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アウトライン

•イントロ：超遠⽅銀河の観測状況
•イントロ：超遠⽅銀河の形成過程
•１）超遠⽅銀河形成におけるフィードバック
•２）超遠⽅銀河の重元素とPopIII星形成
•３）超遠⽅銀河と宇宙再電離
•議論とまとめ
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413.8 Gyr

z=13.2

Curtis-Lake+23

分光同定された最遠⽅銀河
低質量：星質量=8.9 x 107 Msun
低⾦属: log Z/Zsun= - 1.69
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513.8 Gyr
(Jiang+20, Bunker+23, Maiolino+23)

超遠⽅輝線銀河(Lyaや⾦属輝線)
星形成率：~30Msun/yr,  広がったLyaハロー
AGNやPopIII星団を含んでいる？

z=10.603

GN-z11
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613.8 Gyr
(Hashimoto+18; Tokuoka+22)

星形成のクエンチを経験？
z=15あたりで⼀度スターバースト？
Rotation-dominatedな円盤構造を持つ

LETTER
https://doi.org/10.1038/s41586-018-0117-z

The onset of star formation 250 million years after 
the Big Bang
Takuya Hashimoto1,2*, Nicolas Laporte3,4, Ken Mawatari1, Richard S. Ellis3, Akio K. Inoue1, Erik Zackrisson5,  
Guido Roberts-Borsani3, Wei Zheng6, Yoichi Tamura7, Franz E. Bauer8,9,10, Thomas Fletcher3, Yuichi Harikane11,12,  
Bunyo Hatsukade13, Natsuki H. Hayatsu12,14, Yuichi Matsuda2,15, Hiroshi Matsuo2,15, Takashi Okamoto16, Masami Ouchi11,17,  
Roser Pelló4, Claes-Erik Rydberg18, Ikkoh Shimizu19, Yoshiaki Taniguchi20, Hideki Umehata13,20,21 & Naoki Yoshida12,17

A fundamental quest of modern astronomy is to locate the earliest 
galaxies and study how they influenced the intergalactic medium a 
few hundred million years after the Big Bang1–3. The abundance of 
star-forming galaxies is known to decline4,5 from redshifts of about 
6 to 10, but a key question is the extent of star formation at even 
earlier times, corresponding to the period when the first galaxies 
might have emerged. Here we report spectroscopic observations 
of MACS1149-JD16, a gravitationally lensed galaxy observed 
when the Universe was less than four per cent of its present age. 
We detect an emission line of doubly ionized oxygen at a redshift 
of 9.1096 ± 0.0006, with an uncertainty of one standard deviation. 
This precisely determined redshift indicates that the red rest-frame 
optical colour arises from a dominant stellar component that 
formed about 250 million years after the Big Bang, corresponding 
to a redshift of about 15. Our results indicate that it may be possible 
to detect such early episodes of star formation in similar galaxies 
with future telescopes.

 Between March 2016 and April 2017 we performed observations of 
MACS1149-JD1 at the Atacama Large Millimeter/submillimeter Array 
(ALMA), targeting the far-infrared oxygen line, [O iii] at a wavelength 
of 88 µm, and dust continuum emission over a broad wavelength range 
consistent with its photometric redshift range (9.0–9.8)4,7–9. The [O iii] 
line is clearly detected at a redshift of z = 9.1096 ± 0.0006 with a peak 
intensity of 129.8 ± 17.5 mJy km s−1 per beam, corresponding to the 
significance level of 7.4σ (Fig. 1, Table 1). (1σ error values reported in 
this paper denote the 1σ root-mean-square or standard deviation unless 
otherwise specified.) The spatial location is coincident with the rest-
frame ultraviolet continuum emission detected by the Hubble Space  
telescope (HST), indicating that the [O iii] line arises from a star-forming  
galaxy. The line has a luminosity of (7.4 ± 1.6)(10/µ) × 107 L!, where 
L! is the luminosity of the Sun and for the lensing magnification we 
adopt a fiducial value of µ = 10 (see Methods). Its full-width at half- 
maximum (FWHM) is 154 ± 39 km s−1, representative of that seen 
in other high-z galaxies10. The [O iii] emission is spatially resolved, 

1Department of Environmental Science and Technology, Faculty of Design Technology, Osaka Sangyo University, Osaka, Japan. 2National Astronomical Observatory of Japan, Tokyo, Japan. 
3Department of Physics and Astronomy, University College London, London, UK. 4IRAP, Université de Toulouse, CNRS, UPS, CNES, Toulouse, France. 5Department of Physics and Astronomy, 
Uppsala University, Uppsala, Sweden. 6Department of Physics & Astronomy, Johns Hopkins University, Baltimore, MD, USA. 7Division of Particle and Astrophysical Science, Graduate School of 
Science, Nagoya University, Nagoya, Japan. 8Instituto de Astrofísica and Centro de Astroingeniería, Facultad de Física, Pontificia Universidad Católica de Chile, Santiago, Chile. 9Millennium Institute 
of Astrophysics (MAS), Santiago, Chile. 10Space Science Institute, Boulder, CO, USA. 11Institute for Cosmic Ray Research, The University of Tokyo, Chiba, Japan. 12Department of Physics, Graduate 
School of Science, The University of Tokyo, Tokyo, Japan. 13Institute of Astronomy, The University of Tokyo, Tokyo, Japan. 14European Southern Observatory, Garching bei München, Germany. 
15Department of Astronomical Science, School of Physical Sciences, The Graduate University for Advanced Studies (SOKENDAI), Tokyo, Japan. 16Department of Cosmosciences, Graduates School 
of Science, Hokakido University, Sapporo, Japan. 17Kavli Institute for the Physics and Mathematics of the Universe (WPI), Todai Institutes for Advanced Study, The University of Tokyo, Chiba, 
Japan. 18Universität Heidelberg, Zentrum für Astronomie, Institut für Theoretische Astrophysik, Heidelberg, Germany. 19Theoretical Astrophysics, Department of Earth and Space Science, Osaka 
University, Osaka, Japan. 20The Open University of Japan, Chiba, Japan. 21The Institute of Physical and Chemical Research (RIKEN), Saitama, Japan. *e-mail: thashimoto@est.osaka-sandai.ac.jp

de
c.

 (J
20

00
)

47.0″

46.5″

46.0″

45.5″

45.0″

44.5″

RA (J2000)
33.65 s 33.60 s 33.55 s 33.50 s

Fl
ux

 d
en

si
ty

 (m
Jy

)

Redshift

9.17 9.15 9.13 9.11 9.09 9.07

Observed frequency (GHz)
334 335 336 337

a b

0.0

0.5

1.0

1.5

Fig. 1 | ALMA [O iii] contours and spectrum of MACS1149-JD1. 
a, Magnification of an HST image (F160W), with the ALMA [O iii] 
contours overlaid. Contours are drawn at −3σ (dashed line), 3σ, 4σ, 5σ 
and 6σ, where σ = 17.5 mJy km s−1 per beam. The ellipse at the lower 

left corner indicates the synthesized beam size of ALMA. RA is the right 
ascension and dec. denotes the declination, both expressed in J2000 
coordinates. b, The ALMA [O iii] 88-µm spectrum in frequency space, 
obtained with a resolution of about 42 km s−1.
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713.8 Gyr
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(Tamura+23)

Dusty clumpy 銀河
300pc以下のスケールで複数のダストクランプが存在
Supper-bubbleっぽいのもある
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The onset of star formation 250 million years after 
the Big Bang
Takuya Hashimoto1,2*, Nicolas Laporte3,4, Ken Mawatari1, Richard S. Ellis3, Akio K. Inoue1, Erik Zackrisson5,  
Guido Roberts-Borsani3, Wei Zheng6, Yoichi Tamura7, Franz E. Bauer8,9,10, Thomas Fletcher3, Yuichi Harikane11,12,  
Bunyo Hatsukade13, Natsuki H. Hayatsu12,14, Yuichi Matsuda2,15, Hiroshi Matsuo2,15, Takashi Okamoto16, Masami Ouchi11,17,  
Roser Pelló4, Claes-Erik Rydberg18, Ikkoh Shimizu19, Yoshiaki Taniguchi20, Hideki Umehata13,20,21 & Naoki Yoshida12,17

A fundamental quest of modern astronomy is to locate the earliest 
galaxies and study how they influenced the intergalactic medium a 
few hundred million years after the Big Bang1–3. The abundance of 
star-forming galaxies is known to decline4,5 from redshifts of about 
6 to 10, but a key question is the extent of star formation at even 
earlier times, corresponding to the period when the first galaxies 
might have emerged. Here we report spectroscopic observations 
of MACS1149-JD16, a gravitationally lensed galaxy observed 
when the Universe was less than four per cent of its present age. 
We detect an emission line of doubly ionized oxygen at a redshift 
of 9.1096 ± 0.0006, with an uncertainty of one standard deviation. 
This precisely determined redshift indicates that the red rest-frame 
optical colour arises from a dominant stellar component that 
formed about 250 million years after the Big Bang, corresponding 
to a redshift of about 15. Our results indicate that it may be possible 
to detect such early episodes of star formation in similar galaxies 
with future telescopes.

 Between March 2016 and April 2017 we performed observations of 
MACS1149-JD1 at the Atacama Large Millimeter/submillimeter Array 
(ALMA), targeting the far-infrared oxygen line, [O iii] at a wavelength 
of 88 µm, and dust continuum emission over a broad wavelength range 
consistent with its photometric redshift range (9.0–9.8)4,7–9. The [O iii] 
line is clearly detected at a redshift of z = 9.1096 ± 0.0006 with a peak 
intensity of 129.8 ± 17.5 mJy km s−1 per beam, corresponding to the 
significance level of 7.4σ (Fig. 1, Table 1). (1σ error values reported in 
this paper denote the 1σ root-mean-square or standard deviation unless 
otherwise specified.) The spatial location is coincident with the rest-
frame ultraviolet continuum emission detected by the Hubble Space  
telescope (HST), indicating that the [O iii] line arises from a star-forming  
galaxy. The line has a luminosity of (7.4 ± 1.6)(10/µ) × 107 L!, where 
L! is the luminosity of the Sun and for the lensing magnification we 
adopt a fiducial value of µ = 10 (see Methods). Its full-width at half- 
maximum (FWHM) is 154 ± 39 km s−1, representative of that seen 
in other high-z galaxies10. The [O iii] emission is spatially resolved, 
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Fig. 1 | ALMA [O iii] contours and spectrum of MACS1149-JD1. 
a, Magnification of an HST image (F160W), with the ALMA [O iii] 
contours overlaid. Contours are drawn at −3σ (dashed line), 3σ, 4σ, 5σ 
and 6σ, where σ = 17.5 mJy km s−1 per beam. The ellipse at the lower 

left corner indicates the synthesized beam size of ALMA. RA is the right 
ascension and dec. denotes the declination, both expressed in J2000 
coordinates. b, The ALMA [O iii] 88-µm spectrum in frequency space, 
obtained with a resolution of about 42 km s−1.

3 9 2  |  N A T U R E  |  V O L  5 5 7  |  1 7  M A Y  2 0 1 8
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Super-distant galaxies

N
A

S
A

/W
M

A
P 

te
am

813.8 Gyr
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(Marrone+18; Spilker+22; Alvarez-Marquez+23)

爆発的星形成銀河
異常な星形成率：740 + 3640 Msun / yr
複数の⼤質量クランプ(Mstar~3-5x109 Msun)から構成

LETTER
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The onset of star formation 250 million years after 
the Big Bang
Takuya Hashimoto1,2*, Nicolas Laporte3,4, Ken Mawatari1, Richard S. Ellis3, Akio K. Inoue1, Erik Zackrisson5,  
Guido Roberts-Borsani3, Wei Zheng6, Yoichi Tamura7, Franz E. Bauer8,9,10, Thomas Fletcher3, Yuichi Harikane11,12,  
Bunyo Hatsukade13, Natsuki H. Hayatsu12,14, Yuichi Matsuda2,15, Hiroshi Matsuo2,15, Takashi Okamoto16, Masami Ouchi11,17,  
Roser Pelló4, Claes-Erik Rydberg18, Ikkoh Shimizu19, Yoshiaki Taniguchi20, Hideki Umehata13,20,21 & Naoki Yoshida12,17

A fundamental quest of modern astronomy is to locate the earliest 
galaxies and study how they influenced the intergalactic medium a 
few hundred million years after the Big Bang1–3. The abundance of 
star-forming galaxies is known to decline4,5 from redshifts of about 
6 to 10, but a key question is the extent of star formation at even 
earlier times, corresponding to the period when the first galaxies 
might have emerged. Here we report spectroscopic observations 
of MACS1149-JD16, a gravitationally lensed galaxy observed 
when the Universe was less than four per cent of its present age. 
We detect an emission line of doubly ionized oxygen at a redshift 
of 9.1096 ± 0.0006, with an uncertainty of one standard deviation. 
This precisely determined redshift indicates that the red rest-frame 
optical colour arises from a dominant stellar component that 
formed about 250 million years after the Big Bang, corresponding 
to a redshift of about 15. Our results indicate that it may be possible 
to detect such early episodes of star formation in similar galaxies 
with future telescopes.

 Between March 2016 and April 2017 we performed observations of 
MACS1149-JD1 at the Atacama Large Millimeter/submillimeter Array 
(ALMA), targeting the far-infrared oxygen line, [O iii] at a wavelength 
of 88 µm, and dust continuum emission over a broad wavelength range 
consistent with its photometric redshift range (9.0–9.8)4,7–9. The [O iii] 
line is clearly detected at a redshift of z = 9.1096 ± 0.0006 with a peak 
intensity of 129.8 ± 17.5 mJy km s−1 per beam, corresponding to the 
significance level of 7.4σ (Fig. 1, Table 1). (1σ error values reported in 
this paper denote the 1σ root-mean-square or standard deviation unless 
otherwise specified.) The spatial location is coincident with the rest-
frame ultraviolet continuum emission detected by the Hubble Space  
telescope (HST), indicating that the [O iii] line arises from a star-forming  
galaxy. The line has a luminosity of (7.4 ± 1.6)(10/µ) × 107 L!, where 
L! is the luminosity of the Sun and for the lensing magnification we 
adopt a fiducial value of µ = 10 (see Methods). Its full-width at half- 
maximum (FWHM) is 154 ± 39 km s−1, representative of that seen 
in other high-z galaxies10. The [O iii] emission is spatially resolved, 
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Fig. 1 | ALMA [O iii] contours and spectrum of MACS1149-JD1. 
a, Magnification of an HST image (F160W), with the ALMA [O iii] 
contours overlaid. Contours are drawn at −3σ (dashed line), 3σ, 4σ, 5σ 
and 6σ, where σ = 17.5 mJy km s−1 per beam. The ellipse at the lower 

left corner indicates the synthesized beam size of ALMA. RA is the right 
ascension and dec. denotes the declination, both expressed in J2000 
coordinates. b, The ALMA [O iii] 88-µm spectrum in frequency space, 
obtained with a resolution of about 42 km s−1.
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これらの多様な超遠⽅銀河はどのように
形成され進化したのか？

LETTER
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The onset of star formation 250 million years after 
the Big Bang
Takuya Hashimoto1,2*, Nicolas Laporte3,4, Ken Mawatari1, Richard S. Ellis3, Akio K. Inoue1, Erik Zackrisson5,  
Guido Roberts-Borsani3, Wei Zheng6, Yoichi Tamura7, Franz E. Bauer8,9,10, Thomas Fletcher3, Yuichi Harikane11,12,  
Bunyo Hatsukade13, Natsuki H. Hayatsu12,14, Yuichi Matsuda2,15, Hiroshi Matsuo2,15, Takashi Okamoto16, Masami Ouchi11,17,  
Roser Pelló4, Claes-Erik Rydberg18, Ikkoh Shimizu19, Yoshiaki Taniguchi20, Hideki Umehata13,20,21 & Naoki Yoshida12,17

A fundamental quest of modern astronomy is to locate the earliest 
galaxies and study how they influenced the intergalactic medium a 
few hundred million years after the Big Bang1–3. The abundance of 
star-forming galaxies is known to decline4,5 from redshifts of about 
6 to 10, but a key question is the extent of star formation at even 
earlier times, corresponding to the period when the first galaxies 
might have emerged. Here we report spectroscopic observations 
of MACS1149-JD16, a gravitationally lensed galaxy observed 
when the Universe was less than four per cent of its present age. 
We detect an emission line of doubly ionized oxygen at a redshift 
of 9.1096 ± 0.0006, with an uncertainty of one standard deviation. 
This precisely determined redshift indicates that the red rest-frame 
optical colour arises from a dominant stellar component that 
formed about 250 million years after the Big Bang, corresponding 
to a redshift of about 15. Our results indicate that it may be possible 
to detect such early episodes of star formation in similar galaxies 
with future telescopes.

 Between March 2016 and April 2017 we performed observations of 
MACS1149-JD1 at the Atacama Large Millimeter/submillimeter Array 
(ALMA), targeting the far-infrared oxygen line, [O iii] at a wavelength 
of 88 µm, and dust continuum emission over a broad wavelength range 
consistent with its photometric redshift range (9.0–9.8)4,7–9. The [O iii] 
line is clearly detected at a redshift of z = 9.1096 ± 0.0006 with a peak 
intensity of 129.8 ± 17.5 mJy km s−1 per beam, corresponding to the 
significance level of 7.4σ (Fig. 1, Table 1). (1σ error values reported in 
this paper denote the 1σ root-mean-square or standard deviation unless 
otherwise specified.) The spatial location is coincident with the rest-
frame ultraviolet continuum emission detected by the Hubble Space  
telescope (HST), indicating that the [O iii] line arises from a star-forming  
galaxy. The line has a luminosity of (7.4 ± 1.6)(10/µ) × 107 L!, where 
L! is the luminosity of the Sun and for the lensing magnification we 
adopt a fiducial value of µ = 10 (see Methods). Its full-width at half- 
maximum (FWHM) is 154 ± 39 km s−1, representative of that seen 
in other high-z galaxies10. The [O iii] emission is spatially resolved, 
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Fig. 1 | ALMA [O iii] contours and spectrum of MACS1149-JD1. 
a, Magnification of an HST image (F160W), with the ALMA [O iii] 
contours overlaid. Contours are drawn at −3σ (dashed line), 3σ, 4σ, 5σ 
and 6σ, where σ = 17.5 mJy km s−1 per beam. The ellipse at the lower 

left corner indicates the synthesized beam size of ALMA. RA is the right 
ascension and dec. denotes the declination, both expressed in J2000 
coordinates. b, The ALMA [O iii] 88-µm spectrum in frequency space, 
obtained with a resolution of about 42 km s−1.
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超遠方銀河形成過程

Mh ~ 106 Msun
Tvir ~ 3000K

Mh ~ 108 Msun
Tvir ~ 10,000K

Mh >~ 1010 Msun
Tvir ~ 30000K

H2冷却 H Lya冷却 H/He/metal 冷却

JWST観測

ミニハロー 原⼦冷却ハロー そこそこ重いハロー



超遠方銀河形成過程

PopIII?

ガ
ス
降
着

外部UV光照射
銀河合体

フィードバック
アウトフロー

電離
バブ
ル
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1. 超遠⽅銀河形成における
フィードバック



銀河形成とフィードバック

①輻射フィードバック

②超新星フィードバック

③ AGNフィードバック



輻射フィードバック
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超新星爆発フィードバック

②冷却を手で止める
③小さい領域に
高温バブルを入れる

④1次元点源爆発の
結果を使う

①ガスを引っこ抜く
Springel+03

Stinson+06 Dalla Vecchia+12

Kimm+14, 15
Hopkins+14Kick速度、

Mass loading
などパラメータ

3242 D. Nelson et al.

Figure 3. The same time evolution series of a z ∼ 2 BH-driven outflow as in Fig. 2, where we show gas column density (left) and gas metallicity (right). The
highly directional, jet-like flow drives shells of gas that pile up along an expanding front, producing underdense cavities in their wake. These cavities are hot,
overpressurized, and expand coherently to the scale of rvir; they are able to launch high-metallicity ISM gas entirely out of the halo.
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Nelson+19
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シミュレーションの歴史

どうやって爆発エネルギー(~1051erg)を星間ガスの運動エネルギー
を変換するか



これまでの銀河シミュレーションのパラ
メータチューニング (JWST以前)

宇宙星形成率密度 ハロー質量星質量関係

昔：over coolingおきがち、星作りすぎ
今：がっつりフィードバックを効かせる

TNG Model 4093

Figure 8. The galaxy population at L25n512 resolution for different choices in the galaxy physics model. The labels ‘no B fields’ (blue), ‘no galactic winds’
(orange) and ‘no BHs/feedback’ (green) all refer to runs identical to the TNG fiducial set-up but for the absence of the indicated mechanism. The red curves
denote the Illustris model outcome in the same cosmological volume and with the same cosmology as TNG fiducial. For reference, and only in the bottom
left-hand panel, the dotted green curve shows the outcome of a run where only the low-accretion BH feedback is turned off (dotted green). Symbols and
annotations are as in Fig. 4, but stellar masses are measured within twice the stellar half-mass radius in every panel.

MNRAS 473, 4077–4106 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/473/3/4077/4494369
by University of Tsukuba user
on 20 June 2018
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JWST以後
超遠⽅銀河の⾼い星形成効率?

Inayoshi+2022

JWSTで検出された明るい銀河は⾼い星形成効率(>15%)？
Harikane+2023の分光サンプルだけでもそこまでは変わらなさそう



初代銀河シミュレーション

星
形
成
効
率

Mstar/(0.16Mhalo)

Yajima+(2023)
原始銀河団領域に着⽬した
初代銀河シミュレーション



Feedback-Free Starbursts (FFB)?
Dekel et al. (2023) ⾼密度ガス(nH>3000/cm3)

なら⾃由落下時間も短く
超新星が起きる前にさっ
さと星に変換出来る



⾼密度分⼦雲での星団形成
Fukushima&Yajima (2021, 2022, 2023)

ガス⾯密度

星
形
成
効
率

Fukushima&Yajima (2021)
電離してもコラプスが続く

ただし、銀河スケールでは

⾼密度ガス雲がどう出来るのか？
星団から近傍ガス雲への影響は？
Fukushima et al. 2024?, 2025?..?
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⾼密度ガス雲形成（熱的不安定）
Inoue&Omukai (2015) Arata,Yajima,Nagamine (2018)Gas clump formation in high-z dwarf galaxies 4255

Figure 2. Time evolution of the column density (top panels) and temperature distribution (bottom panels) around the shock-compressed region. The left-hand
two columns are for t = tcl when our clump finder identifies cold clouds for the first time in our fiducial run: Z = 0.1 Z!, b = 0.3 kpc, prograde–prograde
merger. Three marked cold clouds at t = tcl + 2 Myr merge and form a very massive cloud (Mcl > 104 M!) within 2 Myr (see also Fig. 3).

2.3 Clump finder

The cold gas clouds in our simulation are identified by the friend-
of-friend (FOF) method. First, we identify the particles in the post-
shock region with T < 500 K and density greater than 50 × ρbg,
where ρbg is the mean density of warm background gas. Next, we
connect the two cold particles if their smoothing length is greater
than their distance. The minimum threshold number of gas particles
for identifying a cold cloud is 100, corresponding to 30 M! as the
minimum cloud mass (Mmin).

3 R ESULTS

3.1 Formation of cold gas clouds with Z = 0.1 Z! (fiducial
run)

First, we study the formation mechanism of the cold clouds in the
fiducial run, which adopts Z = 0.1 Z!, b = 0.3 kpc, prograde–
prograde merger. This metallicity is somewhat high for a high-
redshift dwarf galaxy in general, however, there are globular clusters
that are observed with such metallicities, and the local enrichment
could proceed more rapidly by earlier star formation (e.g. by Pop-III
pair-instability supernovae). We will discuss lower metallicity cases
later in Section 3.2.

Fig. 2 shows the maps of gas column density and temperature at
each snapshot. In the shocked region, the filamentary and clumpy
structures form due to galaxy merger. As shown in the temperature
maps, the post-shock regions are heated up to 8000 K, and the
clumpy high density clouds are in the cold state with T ! 100 K.
Some clouds merge into more massive ones as marked by the white-
dashed circles in a short time-scale of !3 Myr. Since the time-scale
is shorter than the lifetime of massive stars, massive star clusters
can form in the merged massive clouds.

Fig. 3(a) shows the time evolution of the total mass of cold gas
clouds from the time when our clump finder identifies cold clouds
at first (≡ tcl). The total cold gas mass increases rapidly via thermal

Figure 3. Panel (a): time evolution of the total mass of cold gas (T < 500 K)
in our fiducial run. Panel (b): mass distribution of identified cold clouds at
t = tcl + 4 Myr. Two-dotted lines represent the mass limits: Mmin = 30 M!,
Mmax = 6.4 × 102 M! (equation 7). The power-law N(M) ∝ M−1.78 is
shown as a reference (equation 9).

MNRAS 475, 4252–4262 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/475/3/4252/4810569
by University of Tsukuba user
on 28 June 2018



⾼密度ガス雲形成（重⼒不安定?）

Ricotti+(2016) Ma+(2020)

28%はbound 
Star clustersとし
て形成らしい

⾼分解能宇宙論的流体計算で⾼密度ガス雲・⾼密度星団が形成

球状星団likeな
ものが複数形成

ただし、星形成効率は2%ぐらい..

ガス

星



フィードバック効率で銀河形態も変化
Yajima+(2017)

強いフィードバック
クランピー構造

Mh=1.6x1011Msun
z=7

弱いフィードバック
⻑時間のガス円盤

Kimm+(2015)

な
し

熱
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(強
い
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遠⽅銀河の銀河形態

Tokuoka+22

GN-z11はdisky?
JD1 (z=9.1)

星形成効率 X  銀河形態の議論が今後重要？



2. 超遠⽅銀河の重元素と
PopIII星の形成



Pop IIIからPop IIへのtransition

Tornatore+(2007)

PopII

PopIIIe.g., Chiaki+18



PopIII星団 in 超遠⽅銀河？
Maiolino+(2023)

GN-z11にHeII clumpが検出、PopIII?

Vanzella+(2023)

レンズされた星団から強いLya輝線、
PopIII?



初代銀河内に種族III星はいるのか？

28

PopIII星の質量⽐

Pop II

Pop III始原ガス雲の降着

種族III星割合は銀河質量とともに
スムーズに減少
Mstar~106Msunのシステムでは1%程度
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(Yajima+2023)



種族III星の分布

29

z=10
fpopIII=0.017%
SFR=41.5 Msun/yr
Mstar =2.8x109 Msun
MPOPIII = 4.8x105 Msun
Z=6.6x10-2 Zsun

Pop II
Pop III

30 kpc
Isobe+(2023)

Maiolino+(2023)



PopIII IMFと超遠⽅銀河形成
Harikane+(2023)

星
質
量

Abe,Yajima+(2021)

ガ
ス
質
量
⽐

PopIII

PopII

?

PopIII IMFの違いによって初代銀河の
ガス質量・SFRが⼤きく変化
光度関数のfaint-endに痕跡が？



3. 超遠⽅銀河と宇宙再電離



宇宙再電離と銀河形成

Soga,Yajima+ in prep.
1) QSO GP test: 再電離はz~6
で完了 (Fan+06)

2) CMB観測: 再電離はz~8ご
ろ起きた (Planck )

⼀⽅、
電離源は何か？
電離史はどうだった？
どういう電離バブル？
はずっと分かっていない

原始銀河団周囲の電離構造@z=9



最近のJWST分光観測で進展?
Ionized bubble and Lya transmission

intrinsic

emergent

Lya line profile



Damping wingによる再電離研究

Isolated HII bubble model 

(Furlanetto&Oh 2005)

Semi-ana. Models with 
overlapping bubbles (Lu+2023)

This indicates that observed galaxies 

distributes within giant HII bubbles with 

the overlap effect

Umeda+(2023)Curtis-Lake+(2023)



電離バブルとLya transmission

GNz-11(Bunker+23)

Yajima+(2018)

Halo merger tree + sub-grid SF model + 電離バブル成⻑式
+ Lya transfer from 1Dガス球 + Lya IGM 透過率計算
で電離バブルとIGM 透過率をモデル化

星質量
IG

M
透
過
率
バブルサイズ



THESAN simulation (Kannan+2022)

Smith+22

AREPO-RTによる宇宙論的RHD計算
⼤規模電離構造(~100cMpc)から銀河内
構造までをコンシステントに計算らしい



銀河クラスタリングとIGM透過率
Kashino+(2023)

銀河から~5cMpcぐらいのところ
でIGM透過率が上がっている
それより近傍では透過率は平均よ
り低い



まとめ

PopIIIの情報はいつまで残る？観測可能か？
初代銀河ではどんな分⼦雲・星団が形成されている？
どんなフィードバックがどれくらい効くのか？
初代銀河に付随している電離バブルはどのようなものか？
⾚⽅偏移10で銀河多様性を起こすメカニズムは何か？

JWST (&ALMA) + シミュレーションにより、
超遠⽅銀河の情報が急激に増えつつ、
分かりそうで分からない点が沢⼭でてきた


