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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, 

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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A dusty, normal galaxy in the epoch of reionization 
Darach Watson1, Lise Christensen1, Kirsten Kraiberg Knudsen2, Johan Richard3, Anna Gallazzi4,1, and Michał Jerzy Michałowski5 

Candidates for the modest galaxies that formed most of the stars 
in the early universe, at redshifts z > 7, have been found in large 
numbers with extremely deep restframe-UV imaging1. But it has 
proved difficult for existing spectrographs to characterise them 
in the UV2,3,4. The detailed properties of these galaxies could be 
measured from dust and cool gas emission at far-infrared wave-
lengths if the galaxies have become sufficiently enriched in dust 
and metals. So far, however, the most distant UV-selected gal-
axy detected in dust emission is only at z = 3.25, and recent re-
sults have cast doubt on whether dust and molecules can be 
found in typical galaxies at this early epoch6,7,8. Here we report 
thermal dust emission from an archetypal early universe star-
forming galaxy, A1689-zD1. We detect its stellar continuum in 
spectroscopy and determine its redshift to be z = 7.5±0.2 from a 
spectroscopic detection of the Lyα break. A1689-zD1 is repre-
sentative of the star-forming population during reionisation9, 
with a total star-formation rate of about 12 M� yr–1. The galaxy 
is highly evolved: it has a large stellar mass, and is heavily en-
riched in dust, with a dust-to-gas ratio close to that of the Milky 
Way. Dusty, evolved galaxies are thus present among the fainter 
star-forming population at z > 7, in spite of the very short time 
since they first appeared. 

As part of a programme to investigate galaxies at z > 7 with the 
X-shooter spectrograph on the Very Large Telescope, we observed 
the candidate high-redshift galaxy, A1689-zD1, behind the lensing 
galaxy cluster, Abell 1689 (Fig. 1). The source was originally identi-
fied10 as a candidate z > 7 system from deep imaging with the Hub-
ble and Spitzer Space Telescopes. Suggested to be at z = 7.6±0.4 
from photometry fitting, it is gravitationally magnified by a factor of 
9.3 by the galaxy cluster10, and though intrinsically faint, because of 
the gravitational amplification, is one of the brightest candidate z > 7 
galaxies known. The X-shooter observations were carried out on 
several nights between March 2010 and March 2012 with a total 
time of 16 hours on target. 

The galaxy continuum is detected and can be seen in the binned 
spectrum (Fig. 2). The Lya cutoff is at 1035±24 nm and defines the 
redshift, z = 7.5±0.2. It is thus one of the most distant galaxies 
known to date to be confirmed via spectroscopy, and the only galaxy 
at z > 7 where the redshift is determined from spectroscopy of its 
stellar continuum. The spectral slope is blue; using a power-law fit, 
Fλ � λ–β, β = 2.0 ± 0.1. The flux break is sharp, and greater than a 
factor of ten in depth. In addition, no line emission is detected, ruling 
out a different redshift solution for the galaxy. Line emission is ex-
cluded to lensing-corrected depths of 3×10–19 erg cm–2 s–1 (3σ) in the 
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Figure 1 | The gravitationally lensing galaxy cluster Abell 1689. The 
colour image is composed with Hubble filters: F105W (blue), F125W 
(green), F160W (red). The zoomed box (4˝×4˝) shows A1689-zD1. 
Contours indicate FIR dust emission detected by ALMA at 3, 4, and 5σ 
local RMS (yellow, positive; white, negative). The ALMA beam 
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(1.36˝×1.15˝) is shown, bottom left. Images and noise maps were prima-
ry-beam corrected before making the signal-to-noise ratio (SNR) maps. 
Slit positions for the first set of X-shooter spectroscopy are overlaid in 
magenta (dashed boxes indicate the dither), while the parallactic angle 
was used in the remaining observations (pink dashed lines). 

Watson+15,
Nature



Hierarchical structure

5

Galaxy

Large-scale structure
Galaxy cluster

Star cluster
~10kpc

~10Mpc

~pcGas accretion, feedback, merger?

JWST

TMT

SKA

�

�

�

Subaru

ALMA



Diversity in observed galaxies

6

~3��

2  |  N A T U R E  |  V O L  0 0 0  |  0 0  M O N T H  2 0 1 7

LETTERRESEARCH

source plane. SPT0311−58 E has an effective radius of 1.1 kpc, whereas 
SPT0311−58 W has a clumpy, elongated structure that is 7.5 kpc across. 
The (flux-weighted) source-averaged magnifications of each galaxy and 
of the system as a whole are quite low (µE = 1.3, µW = 2.2, µtot = 2.0) 
because SPT0311−58 W is extended relative to the lensing caustic and 
SPT0311−58 E is far from the region of high magnification. The same 
lensing model applied to the channelized [C ii] data reveals a clear 
velocity gradient across SPT0311−58 W, which could be due to either 
rotational motions or a more complicated source structure coalescing 
at the end of a merger.

Having characterized the lensing geometry, it is clear that the two  
galaxies that comprise SPT0311−58 are extremely luminous. Their 
intrinsic infrared (8–1,000 µm) luminosities have been determined from 
observations of rest-frame ultraviolet-to-submillimetre emission (see 
Methods section ‘Modelling the SED’) to be LIR = (4.6 ± 1.2) × 1012L⊙ 
and LIR = (33 ± 7) × 1012L⊙ for SPT0311−58 E and SPT0311−58 W, 
respectively, where L⊙ is the luminosity of the Sun. Assuming that 
these sources are powered by star formation, as suggested by their 
extended far-infrared emission, these luminosities are unprecedented 
at z > 6. The implied (magnification-corrected) star-formation  
rates are correspondingly enormous—(540 ± 175)M⊙ yr−1 and 

(2,900 ± 1,800)M⊙ yr−1, where M⊙ is the mass of the Sun—probably  
owing to the increased instability associated with the tidal forces 
experienced by merging galaxies13. The components of SPT0311−58 
have luminosities and star-formation rates similar to the other mas-
sive, z > 6 galaxies identified by their dust emission, including HFLS3 
(z = 6.34), which has a star-formation rate of 1,300M⊙ yr−1 after  
correcting for a magnification factor14 of 2.2, and a close quasar– 
galaxy pair15 at z = 6.59, the components of which are forming stars at 
rates of 1,900M⊙ yr−1 and 800M⊙ yr−1, respectively. However, unlike 
the latter case, there is no evidence of a black hole in either source in 
SPT0311−58.

Unlike any other massive dusty source at z > 6, the rest-frame ultra-
violet emission of SPT0311−58 E is clearly detectable with modest 
integration by the Hubble Space Telescope. The detected ultraviolet 
luminosity (LUV = (7.4 ± 0.7) × 1010L⊙) suggests a star-formation rate 
of only 13M⊙ yr−1, 2% of the rate derived from the far-infrared emis-
sion, consistent with SPT0311−58 E forming most of its stars behind 
an obscuring veil of dust. The inferred stellar mass for this galaxy (see 
Methods section ‘Modelling the SED’) is (3.5 ± 1.5) × 1010M⊙. Although 
no stellar light is convincingly seen from SPT0311−58 W, the absence 
of rest-frame ultraviolet emission is probably explained by heavy dust 
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Figure 1 | Continuum, [C ii] and [O iii] emission from SPT0311−58 
and the inferred source-plane structure. a, Emission in the 157.74-µm 
fine-structure line of ionized carbon ([C ii]) as measured at 240.57 GHz 
with ALMA, integrated over 1,500 km s−1 of velocity, is shown with the 
colour scale. The range in flux per synthesized beam (the 0.25″ × 0.30″ 
beam is shown in the lower left) is provided at right. The rest-frame 160-µm  
continuum emission that was measured simultaneously is overlaid, with 
contours at 8, 16, 32 and 64 times the noise level of 34 µJy per beam. 
SPT0311−58 E and SPT0311−58 W are labelled. b, The continuum-
subtracted, source-integrated [C ii] (red) and [O iii] (blue) spectra. The 
upper spectra are as observed (‘apparent’) with no correction for lensing, 
whereas the lensing-corrected (‘intrinsic’) [C ii] spectrum is shown at the 
bottom. SPT0311−58 E and SPT0311−58 W separate almost completely 
at a velocity of 500 km s−1. c, The source-plane structure after removing 
the effect of gravitational lensing. The image is coloured according 
to the flux-weighted mean velocity, showing that the two objects are 

physically associated but separated by roughly 700 km s−1 in velocity 
and 8 kpc (projected) in space. The reconstructed 160-µm continuum 
emission is shown as contours. The scale bar represents the angular 
size of 5 kpc in the source plane. d, The line-to-continuum ratio at the 
158-µm wavelength of [C ii], normalized to the map peak. The [C ii] 
emission from SPT0311−58 E is much brighter relative to its continuum 
than for SPT0311−58 W. e, Velocity-integrated emission in the 88.36-µm 
fine-structure line of doubly ionized oxygen ([O iii]) as measured at 
429.49 GHz with ALMA (colour scale). The data have an intrinsic angular 
resolution of 0.2″ × 0.3″, but have been tapered to 0.5″ owing to the lower 
signal-to-noise ratio of these data. f, The luminosity ratio between the 
[O iii] and [C ii] lines. As for the [C ii] line-to-continuum ratio, a large 
disparity is seen between SPT0311−58 E and SPT0311−58 W. The sky 
coordinates and contours for rest-frame 160-µm continuum emission in 
d–f are the same as in a.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Table 3. Properties of best-fit SEDs

ID Z logM⇤ E(B � V )⇤ log(Age) log(SFR)

(Z�) (M�) (mag) (yr) (M� yr�1)

z49-1 0.004 9.0+0.2
�0.1 0.05 6.6+0.5

�1.5 2.4+1.4
�0.3

z66-1a 0.2 10.18+0.05
�0.07 0.15 8.26+0.05

�0.05 2.00+0.01
�0.01

z66-2b 0.005-0.2 ⇠ 10.3 0.0-0.5 ⇠ 8.8 ⇠ 1.4

z70-1 0.02 < 9.1 0.10 < 7.7 2.0+1.8
�0.8

Notes.

a best-fit SED from Ouchi et al. (2013)
b best-fit SED from Sobral et al. (2015)

tion suggested by the best-fit SED, we estimate the
expected Ly↵ luminosity to be (3.2 ± 1.1) ⇥ 1044 erg
s�1. The Ly↵ escape fraction is the observed Ly↵
luminosity divided by the expected Ly↵ luminosity,
(3.5⇥ 1043)/(3.2⇥ 1044)=0.11±0.04.

5. DISCUSSION

5.1. Identification of the Most Distant LAB at z = 7.0

In this study, we have identified the most distant LAB
found to date, z70-1 at z = 7.0. The composite pseudo-
color image of z70-1 is presented in Figure 19 left. Figure
20 shows the Ly↵ and continuum profiles of z70-1. To
test whether the Ly↵ profile of z70-1 is more extended
than the continuum profile, we fit the exponential func-
tion shown in Equation 5 to the Ly↵ and continuum
profiles. In the fitting, the errors of the profiles are
considered. The best-fit scale lengths of the Ly↵ and
continuum profiles are 1.43 ± 0.18 and 0.56 ± 0.41 kpc,
respectively. We estimate the statistical significance of
the di↵erence between the scale lengths of Ly↵ and con-
tinuum profiles assuming a normal distribution. We find
that the Ly↵ and continuum profiles are di↵erent at
the 87% confidence level. This suggests that the Ly↵
emission of z70-1 is more extended than the continuum.
Taken together with the identification of the Ly↵ emis-
sion line on the spectrum, and the bright Ly↵ luminosity
of z70-1, our result suggests that z70-1 is a real LAB at
z = 7.0.

5.2. An Extremely Di↵use LAB at z = 5.7

The NB816 image of z57-2 in Figure 3 suggests that
z57-2 has very di↵use Ly↵ emission presenting no clear
center, which is apparently di↵erent from the other 6
LABs. The composite pseudocolor image of z57-2 is
shown in Figure 19 right. Figure 21 displays the Ly↵
surface brightness profile of z57-2, together with the
other 6 LABs and 2 model galaxies of Halo-11 and Halo-
12 (Yajima et al. 2017; Arata et al. 2018) at z ⇠ 6.

Figure 19. Composite pseudocolor images of z70-1 (left)
and z57-2 (right). The upper object in the left panel is a
foreground source. The RGB colors of z70-1 are presented
with 3.6 µm, y, and NB973 images, respectively. For z57-
2, the RGB colors correspond to y, z, and NB816 images,
respectively. Because z57-2 does not show a clear center in
the NB816 image, we smooth the y, z, and NB816 images of
z57-2 with a Gaussian kernel whose sigma value is 0.0017 be-
fore we make the pseudocolor image. The size of the images
is 500 ⇥ 500. The length of 100 is indicated as a white bar.

Figure 20. Ly↵ (black) and continuum (green) surface
brightness profiles of z70-1. The filled circles are the profiles
measured from images. The solid lines present the best-fit
exponential functions. The shaded regions indicate the er-
rors of the best-fit functions. We normalize all the profiles
at the radius of ⇠0.5 kpc for comparison. To avoid overlaps,
the continuum profile is slightly shifted along the horizontal
axis by +0.15.

Lya blob

Zhang+19
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Extended Data Figure 1 | Imaging in the visible and near-infrared of 
ZF-COSMOS-20115. The left panel shows a close-up view with Hubble 
(0.2-arcsec spatial resolution) and the right panels show wider-field and 
lower-resolution images from ground-based telescopes. The legend on 
each panel shows (from left to right) the mapping of blue, green and red 

colour channels to the named filters. The galaxy’s flux rises strongly  
in the near-infrared, peaking at a wavelength of 2 µ m (left and top right— 
a strong red source), and is undetected in the visible part of the spectrum 
below a wavelength of 0.8 µ m (bottom right).

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Various radiative properties of high-redshift galaxies

Numerical simulations ?528 J. Schaye et al.

Figure 1. A 100 × 100 × 20 cMpc slice through the Ref-L100N1504 simulation at z = 0. The intensity shows the gas density while the colour encodes the
gas temperature using different colour channels for gas with T < 104.5 K (blue), 104.5 K < T < 105.5 K (green), and T > 105.5 K (red). The insets show regions
of 10 cMpc and 60 ckpc on a side and zoom into an individual galaxy with a stellar mass of 3 × 1010 M⊙. The 60 ckpc image shows the stellar light based on
monochromatic u-, g- and r-band SDSS filter means and accounting for dust extinction. It was created using the radiative transfer code SKIRT (Baes et al. 2011).

the rates element by element, we account not only for variations
in the metallicity, but also for variations in the relative abundances
of the elements.

We caution that our assumption of ionization equilibrium and
the neglect of local sources of ionizing radiation may cause us to
overestimate the cooling rate in certain situations, e.g. in gas that
is cooling rapidly (e.g. Oppenheimer & Schaye 2013a) or that has
recently been exposed to radiation from a local AGN (Oppenheimer
& Schaye 2013b).

We have also chosen to ignore self-shielding, which may cause us
to underestimate the cooling rates in dense gas. While we could have
accounted for this effect, e.g. using the fitting formula of Rahmati
et al. (2013b), we opted against doing so because there are other
complicating factors. Self-shielding is only expected to play a role
for nH > 10−2 cm−3 and T ! 104 K (e.g. Rahmati et al. 2013b),

but at such high densities the radiation from local stellar sources,
which we neglect here, is expected to be at least as important as the
background radiation (e.g. Schaye 2001; Rahmati et al. 2013a).

4.2 Reionization

Hydrogen reionization is implemented by turning on the time-
dependent, spatially uniform ionizing background from Haardt &
Madau (2001). This is done at redshift z = 11.5, consistent with the
optical depth measurements from Planck Collaboration I (2013).
At higher redshifts we use net cooling rates for gas exposed to the
CMB and the photodissociating background obtained by cutting the
z = 9 Haardt & Madau (2001) spectrum above 1 Ryd.

To account for the boost in the photoheating rates during reion-
ization relative to the optically thin rates assumed here, we inject

MNRAS 446, 521–554 (2015)
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Cosmological hydrodynamics simulations
Gadget-3 (Springel+05; Johnson+13)

Multi-wavelength radiative transfer
ART2 (Li+08; Yajima+12)

∂I

c∂t
+ n ·∇I = −αI + η (51)

∂I

c∂t
+ n ·∇I = −αI + ϵ +

∮
φ(Ω′,Ω)IdΩ′ (52)

∂I

c∂t
+ n ·∇I = −αI +

∮
φ(Ω′,Ω)IdΩ′ (53)

dI

dτ
= −I + S (54)
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−τ +

∫ τ

0
Seτ

′−τdτ (55)
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−τ + S0

1− e−τ − τe−τ

τ
+ S1

τ − 1 + e−τ

τ
(56)

τ = (α0 + α1) · ds (57)

I1[t] = I0
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t− ds
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]
e−τ + S0

[
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Formation of first galaxy

9
250 kpc/h (comoving)

Zoom-in simulation
Lbox=20Mpc
Lzoom~1Mpc
Mhalo=1011Msun

Blue
(gas density)

Yellow
(Metal-enriched
gas)

(Yajima et al. 2017, ApJ, 846, 30)



Star formation history

Star formation in first 
galaxies proceeds 
intermittently due to the 
supernova feedback

Gas density at galactic centers

Halo-11
Low SF efficiency
No feedback

Most gas are evacuated

Stable star formation mode

(see also, Hopkins+15; Kimm+15; Ceverino+18)

(Yajima et al. 2017, ApJ, 846, 30)
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Critical halo mass based on
a spherical shell model
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Radiative transfer calculations
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Arata, Yajima, et al. (2019)



Lya surface brightness

-14-16-18

z=10 z=8

z=7 z=6

50kpc(physical)

logSLya
[erg/s/cm2/arcsec2]

14 Zhang et al.

Cosmological hydrodynamic and radiative transfer sim-
ulations produce Halo-11 and Halo-12 that have halo
masses of 1.6 ⇥ 1011 and 7.5 ⇥ 1011 M�, respectively.
As suggested by Behroozi et al. (2013), the halo masses
of Halo-11 and Halo-12 correspond to stellar masses of
⇠ 2.0⇥ 109 and 1.4⇥ 1010 M� at z = 6.0, respectively,
which are consistent with the stellar masses of our LABs
estimated by the SED fitting (Section 4.4). In Figure 21,
it is clear that z57-2 has a more di↵use Ly↵ profile than
the other 6 LABs. Moreover, model galaxies of Halo-11
and Halo-12 cannot explain the extremely di↵use Ly↵
profile of z57-2.

Figure 21. Ly↵ surface brightness profiles of z57-2 (red
filled circles), the other 6 LABs (black filled circles), and 2
model galaxies of Halo-11 (green dash-dotted line) and Halo-
12 (blue dashed line). The black solid lines are the best-fit
total models of the other 6 LABs in Figure 10. The cyan
dotted line represents the PSF. The profiles of Halo-11 and
Halo-12 are convolved with the PSF. All the profiles are nor-
malized at the radius of ⇠0 kpc for comparison.

The spectrum in Figure 6 shows that z57-2 has a
Ly↵ emission line with a FWHM of ⇠ 600 km/s that
is broader than those of the other 6 LABs. It should
be also noted that the Ly↵ line of z57-2 shows multiple
peaks. These features may be caused by dynamical sys-
tems, such as multiple components or mergers. Another
possibility is that z57-2 has a nearly static cloud of thick
Hi gas that resonantly scatters Ly↵ photons produced
at the center of this system. The static cloud should
have varying Hi column densities that cause the posi-
tional dependence of the Ly↵ line center and line width
found in Figure 8.

5.3. Physical Origin of the di↵use Ly↵ emission of
LABs

Previous studies have suggested several physical ori-
gins of the di↵use Ly↵ emission around a galaxy, includ-

ing scenarios of photoionization, Ly↵ resonant scatter-
ing, cooling radiation, outflows, and satellite galaxies.
We discuss these scenarios separately below.
Mas-Ribas & Dijkstra (2016) suggest that fluorescence

can generate Ly↵ photons that account for di↵use Ly↵
emission around LAEs at z = 3.1. As for LABs, flu-
orescence is very likely to happen because of the large
abundance of ionizing photons expected from the bright
M

UV

. Geach et al. (2009) and Overzier et al. (2013)
argue that fluorescence alone can explain the luminous
and di↵use Ly↵ emission of LABs hosting AGNs. Be-
cause our LABs have bright M

UV

and possible AGN
activities, fluorescence may be the origin of the di↵use
Ly↵ emission.
In the scenario of Ly↵ resonant scattering, the Ly↵

photons are emitted by star formation in the galaxy
center. Although our LABs have very high Ly↵ lumi-
nosities, the Ly↵ equivalent widths are ⇠ 50 � 200 Å,
consistent with the Ly↵ equivalent width from dust-free
star formation estimated in Charlot & Fall (1993). This
consistency suggests that the di↵use Ly↵ emission can
be explained by resonantly scattered Ly↵ photons gen-
erated in the star-forming galaxy center.
Gravitational cooling radiation may also play an im-

portant role in generating an extended Ly↵ emission.
Using Ly↵ radiative transfer models of LAEs with a
mean stellar mass of 2.9 ⇥ 1010 M� at z = 3.1, Lake
et al. (2015) show that cooling radiation can contribute
40-55% of the total Ly↵ luminosity within a virial radius
of 56 kpc. On the other hand, if cooling radiation is the
major origin of the di↵use Ly↵ emission, the Ly↵ equiva-
lent width would likely be greater than 240 Å that is the
maximum equivalent width predicted by stellar models
(Charlot & Fall 1993). Although the Ly↵ equivalent
widths of our LABs are smaller than 240 Å, it should be
noted that the Ly↵ escape fractions of our LABs might
be low. For example, z49-1 has a Ly↵ escape fraction
of 0.11 as we discussed in Section 4.4. Because the low
Ly↵ equivalent widths of our LABs may be caused by
low Ly↵ escape fractions, we cannot rule out the possi-
bility that cooling radiation is the origin of the di↵use
Ly↵ emission.
Using an analytical model and a high-resolution hy-

drodynamic simulation, respectively, Taniguchi & Sh-
ioya (2000) and Mori et al. (2004) suggest that outflows
driven by multiple supernova explosions are able to pro-
duce extended Ly↵ emission with a Ly↵ luminosity of
⇠ 1043 erg s�1. This Ly↵ luminosity is consistent with
those of our LABs. On the other hand, our LABs may
have starbursts driven by possible mergers as suggested
by the multiple UV components in Figure 3. Multiple
supernova explosions are likely to happen in starbursts,

Zhang,, Yajima, et al. (2019)
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Table 3. Properties of best-fit SEDs

ID Z logM⇤ E(B � V )⇤ log(Age) log(SFR)

(Z�) (M�) (mag) (yr) (M� yr�1)

z49-1 0.004 9.0+0.2
�0.1 0.05 6.6+0.5

�1.5 2.4+1.4
�0.3

z66-1a 0.2 10.18+0.05
�0.07 0.15 8.26+0.05

�0.05 2.00+0.01
�0.01

z66-2b 0.005-0.2 ⇠ 10.3 0.0-0.5 ⇠ 8.8 ⇠ 1.4

z70-1 0.02 < 9.1 0.10 < 7.7 2.0+1.8
�0.8

Notes.

a best-fit SED from Ouchi et al. (2013)
b best-fit SED from Sobral et al. (2015)

tion suggested by the best-fit SED, we estimate the
expected Ly↵ luminosity to be (3.2 ± 1.1) ⇥ 1044 erg
s�1. The Ly↵ escape fraction is the observed Ly↵
luminosity divided by the expected Ly↵ luminosity,
(3.5⇥ 1043)/(3.2⇥ 1044)=0.11±0.04.

5. DISCUSSION

5.1. Identification of the Most Distant LAB at z = 7.0

In this study, we have identified the most distant LAB
found to date, z70-1 at z = 7.0. The composite pseudo-
color image of z70-1 is presented in Figure 19 left. Figure
20 shows the Ly↵ and continuum profiles of z70-1. To
test whether the Ly↵ profile of z70-1 is more extended
than the continuum profile, we fit the exponential func-
tion shown in Equation 5 to the Ly↵ and continuum
profiles. In the fitting, the errors of the profiles are
considered. The best-fit scale lengths of the Ly↵ and
continuum profiles are 1.43 ± 0.18 and 0.56 ± 0.41 kpc,
respectively. We estimate the statistical significance of
the di↵erence between the scale lengths of Ly↵ and con-
tinuum profiles assuming a normal distribution. We find
that the Ly↵ and continuum profiles are di↵erent at
the 87% confidence level. This suggests that the Ly↵
emission of z70-1 is more extended than the continuum.
Taken together with the identification of the Ly↵ emis-
sion line on the spectrum, and the bright Ly↵ luminosity
of z70-1, our result suggests that z70-1 is a real LAB at
z = 7.0.

5.2. An Extremely Di↵use LAB at z = 5.7

The NB816 image of z57-2 in Figure 3 suggests that
z57-2 has very di↵use Ly↵ emission presenting no clear
center, which is apparently di↵erent from the other 6
LABs. The composite pseudocolor image of z57-2 is
shown in Figure 19 right. Figure 21 displays the Ly↵
surface brightness profile of z57-2, together with the
other 6 LABs and 2 model galaxies of Halo-11 and Halo-
12 (Yajima et al. 2017; Arata et al. 2018) at z ⇠ 6.

Figure 19. Composite pseudocolor images of z70-1 (left)
and z57-2 (right). The upper object in the left panel is a
foreground source. The RGB colors of z70-1 are presented
with 3.6 µm, y, and NB973 images, respectively. For z57-
2, the RGB colors correspond to y, z, and NB816 images,
respectively. Because z57-2 does not show a clear center in
the NB816 image, we smooth the y, z, and NB816 images of
z57-2 with a Gaussian kernel whose sigma value is 0.0017 be-
fore we make the pseudocolor image. The size of the images
is 500 ⇥ 500. The length of 100 is indicated as a white bar.

Figure 20. Ly↵ (black) and continuum (green) surface
brightness profiles of z70-1. The filled circles are the profiles
measured from images. The solid lines present the best-fit
exponential functions. The shaded regions indicate the er-
rors of the best-fit functions. We normalize all the profiles
at the radius of ⇠0.5 kpc for comparison. To avoid overlaps,
the continuum profile is slightly shifted along the horizontal
axis by +0.15.

Lya blob

Zhang+19



Rapid change of radiative properties 
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may be removed to provide a direct view of an area of the
brain’s surface. In mice, the brain can often be visualized
without even thinning the skull. Methods have been carefully
developed to ensure that normal brain function is not affected
by these approaches. Most often, the animal will remain anes-
thetized during measurements.23 In some cases, however, a
permanent window can be surgically implanted and the ani-
mals can survive for over a year while an area of their brain is
accessible for repeated direct optical imaging.14,24

Imaging of pathologies requires only that the animal be
anesthetized. Images during acute interventions, such as ad-

ministration of drugs or introduction of a stroke, must be care-
fully synchronized with image acquisition. While the brain’s
functional response to stimulus is being studied, a carefully
controlled stimulus is presented during imaging. Such stimuli
may include visual !e.g., showing patterns or pictures", soma-
tosensory !e.g., electrical or tactile stimulation of the whiskers
or forepaw", or auditory stimuli !different frequencies and am-
plitudes". Stimuli may be repeated in regular blocks, or pre-
sented in a randomized pattern.18,25 Data are usually shown as
the average response to multiple stimulus repetitions to obtain

Fig. 1 Intrinsic chromophores and structures of the brain. !a" For small animal imaging, it is possible to use visible light to look at oxygenation-
dependent hemoglobin absorption !as well as exogenous absorbing and fluorescing dyes". The cortex can be exposed and imaged at high
resolution, or imaged through the intact skull and scalp at lower resolution. !b" For human brain imaging, near-infrared light will penetrate more
readily through the scalp and skull to sample the brain thanks to lower scatter and absorption. The human brain has a more complex convoluted
structure compared to lower mammals. Spectra: major chromophores in brain are oxy- and deoxyhemoglobin and water !lipid is omitted here". For
generation of these spectra: water content is assumed to be 90% !quoted value in newborn brain, 71 to 85% in adult brain34". Hemoglobin
absorption is shown assuming 2-mM concentration of hemoglobin in blood and 3% content of blood in tissue !60 mM in tissue34" calculated from
spectra.257 HbR spectrum represents 3% fully deoxygenated blood in tissue. Scatter spectrum is approximate using: !!s=A"−b, where A=1.14
#10−7 m and b=1.3.228

Hillman: Optical brain imaging in vivo: techniques…

Journal of Biomedical Optics September/October 2007 ! Vol. 12!5"051402-3

Medical diagnosis using near-infrared light 
which is returned from a human body via 
scattering processes
This diagnostic method requires radiative 
transfer simulations

No radiative exposure,
Non-invasive, 
No contrast medium required,
No side effect,
Low-cost, high-time resolution 
So, OK for new-born babies 
and infants

Hillman (2007)Optical/NIR bio-imaging
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Cancer gathers blood

Increase of absorption efficiency

Cancer
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DOTの臨床応用

1. 悪性腫瘍の検出
外因性トレーサーやプローブが不要

乳がん Biomed Opt Express 2015

2. 新生児・乳幼児検査法

Phys. Med. Biol. 2005

新生児脳内出血

Breast cancer

Cancer

X-ray Opt.
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Numerical simulations of radiative 
transfer in a human body
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Rank 0 Rank 1

Rank 2 Rank 3

Basic equation

HEALPix (Gorski et al. 2005)

* Scheme: ART method (Yajima+2009)
* Angle grids made by HEALPix
* Parallelization:  domain decomposition

Escape of ionizing photons 415

Figure 1. Upper: The ionization structure of Halo A(Mh ∼ 7 × 1011 M⊙). Lower: The ionization structure of Halo B(Mh ∼ 1 × 1010 M⊙). Colour indicates
the neutral fraction of hydrogen in log scale. White points show the positions of young star clusters.

Figure 2. Escape fraction as a function of halo mass at z = 3–6 for the
N144L10 Fiducial UVB run. Different colours are used for different redshifts
(red: z = 3, blue: z = 5, green: z = 6). The triangles in the bottom right panel
show the mean values in each mass bin with 1σ error bars. The data points
with log f esc < −2.5 are shown at log f esc = −2.5 for plotting purposes.

(blue open circles), and that of the low-mass haloes does not change
largely. On the other hand, our results and Gnedin et al. (2008)
indicate that f esc of high-mass haloes with Mh > 1010 M⊙ does
not change largely with redshift. For low-mass haloes with Mh <

1010 M⊙, it seems that f esc is increasing slightly with decreasing
redshift in our simulations. This might be due to the increasing
cosmic SFR density and increasing UVB intensity from z = 6 to 3.
Indeed, if we calculate the radiative transfer without the contribution
of UVB in equation (2) for the Fiducial run at z = 3 with the same
gas and stellar distribution, f esc decreases by ∼10–20 per cent. In
addition, the mass fraction of gas with log nH > 0.6 within haloes
increases with increasing redshift, which leads to a lower escape
fraction due to a higher recombination rate.

Fig. 4 shows the probability distribution function (PDF) of star
particles as a function of f esc in haloes with Mh ≤ 1011 M⊙ (top
panel) and Mh > 1011 M⊙ (bottom panel). The probability is defined
by P(f esc) = Nstar(f esc ∼ f esc + " f esc)/(Nstar,total " f esc), where Nstar

is the number of star particles that have the value of f esc ; Nstar,total is
the total number of source star particles; and " f esc is the binwidth.
The figure shows that the lower-mass haloes have a longer tail
towards higher values of f esc. Since the ionization structure in low-
mass haloes shows conical regions of highly ionized gas, ionizing
photons can escape easily through these ionized cones, but not
through other angular directions covered by highly neutral gas.
This allows for some star particles in lower-mass haloes to have
high f esc. On the other hand, the higher-mass haloes show very
complex and clumpy distribution of highly neutral gas, therefore it

C⃝ 2010 The Authors, MNRAS 412, 411–422
Monthly Notices of the Royal Astronomical Society C⃝ 2010 RAS

Yajima+2011

Ionization structure
in a galaxy



計測に用いたファントム

1. ジュラコン（ポリオキシメチレン）
40 X 40 X 180 mm
µa = 0.019/mm, µs’ = 0.86/mm (800 nm), g = unknown, n =1.48

S, 照射；D, 受光、最短SD間隔, 8 mm
計測平面：ファントム底面から、35 mm, 45 
mm, 55 mm

Test calculation

22

Pulse injection test for polyurethane 
modeling biological tissues

From Prof. Hoshi



Experimental data
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計測に用いたファントム

1. ジュラコン（ポリオキシメチレン）
40 X 40 X 180 mm
µa = 0.019/mm, µs’ = 0.86/mm (800 nm), g = unknown, n =1.48

S, 照射；D, 受光、最短SD間隔, 8 mm
計測平面：ファントム底面から、35 mm, 45 
mm, 55 mm
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Simulation results
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Simulation results
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(Yajima, Abe, Umemura in prep.)



Spherical wavelet
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Usual radiative transfer simulations take huge memory
place (x,y,z), direction (theta, phi), time(~10) => ~ 1TB

By using spherical wavelet method, we reduce 
memory and accelerate the simulations



Formulation
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Reduced memory

28

(Abe, Yajima, Umemura in prep.)
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Future plan

29

Acceleration of radiative transfer simulations 
with FPGA/GPU on Cygnus
Simulations of huge parameter space

Data bank
(~PB)



Summary

• We study galaxy formation and radiative properties 
by combining cosmological hydrodynamics 
simulations and radiative transfer calculations
• We find the galaxy evolve with supernova feedback 

and the radiative properties rapidly change that 
reproduce the observed diversity of distant galaxies
• We develop a new radiative transfer code to model 

near-infrared bio-imaging, and show the simulation 
matches the experimental data nicely
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