　 
② Accreting model  
Evolved under a rapid mass accretion (~1 M⦿/yr)[4]	
 ※R* ~ 1014-15cm ~ Red super giants (RSG) 
 
 
 
Can jets penetrate SMSs’ large envelope and produce GRBs?? 
　 calculation of the jet propagation in SMSs 

Method [5,6]                                                                  Results	

　 
 

opening angle               (fixed) 	
 
 
 
 
 
 
 
 
Jets reach progenitors’ surface & are not swallowed by cocoons 	

     Jets can break out of the envelope and produce GRBs!!	
The Character of the GRBs from SMSs	
＊　  
＊ 
　  Detectable by BAT onboard Swift satellite !	

＊ 
　  Ultra-long duration ! 
＊ Event rate < a few / yr / sky	
　 : reduced by jet beaming…	
　  More events if emissions are isotropic	
＊ Explosion energy	
　  Negative feedback for remnant BHs growth !  	
　  Delay of growth ( ~ 70 Myr ) [15,16], or evacuate the host galaxy	

＊ Supermassive BHs (SMBHs) at high-z Universe:	
　    z ~ 6 – 7 (only 0.77 Gyr since the Big Bang), M ~ 109 M⦿ [1] 
＊ When BHs grow with gas accretion,   
 
 
　     What is the seed BH ??	

Ultra-long Gamma-ray Bursts  
from Supermassive  Population III Stars  
Tatsuya Matsumoto (Kyoto Univ.) 
   The existence of black holes (BHs) of mass ~ 109 M⦿ at z > 6 is a big puzzle in astrophysics because even optimistic estimates of the accretion time are insufficient for stellar-mass	
BHs of ~ 10 M⦿ to grow into such supermassive BHs. A resolution of this puzzle might be the direct collapse of supermassive stars with mass M ~ 105 M⦿ into massive seed BHs.	
   We find that if a jet is launched from the accretion disk around the central BH, the jet can break out of the star because of the structure of the radiation-pressure-dominated envelope.	
Such ultra-long gamma-ray bursts with duration of ~ 104-6 s and flux of 10-11-10-8 erg s-1 cm-2 could be detectable by Swift. We estimate an event rate of < 1 yr -1. The total explosion	
energy is 1055-56 erg. The resulting negative feed back delays the growth of the remnant BH by about 70 Myr or evacuates the host galaxy completely. Furthermore, we show that the	
energy injected from the jet into a cocoon is huge ~ 1055-56 erg, so that the cocoon fireball is observed as an ultra-luminous supernova of ~1045-46 erg s-1 for ~ 5000 [(1+z)/16] days.	
They will be detectable by future telescopes with near-infrared bands, such as Euclid, WFIRST, WISH, and JWST up to z ~ 20 and < 10 events per year, providing a direct evidence of	
the direct collapse BH scenario.    	

L̃ ≃ Lj

ρ(rh)c3Σh
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3.2 Results  
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＊SMSs : collapse into seed BHs of high-z SMBHs."
＊SMSs can launch GRBs in spite of their large envelope."
　　 Ultra-long GRBs & Ultra-luminous SNe"
　　 Observations can enable us to estimate the progenitor mass. 

D. Nakauchi (Tohoku Univ.), K. Ioka (KEK) 
A. Heger (Monash Univ.), T. Nakamura (Kyoto Univ.) 

① Gravitational Collapse  ② Jet Launch ③ Jet Breakout 

1. Introduction 

＊ Optically thick and non-relativistic fireballs   
　      Type IIP SNe like emissions [9,10]

 

＊ One-zone light curve model [11-13]	
　 　　　　　　　　 & 	
　 homologous expansion : 	
	
	
　 ① Ionized Hydrogen　　　② Hydrogen Recombination	
　　 : photon diffusion                 : photosphere moves inward	
　　  　　　　　　　　　　　　　plateau in light curves	

    seed candidates:	
    1. First stars (Population III stars) : 	
    2. Supermassive Population III stars (Supermassive stars: SMSs) : 	
 
 But, SMSs have never observed…	
⇒ We study the detectability of SMSs 	
           focusing on Gamma-Ray Bursts produced by collapses of SMSs.	
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   : Ultra-luminous Supernovae!!	
The Character of Cocoon Emissions	
＊wavelength :	
　　 A Target of Future Near-Infrared Telescopes	
　　　　　  WISH, WFIRST, Euclid, JWST	
 
 
 
 
 
 
 

＊Important Observables 
　① Redshift : from Gunn Peterson trough 
　② Bolometric luminosity	
　③ Photon diffusion time : from light curve 
 
 
　④ photospheric velocity : from spectroscopy 
 

＊Cocoon parameter estimate from observables 
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Gamma-Ray Bursts (GRBs) : Jet-like explosions produced by collapses of massive stars 
　　　　　　　　  　  　　　　　　　　　 &	
　　　　　　　　　　　     Progenitors : Wolf-Rayet stars ( R* ~ 1010-11 cm, M* ~ 10 M⦿)	
Explosion Mechanism (Collapsar Scanario) [2] 
　 
 
 
 
 
 
 
Supermassive Progenitor Model : M* = 105M⦿	

① 1E5 model 
Evolved from zero metal ZAMS stars [3]　 
② Accreting model  
Evolved under a rapid mass accretion (~1 M⦿/yr)[4]	
 ※R* ~ 1014-15cm ~ Red super giants (RSG) 
 
 
 
Can jets penetrate SMSs’ large envelope and produce GRBs?? 
　 calculation of the jet propagation in SMSs 

Method [5,6]                                                                  Results	

　 
 

opening angle               (fixed) 	
 
 
 
 
 
 
 
 
Jets reach progenitors’ surface & are not swallowed by cocoons 	

     Jets can break out of the envelope and produce GRBs!!	
The Character of the GRBs from SMSs	
＊　  
＊ 
　  Detectable by BAT onboard Swift satellite !	

＊ 
　  Ultra-long duration ! 
＊ Event rate < a few / yr / sky	
　 : reduced by jet beaming…	
　  More events if emissions are isotropic	
＊ Explosion energy	
　  Negative feedback for remnant BHs growth !  	
　  Delay of growth ( ~ 70 Myr ) [15,16], or evacuate the host galaxy	

＊ Supermassive BHs (SMBHs) at high-z Universe:	
　    z ~ 6 – 7 (only 0.77 Gyr since the Big Bang), M ~ 109 M⦿ [1] 
＊ When BHs grow with gas accretion,   
 
 
　     What is the seed BH ??	

Ultra-long Gamma-ray Bursts  
from Supermassive  Population III Stars  
Tatsuya Matsumoto (Kyoto Univ.) 
   The existence of black holes (BHs) of mass ~ 109 M⦿ at z > 6 is a big puzzle in astrophysics because even optimistic estimates of the accretion time are insufficient for stellar-mass	
BHs of ~ 10 M⦿ to grow into such supermassive BHs. A resolution of this puzzle might be the direct collapse of supermassive stars with mass M ~ 105 M⦿ into massive seed BHs.	
   We find that if a jet is launched from the accretion disk around the central BH, the jet can break out of the star because of the structure of the radiation-pressure-dominated envelope.	
Such ultra-long gamma-ray bursts with duration of ~ 104-6 s and flux of 10-11-10-8 erg s-1 cm-2 could be detectable by Swift. We estimate an event rate of < 1 yr -1. The total explosion	
energy is 1055-56 erg. The resulting negative feed back delays the growth of the remnant BH by about 70 Myr or evacuates the host galaxy completely. Furthermore, we show that the	
energy injected from the jet into a cocoon is huge ~ 1055-56 erg, so that the cocoon fireball is observed as an ultra-luminous supernova of ~1045-46 erg s-1 for ~ 5000 [(1+z)/16] days.	
They will be detectable by future telescopes with near-infrared bands, such as Euclid, WFIRST, WISH, and JWST up to z ~ 20 and < 10 events per year, providing a direct evidence of	
the direct collapse BH scenario.    	
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＊SMSs : collapse into seed BHs of high-z SMBHs."
＊SMSs can launch GRBs in spite of their large envelope."
　　 Ultra-long GRBs & Ultra-luminous SNe"
　　 Observations can enable us to estimate the progenitor mass. 

D. Nakauchi (Tohoku Univ.), K. Ioka (KEK) 
A. Heger (Monash Univ.), T. Nakamura (Kyoto Univ.) 

① Gravitational Collapse  ② Jet Launch ③ Jet Breakout 

1. Introduction 

＊ Optically thick and non-relativistic fireballs   
　      Type IIP SNe like emissions [9,10]

 

＊ One-zone light curve model [11-13]	
　 　　　　　　　　 & 	
　 homologous expansion : 	
	
	
　 ① Ionized Hydrogen　　　② Hydrogen Recombination	
　　 : photon diffusion                 : photosphere moves inward	
　　  　　　　　　　　　　　　　plateau in light curves	

    seed candidates:	
    1. First stars (Population III stars) : 	
    2. Supermassive Population III stars (Supermassive stars: SMSs) : 	
 
 But, SMSs have never observed…	
⇒ We study the detectability of SMSs 	
           focusing on Gamma-Ray Bursts produced by collapses of SMSs.	
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＊Jets can break out of !
    large envelopes!!
    ⇒Ultra-long GRBs!
!
!
＊Ultra-Luminous Supernovae !
    associate with GRBs!!

Gamma-Ray Bursts from SMSs  

＊A target of NIR telescopes	
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   : Ultra-luminous Supernovae!!	
The Character of Cocoon Emissions	
＊wavelength :	
　　 A Target of Future Near-Infrared Telescopes	
　　　　　  WISH, WFIRST, Euclid, JWST	
 
 
 
 
 
 
 

＊Important Observables 
　① Redshift : from Gunn Peterson trough 
　② Bolometric luminosity	
　③ Photon diffusion time : from light curve 
 
 
　④ photospheric velocity : from spectroscopy 
 

＊Cocoon parameter estimate from observables 
　① 
　② 
　③ 	
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Gamma-Ray Bursts (GRBs) : Jet-like explosions produced by collapses of massive stars 
　　　　　　　　  　  　　　　　　　　　 &	
　　　　　　　　　　　     Progenitors : Wolf-Rayet stars ( R* ~ 1010-11 cm, M* ~ 10 M⦿)	
Explosion Mechanism (Collapsar Scanario) [2] 
　 
 
 
 
 
 
 
Supermassive Progenitor Model : M* = 105M⦿	

① 1E5 model 
Evolved from zero metal ZAMS stars [3]　 
② Accreting model  
Evolved under a rapid mass accretion (~1 M⦿/yr)[4]	
 ※R* ~ 1014-15cm ~ Red super giants (RSG) 
 
 
 
Can jets penetrate SMSs’ large envelope and produce GRBs?? 
　 calculation of the jet propagation in SMSs 

Method [5,6]                                                                  Results	

　 
 

opening angle               (fixed) 	
 
 
 
 
 
 
 
 
Jets reach progenitors’ surface & are not swallowed by cocoons 	

     Jets can break out of the envelope and produce GRBs!!	
The Character of the GRBs from SMSs	
＊　  
＊ 
　  Detectable by BAT onboard Swift satellite !	

＊ 
　  Ultra-long duration ! 
＊ Event rate < a few / yr / sky	
　 : reduced by jet beaming…	
　  More events if emissions are isotropic	
＊ Explosion energy	
　  Negative feedback for remnant BHs growth !  	
　  Delay of growth ( ~ 70 Myr ) [15,16], or evacuate the host galaxy	

＊ Supermassive BHs (SMBHs) at high-z Universe:	
　    z ~ 6 – 7 (only 0.77 Gyr since the Big Bang), M ~ 109 M⦿ [1] 
＊ When BHs grow with gas accretion,   
 
 
　     What is the seed BH ??	

Ultra-long Gamma-ray Bursts  
from Supermassive  Population III Stars  
Tatsuya Matsumoto (Kyoto Univ.) 
   The existence of black holes (BHs) of mass ~ 109 M⦿ at z > 6 is a big puzzle in astrophysics because even optimistic estimates of the accretion time are insufficient for stellar-mass	
BHs of ~ 10 M⦿ to grow into such supermassive BHs. A resolution of this puzzle might be the direct collapse of supermassive stars with mass M ~ 105 M⦿ into massive seed BHs.	
   We find that if a jet is launched from the accretion disk around the central BH, the jet can break out of the star because of the structure of the radiation-pressure-dominated envelope.	
Such ultra-long gamma-ray bursts with duration of ~ 104-6 s and flux of 10-11-10-8 erg s-1 cm-2 could be detectable by Swift. We estimate an event rate of < 1 yr -1. The total explosion	
energy is 1055-56 erg. The resulting negative feed back delays the growth of the remnant BH by about 70 Myr or evacuates the host galaxy completely. Furthermore, we show that the	
energy injected from the jet into a cocoon is huge ~ 1055-56 erg, so that the cocoon fireball is observed as an ultra-luminous supernova of ~1045-46 erg s-1 for ~ 5000 [(1+z)/16] days.	
They will be detectable by future telescopes with near-infrared bands, such as Euclid, WFIRST, WISH, and JWST up to z ~ 20 and < 10 events per year, providing a direct evidence of	
the direct collapse BH scenario.    	

L̃ ≃ Lj

ρ(rh)c3Σh
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3.2 Results  
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＊SMSs : collapse into seed BHs of high-z SMBHs."
＊SMSs can launch GRBs in spite of their large envelope."
　　 Ultra-long GRBs & Ultra-luminous SNe"
　　 Observations can enable us to estimate the progenitor mass. 

D. Nakauchi (Tohoku Univ.), K. Ioka (KEK) 
A. Heger (Monash Univ.), T. Nakamura (Kyoto Univ.) 

① Gravitational Collapse  ② Jet Launch ③ Jet Breakout 

1. Introduction 

＊ Optically thick and non-relativistic fireballs   
　      Type IIP SNe like emissions [9,10]

 

＊ One-zone light curve model [11-13]	
　 　　　　　　　　 & 	
　 homologous expansion : 	
	
	
　 ① Ionized Hydrogen　　　② Hydrogen Recombination	
　　 : photon diffusion                 : photosphere moves inward	
　　  　　　　　　　　　　　　　plateau in light curves	

    seed candidates:	
    1. First stars (Population III stars) : 	
    2. Supermassive Population III stars (Supermassive stars: SMSs) : 	
 
 But, SMSs have never observed…	
⇒ We study the detectability of SMSs 	
           focusing on Gamma-Ray Bursts produced by collapses of SMSs.	
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2. Gamma-Ray Bursts from SMSs 3. Supernovae associating with the GRBs 
δtγ ∼ 101−2s L

≃
Lγ,iso ∼ 1053erg/s

BH Accretion 
        disk 

10-15

10-10

10-5

100

105

1010

108 109 1010 1011 1012 1013 1014 1015 1016

radius [ cm ]

r-3

r-3/2

1E5 model
Accreting model

RSG

10-11

10-10

10-9

10-8

10-7

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

observer time [ s ]

1E5 model
Accreting model

Too large radius for jets to break out 	
                                      and produce GRBs  

D
en

sit
y 

[ g
/c

m
3  ]
	

Radius [ cm ]	

∼ ⊙
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4. Conclusion 
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The Character of Cocoon Emissions	
＊wavelength :	
　　 A Target of Future Near-Infrared Telescopes	
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＊Important Observables 
　① Redshift : from Gunn Peterson trough 
　② Bolometric luminosity	
　③ Photon diffusion time : from light curve 
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Gamma-Ray Bursts (GRBs) : Jet-like explosions produced by collapses of massive stars 
　　　　　　　　  　  　　　　　　　　　 &	
　　　　　　　　　　　     Progenitors : Wolf-Rayet stars ( R* ~ 1010-11 cm, M* ~ 10 M⦿)	
Explosion Mechanism (Collapsar Scanario) [2] 
　 
 
 
 
 
 
 
Supermassive Progenitor Model : M* = 105M⦿	

① 1E5 model 
Evolved from zero metal ZAMS stars [3]　 
② Accreting model  
Evolved under a rapid mass accretion (~1 M⦿/yr)[4]	
 ※R* ~ 1014-15cm ~ Red super giants (RSG) 
 
 
 
Can jets penetrate SMSs’ large envelope and produce GRBs?? 
　 calculation of the jet propagation in SMSs 

Method [5,6]                                                                  Results	
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Jets reach progenitors’ surface & are not swallowed by cocoons 	

     Jets can break out of the envelope and produce GRBs!!	
The Character of the GRBs from SMSs	
＊　  
＊ 
　  Detectable by BAT onboard Swift satellite !	

＊ 
　  Ultra-long duration ! 
＊ Event rate < a few / yr / sky	
　 : reduced by jet beaming…	
　  More events if emissions are isotropic	
＊ Explosion energy	
　  Negative feedback for remnant BHs growth !  	
　  Delay of growth ( ~ 70 Myr ) [15,16], or evacuate the host galaxy	

＊ Supermassive BHs (SMBHs) at high-z Universe:	
　    z ~ 6 – 7 (only 0.77 Gyr since the Big Bang), M ~ 109 M⦿ [1] 
＊ When BHs grow with gas accretion,   
 
 
　     What is the seed BH ??	

Ultra-long Gamma-ray Bursts  
from Supermassive  Population III Stars  
Tatsuya Matsumoto (Kyoto Univ.) 
   The existence of black holes (BHs) of mass ~ 109 M⦿ at z > 6 is a big puzzle in astrophysics because even optimistic estimates of the accretion time are insufficient for stellar-mass	
BHs of ~ 10 M⦿ to grow into such supermassive BHs. A resolution of this puzzle might be the direct collapse of supermassive stars with mass M ~ 105 M⦿ into massive seed BHs.	
   We find that if a jet is launched from the accretion disk around the central BH, the jet can break out of the star because of the structure of the radiation-pressure-dominated envelope.	
Such ultra-long gamma-ray bursts with duration of ~ 104-6 s and flux of 10-11-10-8 erg s-1 cm-2 could be detectable by Swift. We estimate an event rate of < 1 yr -1. The total explosion	
energy is 1055-56 erg. The resulting negative feed back delays the growth of the remnant BH by about 70 Myr or evacuates the host galaxy completely. Furthermore, we show that the	
energy injected from the jet into a cocoon is huge ~ 1055-56 erg, so that the cocoon fireball is observed as an ultra-luminous supernova of ~1045-46 erg s-1 for ~ 5000 [(1+z)/16] days.	
They will be detectable by future telescopes with near-infrared bands, such as Euclid, WFIRST, WISH, and JWST up to z ~ 20 and < 10 events per year, providing a direct evidence of	
the direct collapse BH scenario.    	
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＊SMSs : collapse into seed BHs of high-z SMBHs."
＊SMSs can launch GRBs in spite of their large envelope."
　　 Ultra-long GRBs & Ultra-luminous SNe"
　　 Observations can enable us to estimate the progenitor mass. 

D. Nakauchi (Tohoku Univ.), K. Ioka (KEK) 
A. Heger (Monash Univ.), T. Nakamura (Kyoto Univ.) 

① Gravitational Collapse  ② Jet Launch ③ Jet Breakout 

1. Introduction 

＊ Optically thick and non-relativistic fireballs   
　      Type IIP SNe like emissions [9,10]

 

＊ One-zone light curve model [11-13]	
　 　　　　　　　　 & 	
　 homologous expansion : 	
	
	
　 ① Ionized Hydrogen　　　② Hydrogen Recombination	
　　 : photon diffusion                 : photosphere moves inward	
　　  　　　　　　　　　　　　　plateau in light curves	

    seed candidates:	
    1. First stars (Population III stars) : 	
    2. Supermassive Population III stars (Supermassive stars: SMSs) : 	
 
 But, SMSs have never observed…	
⇒ We study the detectability of SMSs 	
           focusing on Gamma-Ray Bursts produced by collapses of SMSs.	
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　② Bolometric luminosity	
　③ Photon diffusion time : from light curve 
 
 
　④ photospheric velocity : from spectroscopy 
 

＊Cocoon parameter estimate from observables 
　① 
　② 
　③ 	
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Gamma-Ray Bursts (GRBs) : Jet-like explosions produced by collapses of massive stars 
　　　　　　　　  　  　　　　　　　　　 &	
　　　　　　　　　　　     Progenitors : Wolf-Rayet stars ( R* ~ 1010-11 cm, M* ~ 10 M⦿)	
Explosion Mechanism (Collapsar Scanario) [2] 
　 
 
 
 
 
 
 
Supermassive Progenitor Model : M* = 105M⦿	

① 1E5 model 
Evolved from zero metal ZAMS stars [3]　 
② Accreting model  
Evolved under a rapid mass accretion (~1 M⦿/yr)[4]	
 ※R* ~ 1014-15cm ~ Red super giants (RSG) 
 
 
 
Can jets penetrate SMSs’ large envelope and produce GRBs?? 
　 calculation of the jet propagation in SMSs 

Method [5,6]                                                                  Results	

　 
 

opening angle               (fixed) 	
 
 
 
 
 
 
 
 
Jets reach progenitors’ surface & are not swallowed by cocoons 	

     Jets can break out of the envelope and produce GRBs!!	
The Character of the GRBs from SMSs	
＊　  
＊ 
　  Detectable by BAT onboard Swift satellite !	

＊ 
　  Ultra-long duration ! 
＊ Event rate < a few / yr / sky	
　 : reduced by jet beaming…	
　  More events if emissions are isotropic	
＊ Explosion energy	
　  Negative feedback for remnant BHs growth !  	
　  Delay of growth ( ~ 70 Myr ) [15,16], or evacuate the host galaxy	

＊ Supermassive BHs (SMBHs) at high-z Universe:	
　    z ~ 6 – 7 (only 0.77 Gyr since the Big Bang), M ~ 109 M⦿ [1] 
＊ When BHs grow with gas accretion,   
 
 
　     What is the seed BH ??	

Ultra-long Gamma-ray Bursts  
from Supermassive  Population III Stars  
Tatsuya Matsumoto (Kyoto Univ.) 
   The existence of black holes (BHs) of mass ~ 109 M⦿ at z > 6 is a big puzzle in astrophysics because even optimistic estimates of the accretion time are insufficient for stellar-mass	
BHs of ~ 10 M⦿ to grow into such supermassive BHs. A resolution of this puzzle might be the direct collapse of supermassive stars with mass M ~ 105 M⦿ into massive seed BHs.	
   We find that if a jet is launched from the accretion disk around the central BH, the jet can break out of the star because of the structure of the radiation-pressure-dominated envelope.	
Such ultra-long gamma-ray bursts with duration of ~ 104-6 s and flux of 10-11-10-8 erg s-1 cm-2 could be detectable by Swift. We estimate an event rate of < 1 yr -1. The total explosion	
energy is 1055-56 erg. The resulting negative feed back delays the growth of the remnant BH by about 70 Myr or evacuates the host galaxy completely. Furthermore, we show that the	
energy injected from the jet into a cocoon is huge ~ 1055-56 erg, so that the cocoon fireball is observed as an ultra-luminous supernova of ~1045-46 erg s-1 for ~ 5000 [(1+z)/16] days.	
They will be detectable by future telescopes with near-infrared bands, such as Euclid, WFIRST, WISH, and JWST up to z ~ 20 and < 10 events per year, providing a direct evidence of	
the direct collapse BH scenario.    	
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＊SMSs : collapse into seed BHs of high-z SMBHs."
＊SMSs can launch GRBs in spite of their large envelope."
　　 Ultra-long GRBs & Ultra-luminous SNe"
　　 Observations can enable us to estimate the progenitor mass. 

D. Nakauchi (Tohoku Univ.), K. Ioka (KEK) 
A. Heger (Monash Univ.), T. Nakamura (Kyoto Univ.) 

① Gravitational Collapse  ② Jet Launch ③ Jet Breakout 

1. Introduction 

＊ Optically thick and non-relativistic fireballs   
　      Type IIP SNe like emissions [9,10]

 

＊ One-zone light curve model [11-13]	
　 　　　　　　　　 & 	
　 homologous expansion : 	
	
	
　 ① Ionized Hydrogen　　　② Hydrogen Recombination	
　　 : photon diffusion                 : photosphere moves inward	
　　  　　　　　　　　　　　　　plateau in light curves	

    seed candidates:	
    1. First stars (Population III stars) : 	
    2. Supermassive Population III stars (Supermassive stars: SMSs) : 	
 
 But, SMSs have never observed…	
⇒ We study the detectability of SMSs 	
           focusing on Gamma-Ray Bursts produced by collapses of SMSs.	
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The Character of Cocoon Emissions	
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　　 A Target of Future Near-Infrared Telescopes	
　　　　　  WISH, WFIRST, Euclid, JWST	
 
 
 
 
 
 
 

＊Important Observables 
　① Redshift : from Gunn Peterson trough 
　② Bolometric luminosity	
　③ Photon diffusion time : from light curve 
 
 
　④ photospheric velocity : from spectroscopy 
 

＊Cocoon parameter estimate from observables 
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Gamma-Ray Bursts (GRBs) : Jet-like explosions produced by collapses of massive stars 
　　　　　　　　  　  　　　　　　　　　 &	
　　　　　　　　　　　     Progenitors : Wolf-Rayet stars ( R* ~ 1010-11 cm, M* ~ 10 M⦿)	
Explosion Mechanism (Collapsar Scanario) [2] 
　 
 
 
 
 
 
 
Supermassive Progenitor Model : M* = 105M⦿	

① 1E5 model 
Evolved from zero metal ZAMS stars [3]　 
② Accreting model  
Evolved under a rapid mass accretion (~1 M⦿/yr)[4]	
 ※R* ~ 1014-15cm ~ Red super giants (RSG) 
 
 
 
Can jets penetrate SMSs’ large envelope and produce GRBs?? 
　 calculation of the jet propagation in SMSs 

Method [5,6]                                                                  Results	

　 
 

opening angle               (fixed) 	
 
 
 
 
 
 
 
 
Jets reach progenitors’ surface & are not swallowed by cocoons 	

     Jets can break out of the envelope and produce GRBs!!	
The Character of the GRBs from SMSs	
＊　  
＊ 
　  Detectable by BAT onboard Swift satellite !	

＊ 
　  Ultra-long duration ! 
＊ Event rate < a few / yr / sky	
　 : reduced by jet beaming…	
　  More events if emissions are isotropic	
＊ Explosion energy	
　  Negative feedback for remnant BHs growth !  	
　  Delay of growth ( ~ 70 Myr ) [15,16], or evacuate the host galaxy	

＊ Supermassive BHs (SMBHs) at high-z Universe:	
　    z ~ 6 – 7 (only 0.77 Gyr since the Big Bang), M ~ 109 M⦿ [1] 
＊ When BHs grow with gas accretion,   
 
 
　     What is the seed BH ??	

Ultra-long Gamma-ray Bursts  
from Supermassive  Population III Stars  
Tatsuya Matsumoto (Kyoto Univ.) 
   The existence of black holes (BHs) of mass ~ 109 M⦿ at z > 6 is a big puzzle in astrophysics because even optimistic estimates of the accretion time are insufficient for stellar-mass	
BHs of ~ 10 M⦿ to grow into such supermassive BHs. A resolution of this puzzle might be the direct collapse of supermassive stars with mass M ~ 105 M⦿ into massive seed BHs.	
   We find that if a jet is launched from the accretion disk around the central BH, the jet can break out of the star because of the structure of the radiation-pressure-dominated envelope.	
Such ultra-long gamma-ray bursts with duration of ~ 104-6 s and flux of 10-11-10-8 erg s-1 cm-2 could be detectable by Swift. We estimate an event rate of < 1 yr -1. The total explosion	
energy is 1055-56 erg. The resulting negative feed back delays the growth of the remnant BH by about 70 Myr or evacuates the host galaxy completely. Furthermore, we show that the	
energy injected from the jet into a cocoon is huge ~ 1055-56 erg, so that the cocoon fireball is observed as an ultra-luminous supernova of ~1045-46 erg s-1 for ~ 5000 [(1+z)/16] days.	
They will be detectable by future telescopes with near-infrared bands, such as Euclid, WFIRST, WISH, and JWST up to z ~ 20 and < 10 events per year, providing a direct evidence of	
the direct collapse BH scenario.    	
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＊SMSs : collapse into seed BHs of high-z SMBHs."
＊SMSs can launch GRBs in spite of their large envelope."
　　 Ultra-long GRBs & Ultra-luminous SNe"
　　 Observations can enable us to estimate the progenitor mass. 

D. Nakauchi (Tohoku Univ.), K. Ioka (KEK) 
A. Heger (Monash Univ.), T. Nakamura (Kyoto Univ.) 

① Gravitational Collapse  ② Jet Launch ③ Jet Breakout 

1. Introduction 

＊ Optically thick and non-relativistic fireballs   
　      Type IIP SNe like emissions [9,10]

 

＊ One-zone light curve model [11-13]	
　 　　　　　　　　 & 	
　 homologous expansion : 	
	
	
　 ① Ionized Hydrogen　　　② Hydrogen Recombination	
　　 : photon diffusion                 : photosphere moves inward	
　　  　　　　　　　　　　　　　plateau in light curves	

    seed candidates:	
    1. First stars (Population III stars) : 	
    2. Supermassive Population III stars (Supermassive stars: SMSs) : 	
 
 But, SMSs have never observed…	
⇒ We study the detectability of SMSs 	
           focusing on Gamma-Ray Bursts produced by collapses of SMSs.	
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2. Gamma-Ray Bursts from SMSs 3. Supernovae associating with the GRBs 
δtγ ∼ 101−2s L

≃
Lγ,iso ∼ 1053erg/s

BH Accretion 
        disk 

10-15

10-10

10-5

100

105

1010

108 109 1010 1011 1012 1013 1014 1015 1016

radius [ cm ]

r-3

r-3/2

1E5 model
Accreting model

RSG

10-11

10-10

10-9

10-8

10-7

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

observer time [ s ]

1E5 model
Accreting model

Too large radius for jets to break out 	
                                      and produce GRBs  

D
en

sit
y 

[ g
/c

m
3  ]
	

Radius [ cm ]	

∼ ⊙
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Jets reach progenitors’ surface & are not swallowed by cocoons 	

     Jets can break out of the envelope and produce GRBs!!	
The Character of the GRBs from SMSs	
＊　  
＊ 
　  Detectable by BAT onboard Swift satellite !	

＊ 
　  Ultra-long duration ! 
＊ Event rate < a few / yr / sky	
　 : reduced by jet beaming…	
　  More events if emissions are isotropic	
＊ Explosion energy	
　  Negative feedback for remnant BHs growth !  	
　  Delay of growth ( ~ 70 Myr ) [15,16], or evacuate the host galaxy	

＊ Supermassive BHs (SMBHs) at high-z Universe:	
　    z ~ 6 – 7 (only 0.77 Gyr since the Big Bang), M ~ 109 M⦿ [1] 
＊ When BHs grow with gas accretion,   
 
 
　     What is the seed BH ??	

Ultra-long Gamma-ray Bursts  
from Supermassive  Population III Stars  
Tatsuya Matsumoto (Kyoto Univ.) 
   The existence of black holes (BHs) of mass ~ 109 M⦿ at z > 6 is a big puzzle in astrophysics because even optimistic estimates of the accretion time are insufficient for stellar-mass	
BHs of ~ 10 M⦿ to grow into such supermassive BHs. A resolution of this puzzle might be the direct collapse of supermassive stars with mass M ~ 105 M⦿ into massive seed BHs.	
   We find that if a jet is launched from the accretion disk around the central BH, the jet can break out of the star because of the structure of the radiation-pressure-dominated envelope.	
Such ultra-long gamma-ray bursts with duration of ~ 104-6 s and flux of 10-11-10-8 erg s-1 cm-2 could be detectable by Swift. We estimate an event rate of < 1 yr -1. The total explosion	
energy is 1055-56 erg. The resulting negative feed back delays the growth of the remnant BH by about 70 Myr or evacuates the host galaxy completely. Furthermore, we show that the	
energy injected from the jet into a cocoon is huge ~ 1055-56 erg, so that the cocoon fireball is observed as an ultra-luminous supernova of ~1045-46 erg s-1 for ~ 5000 [(1+z)/16] days.	
They will be detectable by future telescopes with near-infrared bands, such as Euclid, WFIRST, WISH, and JWST up to z ~ 20 and < 10 events per year, providing a direct evidence of	
the direct collapse BH scenario.    	
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＊SMSs : collapse into seed BHs of high-z SMBHs."
＊SMSs can launch GRBs in spite of their large envelope."
　　 Ultra-long GRBs & Ultra-luminous SNe"
　　 Observations can enable us to estimate the progenitor mass. 

D. Nakauchi (Tohoku Univ.), K. Ioka (KEK) 
A. Heger (Monash Univ.), T. Nakamura (Kyoto Univ.) 

① Gravitational Collapse  ② Jet Launch ③ Jet Breakout 

1. Introduction 

＊ Optically thick and non-relativistic fireballs   
　      Type IIP SNe like emissions [9,10]

 

＊ One-zone light curve model [11-13]	
　 　　　　　　　　 & 	
　 homologous expansion : 	
	
	
　 ① Ionized Hydrogen　　　② Hydrogen Recombination	
　　 : photon diffusion                 : photosphere moves inward	
　　  　　　　　　　　　　　　　plateau in light curves	

    seed candidates:	
    1. First stars (Population III stars) : 	
    2. Supermassive Population III stars (Supermassive stars: SMSs) : 	
 
 But, SMSs have never observed…	
⇒ We study the detectability of SMSs 	
           focusing on Gamma-Ray Bursts produced by collapses of SMSs.	
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2. Gamma-Ray Bursts from SMSs 3. Supernovae associating with the GRBs 
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   : Ultra-luminous Supernovae!!	
The Character of Cocoon Emissions	
＊wavelength :	
　　 A Target of Future Near-Infrared Telescopes	
　　　　　  WISH, WFIRST, Euclid, JWST	
 
 
 
 
 
 
 

＊Important Observables 
　① Redshift : from Gunn Peterson trough 
　② Bolometric luminosity	
　③ Photon diffusion time : from light curve 
 
 
　④ photospheric velocity : from spectroscopy 
 

＊Cocoon parameter estimate from observables 
　① 
　② 
　③ 	
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Gamma-Ray Bursts (GRBs) : Jet-like explosions produced by collapses of massive stars 
　　　　　　　　  　  　　　　　　　　　 &	
　　　　　　　　　　　     Progenitors : Wolf-Rayet stars ( R* ~ 1010-11 cm, M* ~ 10 M⦿)	
Explosion Mechanism (Collapsar Scanario) [2] 
　 
 
 
 
 
 
 
Supermassive Progenitor Model : M* = 105M⦿	

① 1E5 model 
Evolved from zero metal ZAMS stars [3]　 
② Accreting model  
Evolved under a rapid mass accretion (~1 M⦿/yr)[4]	
 ※R* ~ 1014-15cm ~ Red super giants (RSG) 
 
 
 
Can jets penetrate SMSs’ large envelope and produce GRBs?? 
　 calculation of the jet propagation in SMSs 

Method [5,6]                                                                  Results	

　 
 

opening angle               (fixed) 	
 
 
 
 
 
 
 
 
Jets reach progenitors’ surface & are not swallowed by cocoons 	

     Jets can break out of the envelope and produce GRBs!!	
The Character of the GRBs from SMSs	
＊　  
＊ 
　  Detectable by BAT onboard Swift satellite !	

＊ 
　  Ultra-long duration ! 
＊ Event rate < a few / yr / sky	
　 : reduced by jet beaming…	
　  More events if emissions are isotropic	
＊ Explosion energy	
　  Negative feedback for remnant BHs growth !  	
　  Delay of growth ( ~ 70 Myr ) [15,16], or evacuate the host galaxy	

＊ Supermassive BHs (SMBHs) at high-z Universe:	
　    z ~ 6 – 7 (only 0.77 Gyr since the Big Bang), M ~ 109 M⦿ [1] 
＊ When BHs grow with gas accretion,   
 
 
　     What is the seed BH ??	

Ultra-long Gamma-ray Bursts  
from Supermassive  Population III Stars  
Tatsuya Matsumoto (Kyoto Univ.) 
   The existence of black holes (BHs) of mass ~ 109 M⦿ at z > 6 is a big puzzle in astrophysics because even optimistic estimates of the accretion time are insufficient for stellar-mass	
BHs of ~ 10 M⦿ to grow into such supermassive BHs. A resolution of this puzzle might be the direct collapse of supermassive stars with mass M ~ 105 M⦿ into massive seed BHs.	
   We find that if a jet is launched from the accretion disk around the central BH, the jet can break out of the star because of the structure of the radiation-pressure-dominated envelope.	
Such ultra-long gamma-ray bursts with duration of ~ 104-6 s and flux of 10-11-10-8 erg s-1 cm-2 could be detectable by Swift. We estimate an event rate of < 1 yr -1. The total explosion	
energy is 1055-56 erg. The resulting negative feed back delays the growth of the remnant BH by about 70 Myr or evacuates the host galaxy completely. Furthermore, we show that the	
energy injected from the jet into a cocoon is huge ~ 1055-56 erg, so that the cocoon fireball is observed as an ultra-luminous supernova of ~1045-46 erg s-1 for ~ 5000 [(1+z)/16] days.	
They will be detectable by future telescopes with near-infrared bands, such as Euclid, WFIRST, WISH, and JWST up to z ~ 20 and < 10 events per year, providing a direct evidence of	
the direct collapse BH scenario.    	
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＊SMSs : collapse into seed BHs of high-z SMBHs."
＊SMSs can launch GRBs in spite of their large envelope."
　　 Ultra-long GRBs & Ultra-luminous SNe"
　　 Observations can enable us to estimate the progenitor mass. 

D. Nakauchi (Tohoku Univ.), K. Ioka (KEK) 
A. Heger (Monash Univ.), T. Nakamura (Kyoto Univ.) 

① Gravitational Collapse  ② Jet Launch ③ Jet Breakout 

1. Introduction 

＊ Optically thick and non-relativistic fireballs   
　      Type IIP SNe like emissions [9,10]

 

＊ One-zone light curve model [11-13]	
　 　　　　　　　　 & 	
　 homologous expansion : 	
	
	
　 ① Ionized Hydrogen　　　② Hydrogen Recombination	
　　 : photon diffusion                 : photosphere moves inward	
　　  　　　　　　　　　　　　　plateau in light curves	

    seed candidates:	
    1. First stars (Population III stars) : 	
    2. Supermassive Population III stars (Supermassive stars: SMSs) : 	
 
 But, SMSs have never observed…	
⇒ We study the detectability of SMSs 	
           focusing on Gamma-Ray Bursts produced by collapses of SMSs.	
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2. Gamma-Ray Bursts from SMSs 3. Supernovae associating with the GRBs 
δtγ ∼ 101−2s L

≃
Lγ,iso ∼ 1053erg/s

BH Accretion 
        disk 

10-15

10-10

10-5

100

105

1010

108 109 1010 1011 1012 1013 1014 1015 1016

radius [ cm ]

r-3

r-3/2

1E5 model
Accreting model

RSG

10-11

10-10

10-9

10-8

10-7

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

observer time [ s ]

1E5 model
Accreting model

Too large radius for jets to break out 	
                                      and produce GRBs  

D
en

sit
y 

[ g
/c

m
3  ]
	

Radius [ cm ]	

∼ ⊙
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