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Figure 3: Gas dynamics, dust obscuration, and distribution of gas and star formation in HFLS3. 
a, b, High-resolution (FWHM 0.35”x0.23”) maps of the 158-µm continuum (a) and [CII] line emission (b) 
obtained at 1.16 mm with the PdBI in A-configuration, overlaid on a Keck/NIRC2 2.2-µm adaptive optics 
image (rest-frame UV/optical light). The r.m.s. uncertainty in the continuum (a) and line (b) maps is 180 
and 400 µJy beam-1, and contours are shown in steps of 3 and 1σ,!starting at 5 and 3σ,!respectively. A 
z=2.092 galaxy (labeled G1B) identified through Keck/LRIS spectroscopy is detected ~0.65” north of 
HFLS3, but is not massive enough to cause significant gravitational lensing at the position of HFLS3. 
Faint infrared emission is detected toward a region with lower dust obscuration in the north-eastern part 
of HFLS3 (not detected at <1 µm). The Gaussian diameters of the resolved [CII] and continuum 
emission are 3.4 kpc x 2.9 kpc and 2.6 kpc x 2.4 kpc, suggesting gas and SFR surface densities of!!!
Σgas = 1.4 x 104 Msun pc-2 and! ΣSFR = 600 Msun yr-1 kpc-2 (~0.6 x 1013 Lsun  kpc-2). The high ΣSFR is 
consistent with a maximum starburst at near-Eddington-limited intensity. Given the moderate optical 
depth of! τd<~1 at 158 µm, this estimate is somewhat conservative. Peak velocity (c) and F.W.H.M. 
velocity dispersion (d) maps of the [CII] emission are obtained by Gaussian fitting to the line emission in 
each spatial point of the map. Velocity contours are shown in steps of 100 kms-1. High-resolution       
CO J=7-6 and 10-9 and H2O 321-312 observations show consistent velocity profiles and velocity 
structure (Figures S5-S7). The large velocity dispersion suggests that the gas dynamics in this system 
are dispersion-dominated. See Supplementary Information Sections 3 and 5 for more details. 
 

Table 1: Observed and derived quantities for HFLS3, Arp 220 and the Galaxy 
! HFLS3 Arp 220* Milky Way* 
redshift 6.3369 0.0181 - 
Mgas (Msun)a (1.04+/-0.09)  x 1011 5.2 x 109 2.5 x 109 

Mdust (Msun)b 1.31+0.32
-0.30 x 109 ~1 x 108 ~6 x 107 

M* (Msun)c ~3.7 x 1010 ~3-5 x 1010 ~6.4 x 1010 

Mdyn (Msun)d 2.7 x 1011 3.45 x 1010 2 x 1011 (<20 kpc) 
fgas

e 40% 15% 1.2% 
LFIR (Lsun)f 2.86+0.32

-0.31 x 1013 1.8 x 1012 1.1 x 1010 

SFR (Msunyr-1)g 2,900 ~180 1.3 
Tdust (K)h 55.9+9.3

-12.0 66 ~19 
!

For details see Supplementary Information, Section 3. 
*Literature values for Arp 220 and the Milky Way are adopted from refs. 27, 20, 28, 29, and 30. The total molecular gas mass of the 
Milky Way is uncertain by at least a factor of 2. Quoted dust masses and stellar masses are typically uncertain by factors of 2-3 due to 
systematics. The dynamical mass for the Milky Way is quoted within the inner 20 kpc to be comparable to the other systems, not 
probing the outer regions dominated by dark matter. The dust temperature in the Milky Way varies by at least +/-5 K around the 
quoted value, which is used as a representative value. Both Arp 220 and the Milky Way are known to contain small fractions of 
significantly warmer dust. All error bars are 1σ!r.m.s. uncertainties.!
aMolecular gas mass, derived assuming  αCO!= Mgas/L’CO = 1 Msun (K kms-1pc2)-1, see Supplementary Information, Section 3.3. 
bDust mass, derived from spectral energy distribution fitting, see Supplementary Information, Section 3.1. 
cStellar mass, derived from population synthesis fitting, see Supplementary Information, Section 3.4. 
dDynamical mass, see Supplementary Information, Section 3.5. 
eGas mass fraction, derived assuming fgas=Mgas/Mdyn, see Supplementary Information, Section 3.6. 
fFar-infrared luminosity as determined over the range of 42.5-122.5 µm from spectral energy distribution fitting, see Supplementary 
Information, Section 3.1. 
gStar formation rate, derived assuming SFR[Msunyr-1] = 1.0 x 10-10 LFIR [Lsun], see Supplementary Information, Section 3.2. 
hDust temperature, derived from spectral energy distribution fitting, see Supplementary Information, Section 3.1. 
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初期宇宙から現在にかけて存在している	

LAEs (Matsuda et al. 2005; Nestor et al. 2013; Erb et al. 2014),
five LBGs (Steidel et al. 2003; Nestor et al. 2013; Erb
et al. 2014), and 10 K-band selected galaxies (Kubo et al. 2015,
2016) within the protocluster (i.e., with zspec=3.06–3.12;
Hayashino et al. 2004; Matsuda et al. 2005). None of the
ALMA SMGs (including candidates in the supplementary
source catalog) have LAE/LBG counterparts, which shows
that these rest-frame UV selected galaxies are clearly separated
populations, compared to galaxies individually detected by
ALMA. In contrast, five out of 10 K-band selected galaxies are
securely detected by ALMA. Therefore, such a relatively
massive galaxy population (stellar mass, 1010–11Me; Kubo
et al. 2013) selected at rest-frame optical wavelengths appears
to significantly overlap with the ALMA population. This trend
is broadly consistent with recent works in SXDF (Tadaki
et al. 2015) and HUDF (Aravena et al. 2016; Dunlop et al.
2016), as well as previous studies of ALMA SMGs (Simpson
et al. 2014). We summarize the relationship to other
populations in Appendix B.

4. DISCUSSION

4.1. Resolving the AzTEC Map with ALMA

Several hundred submm/mm sources discovered by single-
dish telescopes have been observed by submm/mm inter-
ferometers to date. Some appear to resolve into multiple,
individual SMGs, whereas others have a unique counterpart
above a given detection limit (e.g., Gear et al. 2000; Tacconi
et al. 2006; Younger et al. 2008; Wang et al. 2011; Barger
et al. 2012; Smolčić et al. 2012a; Hodge et al. 2013a; Miettinen
et al. 2015; Simpson et al. 2015a). For instance, Barger et al.
(2012) reported that, using the SMA, three of 16 SCUBA

sources are composed of multiple objects. From ALMA
observations, Hodge et al. (2013b) and Simpson et al.
(2015a) suggested that ∼30–40% of LABOCA or bright
SCUBA2 sources (with flux densities of S870μm=4–15 mJy
and S850μm∼8–16 mJy, respectively) are resolved into
multiple SMGs brighter than S870μm∼1 mJy, making most
of the components “ULIRGs.” These results suggest that the
relatively poor angular resolution of single-dish imaging
(15″) causes significant source blending and complicates
our interpretation of the nature of SMGs. ALMA enables us
now to resolve not only individual single-dish sources, but also
relatively faint sources spread over a wider area.

4.1.1. Comparison of the AzTEC and ALMA Map

The AzTEC/ASTE survey of SSA22 by Tamura et al.
(2009) and Umehata et al. (2014) presented a 1.1mm image of
ADF22. The 30″ resolution image has a 1σ depth of 0.7mJy
beam−1 and detects three sources above a 3.5σ detection
threshold within ADF22 (SSA22-AzTEC1, SSA22-AzTEC14,
and SSA22-AzTEC77; hereafter AzTEC1, AzTEC14, and
AzTEC77, respectively). Two of the three AzTEC sources,
AzTEC1 and AzTEC14, have two and five ALMA SMGs
located within the FWHM of the AzTEC beam, respectively. In
contrast, AzTEC77 has only one associated ALMA SMG
(Figure 7).17 In summary, three AzTEC sources are resolved
into eight ALMA SMGs. The result is in line with previous

Figure 6. ALMA 1.1mm continuum maps of 18 sources in ADF22. Each map is 5″×5″ in size. We show the DEEP/HIRES map to display the better angular
resolution image. We use the FULL/LORES map only for ADF22.14, which is not covered by the DEEP/HIRES map (see Figure 2 for the source distributions and
covered area of the FULL/LORES and DEEP/HIRES map). IDs are shown in the bottom in the maps, and synthesized beams are displayed in the bottom left of each
map. The 1.1mm ALMA contours are in steps of 5σ starting at ±5σ (red, ADF22.1–ADF22.4), in steps of 3σ starting at ±3σ (magenta, ADF22.5–ADF22.9), and in
steps of 2σ starting at ±3σ (orange, ADF22.10–ADF22.18).

17 AzTEC77 shows an elongated profile, which should be caused by ADF22.6,
as illustrated in Figure 7. Therefore, the profile itself should reflect the two
ALMA SMGs. However, ALMA6 is located at outside of the AzTEC beam of
AzTEC77 and so does not contribute significantly to the measured flux of
AzTEC77. Hence, here we treat ADF22.3 as an unique counterpart of
AzTEC77.
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Figure 3: Gas dynamics, dust obscuration, and distribution of gas and star formation in HFLS3. 
a, b, High-resolution (FWHM 0.35”x0.23”) maps of the 158-µm continuum (a) and [CII] line emission (b) 
obtained at 1.16 mm with the PdBI in A-configuration, overlaid on a Keck/NIRC2 2.2-µm adaptive optics 
image (rest-frame UV/optical light). The r.m.s. uncertainty in the continuum (a) and line (b) maps is 180 
and 400 µJy beam-1, and contours are shown in steps of 3 and 1σ,!starting at 5 and 3σ,!respectively. A 
z=2.092 galaxy (labeled G1B) identified through Keck/LRIS spectroscopy is detected ~0.65” north of 
HFLS3, but is not massive enough to cause significant gravitational lensing at the position of HFLS3. 
Faint infrared emission is detected toward a region with lower dust obscuration in the north-eastern part 
of HFLS3 (not detected at <1 µm). The Gaussian diameters of the resolved [CII] and continuum 
emission are 3.4 kpc x 2.9 kpc and 2.6 kpc x 2.4 kpc, suggesting gas and SFR surface densities of!!!
Σgas = 1.4 x 104 Msun pc-2 and! ΣSFR = 600 Msun yr-1 kpc-2 (~0.6 x 1013 Lsun  kpc-2). The high ΣSFR is 
consistent with a maximum starburst at near-Eddington-limited intensity. Given the moderate optical 
depth of! τd<~1 at 158 µm, this estimate is somewhat conservative. Peak velocity (c) and F.W.H.M. 
velocity dispersion (d) maps of the [CII] emission are obtained by Gaussian fitting to the line emission in 
each spatial point of the map. Velocity contours are shown in steps of 100 kms-1. High-resolution       
CO J=7-6 and 10-9 and H2O 321-312 observations show consistent velocity profiles and velocity 
structure (Figures S5-S7). The large velocity dispersion suggests that the gas dynamics in this system 
are dispersion-dominated. See Supplementary Information Sections 3 and 5 for more details. 
 

Table 1: Observed and derived quantities for HFLS3, Arp 220 and the Galaxy 
! HFLS3 Arp 220* Milky Way* 
redshift 6.3369 0.0181 - 
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For details see Supplementary Information, Section 3. 
*Literature values for Arp 220 and the Milky Way are adopted from refs. 27, 20, 28, 29, and 30. The total molecular gas mass of the 
Milky Way is uncertain by at least a factor of 2. Quoted dust masses and stellar masses are typically uncertain by factors of 2-3 due to 
systematics. The dynamical mass for the Milky Way is quoted within the inner 20 kpc to be comparable to the other systems, not 
probing the outer regions dominated by dark matter. The dust temperature in the Milky Way varies by at least +/-5 K around the 
quoted value, which is used as a representative value. Both Arp 220 and the Milky Way are known to contain small fractions of 
significantly warmer dust. All error bars are 1σ!r.m.s. uncertainties.!
aMolecular gas mass, derived assuming  αCO!= Mgas/L’CO = 1 Msun (K kms-1pc2)-1, see Supplementary Information, Section 3.3. 
bDust mass, derived from spectral energy distribution fitting, see Supplementary Information, Section 3.1. 
cStellar mass, derived from population synthesis fitting, see Supplementary Information, Section 3.4. 
dDynamical mass, see Supplementary Information, Section 3.5. 
eGas mass fraction, derived assuming fgas=Mgas/Mdyn, see Supplementary Information, Section 3.6. 
fFar-infrared luminosity as determined over the range of 42.5-122.5 µm from spectral energy distribution fitting, see Supplementary 
Information, Section 3.1. 
gStar formation rate, derived assuming SFR[Msunyr-1] = 1.0 x 10-10 LFIR [Lsun], see Supplementary Information, Section 3.2. 
hDust temperature, derived from spectral energy distribution fitting, see Supplementary Information, Section 3.1. 
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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 

 

1

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 

2

(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). Marrone	  et	  al.	  (2018,	  Nature)	  
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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 

33.0 s33.2 s33.4 s
Right ascension (3 h 11 min)

35″

34″

33″

32″

D
ec

lin
at

io
n 

(–
58

° 
23

′)
N

or
m

al
iz

ed
 [C

 II
] l

in
e-

to
-c

on
tin

uu
m

 r
at

io

E
W

1″
0.0

0.5

1.0

1.5

[C
 II] intensity (Jy km

 s
–1 per beam

)

–1,000 –500 0 500 1,000 1,500
Velocity (km s–1)

0

5

10

0

5

10

15

20

25

Fl
ux

 d
en

si
ty

 (m
Jy

)

[C II]
(apparent)

[O III]
(apparent)

W E

[C II]
(intrinsic) 5 kpc –400

–200

0

200

400

600

800

M
ean [C

 II] velocity (km
 s

–1)

1″
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1″0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

[O
 II

I] 
in

te
ns

ity
 (J

y 
km

 s
–1

 p
er

 b
ea

m
)

1″
0.0

0.5

1.0

1.5

2.0 [O
 III]/[C

 II] lum
inosity ratio

a b c

d e f

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.
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1 INTRODUCTION

in prep.

2 METHODOLOGY

Decrease of dust radius due to the thermal sputtering in hot
gas (Draine & Salpeter 1979).

ad(t+�t) = ad(t)�
1.0⇥ 10�6

1.0 + T�3
6

⇣ nH

cm�3

⌘
�t µm yr�1 (1)

Dust growth by metal accretion (Spitzer 1979; Evans
1994; Hirashita & Kuo 2011)

ad(t+�t) = ad(t) +
nX(t)mXS

fXs

✓
kBTgas

2⇡mX

◆ 1
2

(2)

Thus the change of dust mass in a SPH particle is given
by

Mdust(t+�t) = Mdust(t) +
4⇡⇢d
3

[a3
d(t+�t)� a3

d(t)]. (3)

Formation of hydrogen molecules in gas phase.

H + e ! H� + �

H� +H ! H2 + e
(4)

Formation of hydrogen molecules on dust surface
(Cazaus & Tielens 2004; Schneider et al. 2006).

2H + grain ! H2 (5)

Reaction rate coe�cient of hydrogen molecule forma-
tion on dust.

RH2 =
1

2
n(H)v̄Hnd�d✏H2SH(T ) (6)

?
E-mail: mail

Lyman-Werner feedback can be weaken by H2 self-
shielding and dust extinction.

FLW = fshield
LLW

4⇡r2
exp(�⌧d) (7)

⌧d =
3Qdmd

4ad⇢d
lJ (8)

Star formation model:

d⇢⇤
dt

= C⇤
⇢gas
tdyn

(9)

where C⇤ = 0.1.

3 RESULTS

in prep.

4 DISCUSSION

in prep.

5 SUMMARY

in prep.

ACKNOWLEDGMENTS

c� 2008 RAS

非平衡化学計算（primordial）	
　　　　　＋	  

金属冷却（電離平衡）	  
C,	  N,	  O,	  Ne,	  Mg,	  Si,	  S,	  Ca,	  Fe	
CLOUDY	  v07.02	  (Ferland	  2000)より計算	  

星形成モデル	  
閾値：水素ガス数密度10	  cm-‐3以上	  



フィードバック	

1:	  超新星爆発	  
近傍ガスに高温の熱エネルギー	  
(温度	  107.5	  K)を注入	  
Dalla	  Vecchia	  &	  Schaye	  (2012)	  

6	

Figure 2. Column density of gas in Halo-11, Halo-11-lowSF, and Halo-11-noSN in units of [M� pc�2] at z = 7. See Table 1 for the three
variations of Halo-11. The top panels show the filamentary network of gas distribution on a scale of physical 100 kpc, and the dashed
circles show the virial radius ⇡ 18 pc. The middle panels show the zoom-in view of the most massive galaxy in the halo with a scale of
physical 7 kpc. The lower panels represent the stellar surface density with the same logarithmic scale as the middle panels. The galaxies
have quite di↵erent morphologies depending on the treatment of SF and stellar feedback.

cooling loss:

nH ⇠ 100 cm�3

✓
T

107.5 K

◆✓
mg

104 M�

◆�1/2

. (3)

In this work, we treat all star and gas particles as
part of one galaxy system inside each halo that is iden-
tified by a FOF group finder, and do not distinguish
sub-structures in each halo. Our current focus is the im-
pact of stellar feedback on physical properties of galaxies,
which sensitively depends on the SFR and gravitational
potential of the dark matter halo. Hence, we investigate
the formation and evolution of the first galaxies under
the influence of star formation and its feedback together
with the dark matter halo mass assembly history using
cosmological zoom-in hydrodynamic simulations. We

adopt following cosmological parameters that are consis-
tent with current cosmic microwave background obser-
vations: ⌦M = 0.3, ⌦b = 0.045, ⌦⇤ = 0.7, ns = 0.965,
and h = 0.7 (Komatsu et al. 2011; Planck Collaboration
et al. 2016).

3. RESULTS

3.1. Star Formation History

The star formation history contains useful information
on the details of galaxy formation and evolutionary pro-
cesses. Recent observed galaxies at z > 6 have been
detected in the rest-frame UV wavelengths, and their
observed fluxes are directly linked to the SFR if dust ex-
tinction e↵ects are negligible (see however, Yajima et al.
2015b; Cullen et al. 2017).

4

フィードバックが効く臨界密度	

2:	  星からの紫外線	  
水素分子形成の阻害	  
Johnson	  et	  al.	  (2013)	  

H2,	  H-‐の破壊	



ダストの物理	

1.	  超新星爆発による	  
ダスト生成	

2.	  成長	  
(金属降着)	  

3.	  破壊	  
（スパッタリング）	

4.	  ダスト表面での	  
水素分子形成	

5.	  紫外線遮蔽	  

これらの効果を計算にいれる	 7	

Yajima	  et	  al.	  (in	  prep.)	

(Todini&Ferrara2001)	

(Hirashita&Kuo2011)	

(Cazaux&Tielens2004	  
Schneider+2006)	

(Draine&Salpeter1979)	



シミュレーションセットアップ	

Figure 1. Top panel: Growth history of halo mass. Green dot, red
solid and blue dash lines show the halo masses of the most massive
halo as a function of redshift in Halo-10, Halo-11, and Halo-12
runs, respectively. Middle panel: Growth rate of halo mass in the
unit of M⊙ yr−1. Bottom panel: The rate of change of total gas
mass within virial radius of the halo in the unit of M⊙ yr−1. The
growth rates, dMh/dt and dMgas/dt are smoothed over the time
bin ∆t = 47 Myr.

although the growth rate depends on the environment.
Halo-10 is more massive than Halo-11 at z ! 10, however,
Halo-11 rapidly grows and becomes more massive than
Halo-10 during z = 6−9. Halo-12 is always more massive
than the other halos. As shown in the middle panel of
the figure, the halo growth rate of Halo-10 is higher than
that of Halo-11 at z ! 10, but it stalls at lower redshift,
whereas Halo-11 rapidly increases its growth rate at z "
10.

2.2. Star Formation

Our basic SF prescription is based on the Kennicutt-
Schmidt law of local galaxies, and the adopted formula-
tion was developed by Schaye & Dalla Vecchia (2008).
This model estimates the SFR based on the local ISM
pressure as follows:

ṁ∗ = mgA
!
1 M⊙ pc−2

"−n
# γ

G
fgP

$(n−1)/2
, (1)

where mg is the mass of the gas particle, γ = 5/3 is
the ratio of specific heats, fg is the gas mass fraction
in the self-gravitating galactic disk, and P is the total
ISM pressure. The free parameters in this SF model
are the amplitude A and the power-law index n. These

parameters are related to the Kennicutt-Schmidt law,

Σ̇∗ = A

%
Σgas

1M⊙ pc−2

&n

. (2)

Local normal star-forming galaxies follow Alocal = 1.5×
10−4 M⊙ yr−1 kpc−2 and n = 1.4 for the Saltpeter IMF.
Note that, the amplitude should be changed by a factor
1/1.65 in the case of the Chabrier IMF, i.e., Alocal,Chab =
2.5 × 10−4 M⊙ yr−1 kpc−2. Schaye et al. (2010) repro-
duced the observed cosmic star formation rate density
(SFRD) using cosmological SPH simulations with this SF
model and the parameters A = 2.5×10−4 M⊙ yr−1 kpc−2

and n = 1.4(see also, Schaye et al. 2015). On the other
hand, this amplitude can be ∼ 10 times higher for merg-
ing starburst galaxies (Genzel et al. 2010). In addition,
Tacconi et al. (2013) suggested that the amplitude in-
creases with redshift.
In this work, we focus on high-redshift galaxies at z ≥ 6

which experience frequent merging processes. There-
fore, assuming the Chabrier IMF, we adopt the am-
plitude factor A which is 10 times higher than the lo-
cal normal star-forming galaxies, i.e., Afiducial = 2.5 ×
10−3 M⊙ yr−1 kpc−2 as our fiducial value. The SF time-
scale with this amplitude factor is ∼ 108 yr which is close
to the dynamical time of the halos at z ∼ 10. As shown in
Schaye et al. (2010), the cosmic SFRD is not so sensitive
to the value of A due to the self-regulation by stellar feed-
back. We also compare the SF histories of galaxies with
the lower value of Alocal,Chab. In this work, we set fg = 1
and the threshold density of nH = 10 cm−3 above which
star formation occurs, similarly to the FiBY project.
Above the threshold density, we use an effective equa-
tion of state with an effective adiabatic index γeff = 4/3
with the normalized pressure P0/kB = 102 cm−3 K (see
Schaye & Dalla Vecchia 2008, for more details).

2.3. UV background radiation

The cooling rate is estimated from the assumption of
the equilibrium state (collisional or photoionization equi-
librium) of each metal species. We allow the cooling
down to ∼ 100 K which is close to the CMB tempera-
ture at the redshifts we are focusing on. The metal-line
cooling is considered for each metal species using a pre-
calculated table by cloudy v07.02 code (Ferland 2000).
In this work, we do not follow the formation and disso-
ciation of hydrogen molecules (Johnson et al. 2013). At
z " 10, galaxies are being irradiated by the UVB, and
it penetrates into the gas with nH < 0.01 cm−3 which
is the threshold density of the self-shielding derived by
Nagamine et al. (2010) and Yajima et al. (2012) based on
the radiative transfer calculations of the UVB. We switch
from collisional to photoionization equilibrium cooling
table once the UVB ionizes the gas (see Johnson et al.
2013, for details). We use the UVB of Haardt & Madau
(2001) in our simulations.

2.4. Supernova Feedback

In this work, we consider supernovae feedback via the
injection of thermal energy into neighboring gas parti-
cles as described in Dalla Vecchia & Schaye (2012). The
thermal energy is stochastically distributed to surround-
ing gas, and kept until the gas temperature increases to
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Halo-10 during z = 6−9. Halo-12 is always more massive
than the other halos. As shown in the middle panel of
the figure, the halo growth rate of Halo-10 is higher than
that of Halo-11 at z ! 10, but it stalls at lower redshift,
whereas Halo-11 rapidly increases its growth rate at z "
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2.2. Star Formation
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This model estimates the SFR based on the local ISM
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in the self-gravitating galactic disk, and P is the total
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10−4 M⊙ yr−1 kpc−2 and n = 1.4 for the Saltpeter IMF.
Note that, the amplitude should be changed by a factor
1/1.65 in the case of the Chabrier IMF, i.e., Alocal,Chab =
2.5 × 10−4 M⊙ yr−1 kpc−2. Schaye et al. (2010) repro-
duced the observed cosmic star formation rate density
(SFRD) using cosmological SPH simulations with this SF
model and the parameters A = 2.5×10−4 M⊙ yr−1 kpc−2

and n = 1.4(see also, Schaye et al. 2015). On the other
hand, this amplitude can be ∼ 10 times higher for merg-
ing starburst galaxies (Genzel et al. 2010). In addition,
Tacconi et al. (2013) suggested that the amplitude in-
creases with redshift.
In this work, we focus on high-redshift galaxies at z ≥ 6

which experience frequent merging processes. There-
fore, assuming the Chabrier IMF, we adopt the am-
plitude factor A which is 10 times higher than the lo-
cal normal star-forming galaxies, i.e., Afiducial = 2.5 ×
10−3 M⊙ yr−1 kpc−2 as our fiducial value. The SF time-
scale with this amplitude factor is ∼ 108 yr which is close
to the dynamical time of the halos at z ∼ 10. As shown in
Schaye et al. (2010), the cosmic SFRD is not so sensitive
to the value of A due to the self-regulation by stellar feed-
back. We also compare the SF histories of galaxies with
the lower value of Alocal,Chab. In this work, we set fg = 1
and the threshold density of nH = 10 cm−3 above which
star formation occurs, similarly to the FiBY project.
Above the threshold density, we use an effective equa-
tion of state with an effective adiabatic index γeff = 4/3
with the normalized pressure P0/kB = 102 cm−3 K (see
Schaye & Dalla Vecchia 2008, for more details).

2.3. UV background radiation

The cooling rate is estimated from the assumption of
the equilibrium state (collisional or photoionization equi-
librium) of each metal species. We allow the cooling
down to ∼ 100 K which is close to the CMB tempera-
ture at the redshifts we are focusing on. The metal-line
cooling is considered for each metal species using a pre-
calculated table by cloudy v07.02 code (Ferland 2000).
In this work, we do not follow the formation and disso-
ciation of hydrogen molecules (Johnson et al. 2013). At
z " 10, galaxies are being irradiated by the UVB, and
it penetrates into the gas with nH < 0.01 cm−3 which
is the threshold density of the self-shielding derived by
Nagamine et al. (2010) and Yajima et al. (2012) based on
the radiative transfer calculations of the UVB. We switch
from collisional to photoionization equilibrium cooling
table once the UVB ionizes the gas (see Johnson et al.
2013, for details). We use the UVB of Haardt & Madau
(2001) in our simulations.

2.4. Supernova Feedback

In this work, we consider supernovae feedback via the
injection of thermal energy into neighboring gas parti-
cles as described in Dalla Vecchia & Schaye (2012). The
thermal energy is stochastically distributed to surround-
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赤方偏移６で1.6x1011	  Msun	  のハロー	  
ズームイン初期条件により	  
高精度計算を行う	  
	  
mDM=6.6x104	  Msun/h	  
mgas=1.2x104	  Msun/h	  
soiening=200	  pc	  (comoving)	  

 z=6	
Metallicityが10-‐4	  Zsun以下では	  
PopIII星団	  (20	  –	  500	  Msun)	  
	  
10-‐4	  Zsun以上では	  
PopII星団にする(0.1	  –	  100Msun)	  
IMFのpower-‐law	  slopeは両方とも-‐2.35	8	
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星形成史	
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	  	  	  	  	  	  	  	  	  	  	  	  紫外線吸収	

Radiative transfer 3

Figure 1. 星形成率、中心から 200 pc 以内の密度、escape fraction の z ∼ 6 までの redshift 進化。左の列から順には Halo-11, Halo-11-
noSN, Halo-11-lowSF の場合。escape fraction のパネルでは solid line が ionizing photons、dashed line が UV continuum (1500− 2800 Å)
photons。

Yajima H., Choi J.-H., Nagamine K., 2012, MNRAS, 427,
2889

Yajima H., Nagamine K., Zhu Q., Khochfar S., Dalla Vec-
chia C., 2017, ApJ, 846, 30

c⃝ 2008 RAS, MNRAS 000, 1–3

星形成率	

ガス密度	

紫外線光子脱出率	
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a	

b	

多波長輻射輸送計算	  
With	  ART2	  (HY+2012)	  



星形成モデルと輻射輸送	
4 Arata et al.

Figure 2. UV (upper panel) 等級と sub-mm (lower panel) flux
の redshift進化。Upper panelでの黄色の横線は感度を表し上から順
に.., ..., ...。Lower panelでの黄色の横線は ALMA望遠鏡を 50基利
用して 10 時間観測した時に得られる感度。上から順に 10σ, 3σ の天
体として検出される。

Figure 3. z = 6.1での表面輝度分布 (途中段階)。colorbarの単位は
erg s−1 cm−2 Hz−1 arcsec−2.

Figure 4. UV continuumの escape fraction (upper panel)と sub-
mm flux (lower panel) の redshift 進化。

c⃝ 2008 RAS, MNRAS 000, 1–3

ALMA	  
検出感度	

超新星爆発のフィードバック
により光学特性も次々変化	

15	

LBG	

SMG	 サブミリ波	  
フラックス	



議論：さらに高密度領域ではどうか？
原始銀河団領域で計算してみる	

16	

100kpc	

原始銀河団	  @	  z=6	 (500	  Mpc/h)3のボックスより	  
最終的に銀河団が作られる	  
原始銀河団領域(30Mpc/h)を選ぶ	

天の川銀河程度の重い銀河	



星形成率とダスト質量	
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原始銀河団のような高密度領域では観測されているような	  
Dusty	  starburst	  galaxyが形成	



サブミリ銀河群の形成	
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フィラメント構造に沿ったサブミリ銀河の分布	



まとめ	

ダスト形成・破壊を考慮した宇宙論的流体計算によって初代銀河
の形成・進化を調べた	  
•  重元素汚染により、宇宙の星形成は赤方偏移15以下でPopII星

が支配的になる	  
•  赤方偏移６で銀河内にダストは106Msun程度蓄積される	  
•  間欠的な星形成モードにより輻射特性も激しく変化	  
•  原始銀河団ではサブミリ銀河のクラスタリングがz~6で作られる	  
	  
今後	  
ダストに覆われた爆発的星形成銀河とクエーサーとの関係を	  
シミュレーションにより調べる	  
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