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The onset of star formation 250 million years after 
the Big Bang
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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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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). 
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Figure 1

A cartoon view of the CGM. The galaxy’s red central bulge and blue gaseous disk are fed by filamentary accretion from
the IGM (blue). Outflows emerge from the disk in pink and orange, while gas that was previously ejected is recycling. The
“di↵use gas” halo in varying tones of purple includes gas that is likely contributed by all these sources and mixed together
over time.

factor of 30 between sub-L⇤ and super-L⇤ galaxies. More generally, sub-L⇤ galaxies gener-

ally have extended bursty star formation histories, as opposed to the more continuous star

formation found in more massive galaxies, suggesting di↵erences in how and when these

galaxies acquire their star forming fuel. As this fuel is from the CGM, we must explain how

sub-L⇤ and L⇤ galaxies fuel star formation for longer than their ⌧dep.

2.1.2. What quenches galaxies and what keeps them that way?. How galaxies become and

remain passive is one of the largest unsolved problems in galaxy evolution (Figure 2b).

Proposed solutions to this problem involve controlling the gas supply, either by shutting

o↵ IGM accretion or keeping the CGM hot enough that it cannot cool and enter the ISM.

4 Tumlinson, Peeples, & Werk
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原始銀河団とは？

銀河団（現在）

implies a relatively top-heavy stellar mass function in
dense regions.

2. Between z∼5 and z∼1.5, the entire Lagrangian
volumes of protoclusters contain numerous halos of
1011–1012.5 :M . This allows protocluster galaxies to grow
at a total SFR of about -

:M1000 yr 1 for a prolonged
period of time, which contributes to about 65% of the
total stellar mass seen in present-day clusters. Depending
on the magnitude of the initial overdensity, some
protoclusters may already contain significant group- or
cluster-sized cores near the end of this epoch. These cores
would be the first regions to show evidence of galaxy
quenching or dense intracluster gas.

3. After z∼1.5, the fraction ofMå contained in protocluster
cores starts to increase as the cluster is being assembled.
The fraction of SFR in the cores lags behind its mass
growth, implying that the growth of the cores is achieved
mainly by incorporating externally formed stars from
infalling galaxies. The violent gravitational collapse
(Figures 2 and 3) proceeds in an inside-out manner as
the inner shells of a centrally peaked overdensity
turnaround before the outer shells. In this epoch, galaxy
quenching is enhanced through multiple channels,
including gravitational heating, AGN feedback, group
pre-processing, and various types of satellite quenching

processes like starvation, ram-pressure stripping, and
tidal disruption.

Due to the extreme hierarchical nature of cluster assembly,
the far majority of the stars in present-day clusters formed in
the extended protocluster regions, mainly during the second
phase outlined above. Only 15% of the stellar mass formed
“in situ” in cores (this calculation takes into account mass loss
during stellar evolution), which makes the core halos under-
representative during the main epoch of cluster (galaxy) growth
at cosmic noon.

6. Discussion

Based on two recent SAMs, we have demonstrated in this
Letter that the fraction of the cosmic SFR density associated
with the formation of present-day clusters is as high as 20% at
z=2 and 50% at z=10. Protocluster galaxies are thus a
nearly dominant population at Cosmic Dawn, and remain
significant at Cosmic Noon.
We outlined three stages that describe the early history of

cluster formation, which began with an inside-out growth phase
from z10 to z∼5, followed by an extended star formation
phase at z∼5–1.5, and a violent infalling and quenching phase
at z∼1.5–0.
These phases are in qualitative agreement with tentative

observational evidence. For example, Ishigaki et al. (2016)

Figure 5. Middle panel: average total SFR per protocluster. Bottom panel: The fractions of the total SFR (black curves) and stellar mass (red curves) occurring in the
core halo. The dashed lines at high redshift in the bottom panel illustrate the dependence of the upturn of core dominance on the limiting galaxy stellar mass. The rise
and fall in the total SFR of protoclusters and the reversed trend found for the cores motivates the three-stage scenario for cluster formation illustrated in the top panel.
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最終的に銀河団になりそうな初期宇宙の銀河密集領域
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Given the large number of active galaxies in
this region, the elevated photon flux required
to power the filaments could be provided by
the galaxy population identified within our
field. To test this hypothesis, we determined the
number of ionizing photons provided by x-ray–
selected AGNs and SMGs (22). Under the
simple assumption that the ionizing sources
typically lie 250 kpc from filaments, the re-
quired photon flux corresponds to a photon
number emission rate of Qion ~10

55 s−1 to
power the whole filament. The eight x-ray
AGNs in the structure have Lx ~1044 erg s−1,
corresponding to a total rate of Qion ~10

57 s−1,
whereas the 16 SMGs that are protocluster
members form stars at a rate of 160 to 1700
M⊙ year−1 and hence produce a total of Qion

~1057 s−1. This is sufficient ionizing photon
flux to power the filament emission, even un-
der the assumption that only 1% of the pho-
tons escape their host galaxies. This simple
estimate, although an approximation of the
more complex radiative transfer in this re-
gion, supports our interpretation that the
gas residing in these filamentary structures
is ionized by the photons produced by star-
forming galaxies and AGNs in the massive
protocluster core.
The volume densities of SMGs and x-ray

AGNs in this field are about three orders of
magnitude higher than the volume average

at this epoch (21). Such an overdensity of ac-
tive populations is very rare (29), and there is
little observational evidence regarding how
this intense activity is fueled and sustained.
Cosmological simulations suggest that rapid
infall of gas from the cosmic web in proto-
clusters may lead to the formation of SMGs
(30). Although gas inflows are not directly
observable in our data, the location of SMGs
and AGNs within the filaments supports the
idea that large reservoirs of gas are funneled
toward forming galaxies under the effect of
gravity, triggering and sustaining their star
formation and driving the growth and ac-
tivity of their central SMBHs. Assuming a
typical density of 6 × 10–3 cm−3 for filaments
with (projected) thicknesses of ~100 kiloparsec,
the region imaged by our observations con-
tains ~1012M⊙ of gas (depending on the filling
factor of the gas), which is potentially available
to accrete onto galaxies in this region and so
fuel their continuing star formation (22).
Our observations have uncovered a large-

scale filamentary structure in the emission
from the core of the SSA22 protocluster. Evi-
dence of similar structures in other proto-
clusters from imaging observations (15, 25)
suggests that this may be a general feature
of protoclusters in the early Universe. The
network of filaments in SSA22 is found to
connect individual galaxies across a large vol-

ume, allowing it to power star formation and
black-hole growth in active galaxy populations
at z ~3.
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Fig. 3. Three-dimensional pictures of Lya filaments. (A) Velocity map of the Lya emission obtained
from its flux-weighted centroid in the MUSE data. Image scale and plotting symbols are the same as those
in Fig. 2. Coherent velocity trends can be seen along the filament structures. (B) The 3D distribution of
Lya filaments shown with blue [signal-to-noise ratio (SNR) > 2] and magenta (SNR > 5) voxels. The locations
of SMGs (without detectable x-ray AGNs, orange circles), AGN-hosting SMGs (red diamonds), and
x-ray–luminous AGNs without ALMA 1-mm detections (brown hexagons) are also displayed. The Lya
filaments and SMGs and AGNs are colocated on megaparsec scales.
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Large Scale Structures with Protoclusters at z ⇠ 6� 7 5

z57OD

z66OD

Figure 3. 3D overdensity maps of LAEs at z = 5.7 (left) and z = 6.6 (right). The black dots show the positions of the LAEs. The large
dots are LAEs brighter than LLy↵ > 1043 erg s�1. Higher density regions are indicated by the bluer colors, smoothed with a Gaussian
kernel of � = 10 cMpc (15 cMpc) at z = 5.7 (z = 6.6).

Figure 4. Two-dimensional map of LAEs at z = 5.7 (upper) and z = 6.6 (lower) with the redshift slices. The black dots show the
positions of the LAEs in the �z ⇠ 0.02 redshift depth. The large dots are LAEs brighter than LLy↵ > 1043 erg s�1. Higher density regions
are indicated by the darker colors, smoothed with a Gaussian kernel of � = 10 cMpc (15 cMpc) at z = 5.7 (z = 6.6).

the LAEs at z = 5.7 and 6.6.
In the 3D maps, we identify z57OD (z = 5.692) and

z66OD (z = 6.585) with 44 and 12 LAEs spectroscop-
ically confirmed, respectively, which are located within
⇠ 1� contours in Figures 5 and 6. The 1� contours are
roughly corresponding to the 20 cMpc-radius aperture.
According to theoretical studies in Chiang et al. (2017),
the 20 cMpc-radius aperture at z ⇠ 6 includes > 90%
members of clusters at z = 0. We include z66LAE-8 lo-
cated just outsize the 1� contour, because it is within 20
cMpc from the center of z66OD. Figures 5 and 6 show
the locations of LAEs, 2D projected contours, and spec-
tra of the LAEs of z57OD and z66OD, respectively. Ta-
bles 1 and 2 summarize properties of LAEs of z57OD and
z66OD, respectively. The average redshift of the LAEs
of z66OD (z = 6.585) suggests that z66OD is the most
distant overdensity with > 10 galaxies spectroscopically
confirmed to date (c.f., 3 galaxies at z = 7.1 in Castel-
lano et al. 2018). Properties of overdensities in this work
and in the literature are summarized in Table 3, which is

based on objects listed in Table 5 in Chiang et al. (2013)
and new objects discovered since.
Both z57OD and z66OD are located in the filamen-

tary structures made by LAEs around these overdensi-
ties, extending over 40 cMpc. We evaluate the extension
of these overdensities in the redshift direction by cal-
culating velocity dispersions of LAEs. We select LAEs
within 0.07 deg from the centers (defined as the highest
density peaks) of z57OD and z66OD, and calculate the
rms of their velocities as velocity dispersions. The cal-
culated velocity dispersions are 1280 ± 220 km s�1 and
670 ± 200 km s�1, respectively, similar to the value of
galaxies in overdensities found in Lemaux et al. (2017,
1038 ± 178 km s�1) and Toshikawa et al. (2012, 647 ±
124 km s�1), respectively. These velocity dispersions are
compared with simulations in Section 4.2.
Jiang et al. (2018) identify SXDS gPC in their spec-

troscopic survey. Since the coordinate and redshift of
SXDS gPC are the same as those of z57OD, we con-
clude that SXDS gPC is the same structure as z57OD.

Harikane et al. (2019)

z = 6.6

z=3.1

LETTERRESEARCH

map, suggest that the northern LABOCA structure also lies at z = 4.3 
(see Methods). The sources detected in the ALMA 870-µm imaging 
therefore comprise just 50% of the total flux density of the southern 
LABOCA source, and 36% of the total LABOCA flux density, suggest-
ing that the roughly 500-kpc extent of the protocluster contains a total 
star-formation rate of 16,500 M⊙ yr−1. Modelling the spectral energy 
distribution on the basis of this combined submillimetre photometry 
yields an infrared luminosity (at wavelengths from 8 µm to 1,100 µm) 
of (8.0 ± 1.0) × 1013 times the Solar luminosity (L⊙). The gas masses of 
the 14 protocluster galaxies—estimated from the CO(4–3) line, or from 
the [C ii] line if undetected in CO(4–3) (see Methods)—range from 

1 × 1010M⊙ to 1 × 1011M⊙, with a total gas mass of roughly 6 × 1011 
(XCO/0.8)M⊙ (where XCO is the conversion factor from CO(1–0) lumi-
nosity to total gas mass). A follow-up survey of colder molecular gas in 
the CO(2–1) line with the Australia Telescope Compact Array (ATCA, 
a radio telescope) detects the bulk of this large gas repository, especially 
in the central region near sources B, C and G, and confirms that the 
assumed line-intensity ratio, CO(4–3) to CO(1–0), used in the Methods 
when calculating the total gas mass, is consistent with the average meas-
urements from ATCA.

The detected ALMA sources also enable an initial estimate of the 
mass of the protocluster. We determine the mean redshift using the 
biweight estimator18 to be 〈 〉 = . − .

+ .z 4 3040bi 0 0019
0 0020 . The velocity dispersion 

of the galaxy distribution is σ = −
+408bi 56
82  km s−1 according to the 

biweight method18, which is the standard approach for galaxy samples 
of this size. Other common methods (gapper18 and Gaussian fit) agree 
to within 3% and provide similar errors. Under the assumption  
that SPT2349-56 is approximately virialized, the mass-dispersion  
relation for galaxy clusters19 indicates a dynamical mass of 
Mdyn = (1.16 ± 0.70) × 1013M⊙, which is an upper limit if the system has 
not yet virialized. Given the possible selection effect of requiring a bright 
source (with S1.4mm values of more than 15 mJy) within the 1′ SPT beam 
for detection, we also further consider the possibility that our structure may 
represent an end-on filament being projected into a compact but unbound 
configuration, rather than a single gravitationally bound halo. Our analysis 
in the Methods suggests that this is not as likely as a relatively bound system 
in a massive halo, given the velocity dispersion measured as a function of 
position, and other supporting arguments. However, we cannot rule this 
possibility out completely, and further analysis and observations of the 
larger angular scale of the structure will be required to more fully under-
stand the nature of this system.
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Fig. 1 | The SPT2349-56 field and spectra of the constituent galaxies.  
a, LABOCA 870-µm contours of SPT2349-56, overlaid on the IRAC  
3.6-µm image; the 26″ beam at 870 µm is shown in white. Contours 
represent signal-to-noise rations of 3,7 and 9, moving inwards. The  
small red circles show the locations of the 14 protocluster sources.  
b, ALMA band-7 imaging (276 GHz, 1.1 mm), showing the 14 confirmed 
protocluster sources, labelled A to N. Black and blue contours denote 75% 
(outer contour) and 90% (inner contour) of the peak flux for each source, 
based on the CO(4–3) and [C ii] lines, respectively. The dashed black line 

shows where the primary beam is at 50% of its maximum. The filled blue 
ellipse shows the 0.4″ naturally weighted synthesized beam. c, CO(4–3) 
spectra (black lines) and [C ii] spectra (yellow bars) for all 14 sources, 
centred at the biweight cluster redshift z = 4.304. The [C ii] spectra are 
scaled down in flux by a factor of ten, for clarity of presentation. The red 
arrows show the velocity offsets determined by fitting a Gaussian profile 
to the CO(4–3) spectra for all sources except for G, H, K, L, M and N, 
for which we used [C ii] (because these sources are not detected in the 
CO(4–3) spectra).

Table 1 | Derived physical properties of SPT2349-56 protocluster 
members
Source ∆V [km s−1]† SFR [M⊙ yr−1] Mgas [1010M⊙]

A −90 ± 35 1,170 ± 390 12.0 ± 2.1
B −124 ± 31 1,227 ± 409 11.2 ± 2.0
C 603 ± 12 907 ± 302 6.7 ± 1.2
D −33 ± 40 530 ± 182 8.4 ± 1.5
E 84 ± 21 497 ± 179 4.8 ± 0.9
F 395 ± 82 505 ± 169 3.4 ± 0.7
G 308 ± 42 409 ± 137 2.9 ± 1.3‡

H −719 ± 28 310 ± 105 4.4 ± 2.0‡

I 310 ± 78 268 ± 91 2.2 ± 0.5
J −481 ± 35 243 ± 85 2.2 ± 0.5
K 631 ± 12 208 ± 71 3.1 ± 1.4‡

L −379 ± 18 122 ± 43 3.3 ± 1.5‡

M 34 ± 21 75 ± 34 1.2 ± 0.6†

N 90 ± 25 64 ± 29 1.0 ± 0.5†

†Velocity offsets were measured relative to the mean redshift, z = 4.304.
‡The [C II] line was used to derive Mgas in these cases, as CO(4–3) was not detected.

4 7 0  |  N A T U R E  |  V O L  5 5 6  |  2 6  A P R I L  2 0 1 8
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原始銀河団で発⾒される珍しい銀河

⼤きく広がった銀河
（ライマンアルファ
ブロッブ）

Publications of the Astronomical Society of Japan (2018), Vol. 70, No. SP1 S31-13

Fig. 6. Local significance maps for seven z∼ 1 pairs with >4σ overdensity within two arcminutes. The symbols and contours are the same as figure 1.
The first six panels show the BOSS binary fields and the bottom panel shows the one from Hennawi et al. (2006). The white star in J020332−050944
and J020341−050739 field shows the companion quasar (SDSS J020320.47−050933.8) at z = 1.353. (Color online)
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多重超巨⼤ブラックホール

このような銀河がどのようにして形成されたのか分かっていない

Figure 1), = omS 64 11 mJy870 m , which would imply ~SFR
-

:M8900 yr 1. It is also lower in a ´1.34 factor than the
obscured SFR associated to the total IR luminosity derived in
Ivison et al. (2016) from the Herschel+LABOCA/SCUBA-2
photometry. One reason for this discrepancy could be that the
ALESS SED template does not provide a good representation
of the dust emission for all the DRC components, such that
some of them would have higher SFRs than those reported in
Table 1.

The total obscured SFR of our protocluster core is the
highest reported so far for protoclusters whose members have

been spectroscopically confirmed at >z 4. As a reference, the
total obscured SFR of AzTEC-3, a massive protocluster at

=z 5.3spec (Capak et al. 2011), is ~ -
:MSFR 1600 yr 1 as

estimated from the only DSFG in this system. For a comparison
at slightly lower redshifts, the total obscured SFR in the core of
the protocluster SSA22 at =z 3.09spec (Steidel et al. 1998;
Yamada et al. 2012) is ~ -

:MSFR 3, 820 yr 1, calculated from
the observed flux density at 1.1 mm of the components and
adopting the ALESS SED template, as with DRC). CL J001, a
concentration of DSFGs at =z 2.5spec (Wang et al. 2016) has

~ -
:MSFR 3400 yr 1 in the central 80 kpc region, much lower

than DRC. One of the few comparable cases in terms of the
high obscured SFR is the COSMOS protocluster at z=2.10
reported by Yuan et al. (2014) and Hung et al. (2016), but its
SFR was determined over much wider scales than the core of
our protocluster and, additionally, the COSMOS structure is at
much lower redshift than DRC.
As reported above, DRC is just the core of an overdensity of

DSFGs. The total m870 m of all these DSFGs (the eight
LABOCA sources, including DRC—see left panel of Figure 1)
is »106 mJy. If all those DSFGs were at the same redshift as
DRC, the total SFR of the system would be around

-
:M14,400 yr 1. The fact that the DSFGs found around DRC

are at its same redshift is supported by their photometric
redshifts measured from the Herschel plus LABOCA/SCUBA-
2 photometry (Lewis et al. 2017), although further observations
are required to confirm this.

4.2. Molecular Gas Mass

The [C I](1–0) transition has been proposed to be a good
tracer of the total molecular gas mass, even better than low-J
CO lines in high-redshift galaxies (Papadopoulos et al. 2004)
and it has been used to estimate the molecular gas of several
populations of high-redshift DSFGs (e.g., Walter et al. 2011;
Alaghband-Zadeh et al. 2013; Bothwell et al. 2017). In this
work, we use [C I](1–0) to estimate the molecular gas mass for
the DRC components detected in that transition (see Figure 3).
The line fluxes have been derived from the moment-0 maps of
[C I](1–0) for each component. For the DRC components
whose [C I](1–0) line is not detected (see, for example, DRC-2,
whose [C I](1–0) is not clearly detected in the spectrum—the
line is expected to be extremely broad, judging by the
12CO(6–5) profile), we have assumed that the [C I](1–0) and
12CO(6–5) transitions have the same width. Then, we have
calculated the H2 mass of each DRC component following
Bothwell et al. (2017) and Alaghband-Zadeh et al. (2013), but
see also Papadopoulos & Greve (2004), Papadopoulos et al.
(2004), and Weiß et al. (2003, 2005):
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where [ ]X C I is the [C I]/H2 abundance ratio (assumed to be
= ´ -[ ]X 3 10C

5
I ), A10 is the Einstein coefficient ( =A10

´ - -7.93 10 s8 1), and Q10 is the excitation factor, assumed to
be =Q 0.610 (Bothwell et al. 2017). Equation (1) does not take
into account the effect of the cosmic microwave background
(CMB) on the [C I](1–0) line strength (da Cunha et al. 2013;
Zhang et al. 2016). The CMB at z=4 has a temperature of

Figure 4. False-color image of the core of our protocluster at =z 4.002spec ,
obtained from our I-, KS-band and IRAC imaging. The positions of the 11 DRC
components are highlighted by white contours; 12CO(2–1) emission from
ATCA is shown with green contours and the ALMA 12CO(4–3) emission is
shown with red contours (note that this faint emission is on top of DRC-1). All
contours run from s4 to s6 in steps of s1 . Most DRC components are detected
in at least one optical/near-IR band and a variety of colors is seen, with the
brightest sources at 2 mm having the reddest optical/near-IR colors.

Table 2
Line Properties of DRC Components

Component -[ ]( )I C 1 0I -( )I CO 6 512 FWHM -( )CO 6 512
a

-( )mJy km s 1 -( )mJy km s 1 -( )km s 1

DRC–1 882±119 4192±331 1009±88
DRC–2 394±54 1748±337 2140±466
DRC–3 598±76 757±64 359±29
DRC–4 364±44 539±56 602±68
DRC–5 K K K
DRC–6 K 767±58 840±70
DRC–7 K 169±53 1296±472
DRC–8 K 130±24 515±104
DRC–9 K 109±18 380±70
DRC–10 K 52±14 288±85
DRC–11 K 33±11 243±89

Note.
a Obtained from Gaussian fits to the line profiles. Note that the 12CO(6–5)
emission in DRC-2 has a very high linewidth because of the boxy shape of the
line profile. In any case, the FWZI of the 12CO(6–5) emission in DRC-2
is ~ -1600 km s 1.

8
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研究課題

原始銀河団環境（宇宙⾼密度領域）では銀河や
巨⼤ブラックホールはどのように形成するのか？

原始銀河団の理論や観測研究によって銀河研究の
どのような側⾯が明らかになるのか？

理論的に調べるには
⼤規模な流体計算、輻射輸送計算などが必要



FOREVER22 simulation project
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(FORmation and EVolution of galaxies in Extremerly overdense
Regions motivated by SSA22) (Yajima et al. 2020 submitted)
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Forever 22 simulation run

11

Volume

PCR
BPCG

FIRST

timeResolution

PCR run (x10)
L = 20 cMpc/h
mgas = 3x106 Msun
Mhalo ~ 1014 Msun
zend = 2

BPCG run (x10)
L ~ 6 cMpc/h
mgas = 4x105 Msun
Mhalo ~ 1013 Msun
zend = 4

FIRST run (x2)
L ~ 2 cMpc/h
mgas = 5000 Msun
Mhalo ~ 1011 Msun
zend = 9



宇宙論的流体計算
Cosmological SPH simulation with Gadget-3 (Springel 2005)
+ FiBY models (Johnson+2013) + Eagle models (Schaye+2015)
+ Our original models (Yajima+ 2020)

Basic equations

SPH fomulation

d⇢

dt
+ ⇢r · v = 0 (43)

dv

dt
= �rP

⇢
�r� (44)

du

dt
= �P

⇢
r · v � ⇤(⇢, T )

⇢
(45)

P = (� � 1) ⇢u (46)

6

Dark matter
Star formation
Feedback
Black holes
Chemistry



星からのフィードバック
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輻射加熱

⽔素分⼦破壊 超新星爆発

ダストへの輻射圧

H2

H-

Photon conservation model (not RT) Optically thin within a radius of tau<1

Stochastic thermal feedback
(Dalla Vecchia & Schaye 2012)(Johnson et al. 2013)



Protocluster formation

5 cMpc/h

Gas structure



星形成史
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Forever22 11

Figure 3. Total SFR within 10 cMpc from the centre of mass considering massive haloes with Mh > 1012 M� in each zoom-in region.
Red thick solid line shows the PCR0 run. Blue and green lines represent PCR1-4 and PCR 5-9 runs. Open squares are the observed
total SFRs of protocluster candidates by Lacaille et al. (2019), Mitsuhashi (2020), Clements et al. (2016) , Harikane et al. (2019) and
Kubo et al. (2019). The lower and upper values at z = 5.7 assume that the fraction of associated submillimeter galaxies is 0.3 and 1.0,
respectively, accounting for redshift uncertainty (Harikane et al. 2019). The open triangle is the data without AGN contribution derived
in Kubo et al. (2019).

Figure 4. Cumulative SFR within a specific sky-area at z = 3.
The meaning of the colored solid lines is the same as in Figure 3.
The black solid line is the total SFR in the MF run. Gray di-
amonds are the observed total SFRs of protocluster candidates
shown in figure 2 in Miller et al. (2018).

Figure 5. Cosmic star formation rate density. The meaning of the
di↵erent lines is the same as in Figure 4. Open symbols show the
observational data: diamonds from Bouwens et al. (2020), circles
ALMA ALPINE survey (Khusanova et al. 2020; Gruppioni et al.
2020; Loiacono et al. 2020), triangles from Kistler et al. (2009).
The black dashed line shows the extrapolated fitting function for
UV-selected galaxies at z 6 10 derived in Madau & Dickinson
(2014).

While this model can keep a stable galactic disc and repro-
duce the observed galaxy sizes (Furlong et al. 2015), the
violent disc instability may not be followed. Therefore, if a
high sSFR is induced by a disc instability, we need to relax
forcing particles onto the EOS via increasing the numerical
resolution.

Figure 8 shows the stellar-to-halo mass ratios (SHMRs).
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Figure 6. Stellar mass functions of MF and PCR runs at z =
7, 4, 3 and 2. Line types are the same as in Figure 4. Black dashed
line are the MF mass function scaled by a factor of 2.5. Open sym-
bols show the observed stellar mass functions: z=7 (open squares:
Bouwens et al. 2011), (open triangles: Song et al. 2016); z=4 (open
circles: Marchesini et al. 2010), (open squares: Lee et al. 2012),
(open triangles: Song et al. 2016); z=3 (open squares: Marchesini
et al. 2010); z=2 (open squares: Mortlock et al. 2011), (open cir-
cles: Marchesini et al. 2010).

In addition, this might suggest that the observed SEDs
with metal lines reflect gas at > 2 ⇥ r0.5. Future missions
with PFS on the Subaru telescope will investigate the radial
distribution of metals using metal absorption lines in SEDs
of background galaxies. The comparison of our simulations
with future observation will allow understanding the origin
of the discrepancies reported above.

3.2 Massive black holes in PC regions

Massive BHs at galactic centres are ubiquitous in the lo-
cal Universe (Kormendy & Ho 2013). The black hole mass
is tightly correlated with the bulge mass of galaxies via
MBH ⇠ 2⇥ 10�3 Mstar (e.g., Marconi & Hunt 2003). While
this correlation has been well established at low redshifts,
it is still unclear how it looks at high redshift due to the
limited number of observed massive black holes. Figure 11
shows the BH mass as a function of stellar mass. BHs grow
slowly at Mstar . 1010 M� and then do rapidly as the galax-
ies become more massive. As suggested by Dubois et al.
(2016), SN feedback evacuates gas around a BH and sup-
presses the gas accretion onto it. Once the halo mass exceeds
⇠ 1011�12 M�, the deep gravitational potential well associ-
ated with the halo keeps the gas confined at the galactic
center against SN feedback. Therefore, the gas disc around
the BH can become massive enough and allow gas inflow to
the galactic centre via clump formation and bar instability

Figure 7. Star formation rates of galaxies as a function of stellar
mass. Di↵erent symbols represent each run: PC0 (filled red cir-
cles), PC1-4 (blue crosses), PC5-9 (green crosses), and MF (filled
black triangles). The stellar mass and SFR are estimated within
2⇥r0.5 where r0.5 is the half stellar mass radius of a most massive
galaxy in a halo. Open red circles show the case using total stellar
mass and SFR in a halo. Black dashed and solid lines show the
relations of observed galaxies at z = 2.3 � 2.9 and z = 2.9 � 3.8
derived in Pearson et al. (2018).

(Shlosman et al. 1989; Shlosman & Noguchi 1993). During
this phase, the BHs grow at the Eddington limit and the BH
mass increase as MBH / exp(t/tSal), where tSal is Salpeter
time scale, tSal = fr�Tc

4⇡Gmp
⇠ 45 Myr. The energy injection

rate is estimated as

ĖBH,feed = 5.0⇥ 1011 L�

✓
fEdd

1.0

◆✓
fe
0.15

◆✓
MBH

108 M�

◆
.

(18)
Given than the gas accretion continues for a Salpeter

time and a part of thermal energy is converted into kinetic
one, the total kinetic energy is

Ekin ⇠ 2.7⇥ 1059 erg

✓
fconv
0.1

◆✓
�t

45 Myr

◆

⇥
✓
fEdd

1.0

◆✓
fe
0.15

◆✓
MBH

108 M�

◆
,

(19)

where fconv is the conversion factor from thermal energy to
the kinetic and �t as the accretion time scale of gas. On the
other hand, the gravitational binding energy of the gas in a
halo with Mh ⇠ 1013 M� is estimated by

Egrav ⇠ 1.1⇥1059 erg

✓
Mh

1013 M�

◆
2
✓
⇠M
0.1

◆
2
✓
⇠gas
0.1

◆✓
1 + z
4

◆
,

(20)
where ⇠M is the fraction of total matter mass within the
star-forming region (e.g., � ⇥ Rvir where � is the halo spin
parameter (Mo & White 2002)) to the total halo mass and

c� 2008 RAS, MNRAS 000, 1–20
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原始銀河団は重い銀河が
多いが、質量に対する星形成率
は平均的な領域と変わらない？
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Rvir

SFR

(Harada, Yajima, et al. in prep.)

Most of outflow gas return into 
the galaxy as fountain flow

AA55CH10-Tumlinson ARI 3 August 2017 11:35

Recycling gas

Diffuse gas

Accretin
g gas

15 kpc

300 kpc

Outflow
s

Figure 1
A diagram of the CGM. The galaxy’s red central bulge and blue gaseous disk are fed by filamentary accretion from the IGM (blue).
Outflows emerge from the disk in pink and orange, whereas gas that was previously ejected is recycling. The diffuse gas halo in varying
tones of purple includes gas that is likely contributed by all these sources and mixed together over time. Refer to Supplemental
Figure 1 for an alternate version of the figure, which illustrates the different observing techniques we discuss in Section 3.
Abbreviations: CGM, circumgalactic medium; IGM, intergalactic medium.

time, τdep ∼ M gas/Ṁ sfr changes by only ∼2× over the factor of 30 between sub-L∗ and super-L∗

galaxies. More generally, sub-L∗ galaxies generally have extended bursty star-formation histories,
as opposed to the more continuous star formation found in more massive galaxies, suggesting
differences in how and when these galaxies acquire their star-forming fuel. As this fuel is from the
CGM, we must explain how sub-L∗ and L∗ galaxies fuel star formation for longer than their τdep.

2.1.2. What quenches galaxies, and what keeps them that way? How galaxies become and
remain passive is one of the largest unsolved problems in galaxy evolution (Figure 2b). Proposed
solutions to this problem involve controlling the gas supply, either by shutting off IGM accretion
or keeping the CGM hot enough that it cannot cool and enter the ISM. Low-mass galaxies tend
to continue forming stars unless they are a satellite of or near a more massive galaxy (Geha et al.
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塵に覆われた爆発的星形成銀河群
の形成
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Figure 10. Gas metallicity as a function of stellar mass. Each line
and symbol represent each run as in figure 9. The metallicity and
stellar mass are estimated within 2 ⇥ r0.5 of the most massive
member galaxies. The pink and gray shades show the quartiles
(25 - 75 percent) in each bin in PC0 and MF runs. Black solid,
dotted, dot-dashed lines represent the relations of observed galax-
ies derived in Maiolino et al. (2008), Mannucci et al. (2009), and
Onodera et al. (2016).

SN feedback induces galactic outflows and quenching of star
formation and the radiative properties rapidly changed due
to this (see also, Yajima et al. 2017a). We will investigate the
radiative properties and the origin of the observed diversity
by using a larger galaxy sample in a subsequent paper.

Note, in the current simulations the multi-phase ISM
can not be resolved well due to the limited resolution. There-
fore, ART2 assumes a sub-grid model consisting of a two-
phase ISM with cold gas clumps in a warm medium. In this
case, the escape fraction can di↵er from the single-phase ISM
model because some photons travel without interaction with
the cold gas clump (Yajima et al. 2015b). We will investigate
the impacts of the ISM model on the radiative properties in
future. However, since fesc of massive galaxies is lower than
⇠ 0.2, their submillimeter fluxes do not change significantly
even if fesc decreases furthermore.

3.4 BCG runs

We study the time evolution of the most massive haloes
in the BCG runs. Here, we evaluate total quantities in a
halo, e.g., SFR refers to the total SFR in a halo. Figure 13
shows the star formation histories, stellar mass, and halo
mass growth histories. The halo masses of the BCGs exceed
⇠ 1012 M� even at z ⇠ 7 and reach Mh ⇠ 1� 3⇥ 1013 M�
at z ⇠ 4. All BCGs host galaxies with Mstar & 1011 M� at
z . 6.

The SFR of BCG0 increases from z ⇠ 10 to ⇠ 7 sig-

Figure 11. Masses of the most massive black holes in each
galaxy as a function of stellar mass z = 3. The black solid line
represent the observed relation in local galaxies, i.e., MBH =
2.0⇥ 10�3 Mstar (Marconi & Hunt 2003).

nificantly. This is because the halo can keep confining the
gas against SN feedback as the halo mass becomes close
to Mh ⇠ 1012 M� (see also figure 8). The SFR stays at
⇠ 100 � 300 M� yr�1 at z ⇠ 5 � 7 while the halo grows
slowly. At z . 5, the halo mass of BCG0 increases rapidly,
resulting in a starburst with SFR & 1000 M� yr�1. Most
BCGs have high SFRs with& 100 M� yr�1 even at z = 6�8,
which is similar to observed dusty starburst galaxies (e.g.,
Walter et al. 2018). This suggests that observed dusty star-
burst galaxies form in protoclusters. BCG7 has the highest
value of SFR at z > 6, which is SFR = 1254 M� yr�1 at
z = 6.4. This is similar to the bright SMG at z = 6.3, HFLS3
(Riechers et al. 2013; Cooray et al. 2014).

Recent observations indicated that passive galaxies
form after the starburst phase (Glazebrook et al. 2017;
Mawatari et al. 2020). However, all BCGs in our simula-
tions keep high SFRs at z . 6. In our simulations, even if
SN or BH feedback suppresses star formation for a while,
dark matter and gas keep accreting on the haloes and avoid
quenching of star formation for a long time (& 1 Gyr). Our
result thus suggests that it may require a rare situation
where the growth rate of a halo is quite small for a long
time. We will investigate such setups using a larger sample
in future work.

In most BCGs, SMBHs with MBH > 108 form at z . 6.
Therefore, BH feedback can play a role in regulating star
formation and shaping the gas structure. Figure 14 shows
the star formation histories, the growth histories of stellar
and BH mass of BCG0, BCG0noAGN, and BCG0spEdd.
Given that the upper limit of the Eddington ratio is set to
5 (BCG0spEdd), the BH mass rapidly increase from ⇠ 105

to ⇠ 108 M� at z = 8 � 10. Then it achieves 109 M� at

c� 2008 RAS, MNRAS 000, 1–20
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Massive disk formation?
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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

近赤外線の光を照射し、散乱光から
生体内の情報を取得する診断技術

生体ひかりイメージング

利点
ゼロ被爆、非侵襲、ベッドサイド
低コスト、高時間分解能
新生児・乳児に適用可能

Hillman (2007)より

宇宙物理の計算技術を医療へ！
<赤外線CT技術の開拓>

ただし、理論計算、ひかり計測ともに難しく、
ほとんど実用にいたっていない（夢の技術）

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

X線 NIR.

乳癌

⾸の光輸送計算
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(Yajima, Abe, Umemura in prep.)

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



まとめ
•⾼精度な原始銀河団シミュレーションを⾏った
•原始銀河団では⼤きな星形成率を持つ⼤質量銀河
が多数形成される
•原始銀河団銀河は⼤量のガスと塵に覆われて星の
光のほとんどが隠される⾚外線で明るい銀河にな
る
•フィラメント構造からのガス流⼊により原始銀河
団環境では超巨⼤ブラックホールが形成される


