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A Giant Lyα Emitter at z = 6.595 3

Fig. 2.— Optical to infrared images of Himiko. North is up
and east is to the left. We display 10′′ × 10′′ images at BV Ri′z′

and NB (NB921) bands from Subaru/SXDS, at JHK bands from
UKIDSS-UDS DR3, and 3.6 − 24µm bands from Spitzer/SpUDS.
We show intensity contours in NB921 and z′ images. The black
contours denote 1 σ level of sky fluctuation. The yellow contours
represent (2, 3, 5, 10, 15) and (2,3,4) σ levels of sky fluctuations
in NB921 and z′ images, respectively. We also plot the position of
the DEIMOS slit by the red box. The dispersion direction towards
red spectrum is shown by the magenta arrow. The green arrows
point to the position 1 and 2 that are probable peaks in the z′

image.

Fig. 3.— Composite pseudo-color image of Himiko. The RGB
colors are assigned to 3.6µm , z′, and NB921 images, respectively.
North is up and east is to the left. The image size is 5′′ × 5′′. The
white bar at the bottom right represents the length of one arcsec-
ond. The brightest peak with a bluish white color corresponds to
position 1. The position 2 is located 1.1 arcsec west of the position
1.

factor of 2. In this high-density region, we find the ob-
ject, Himiko, that has the brightest NB921 magnitude
and the largest isophotal area among the 207 LAE candi-
dates. The total magnitude of Himiko is NB921 = 23.55,
which is brighter than the second brightest candidate
(NB921 = 24.06) by 0.5 magnitude. This object is sig-
nificantly extended, in contrast to the compact point-like
profiles of the other LAEs. If we define the isophotal
area, Aiso, as pixels with values above the 2σ sky fluctu-
ation (26.8 mag arcsec−2 in NB921), the isophotal area
of Himiko is Aiso = 5.22 arcsec2 in the NB921 image.
Figure 1 presents the isophotal area of our z = 6.6 LAE
candidates as a function of total NB921 magnitude and
average NB921 surface brightness. The average NB921
surface brightness, ⟨SB⟩, is the value of an isophotal flux
divided by the isophotal area, where the isophotal flux
is the one summed over the isophotal area. We mark a
possibly extended (FWHM> 1′′.2) sources with a filled
squares to distinguish between bright point-like and faint
extended sources with a comparable isophotal area. Fig-
ure 1 indicates that there are no LAEs similar to Himiko.
We confirm that the brightest source from the previous
0.2 deg2 Subaru Deep Field (SDF) survey for z ∼ 6.5
LAEs is only as bright as our second brightest candi-
date with no significant spatial extent (Taniguchi et al.
2005; Kashikawa et al. 2006), and that our object is dis-
tinguished from all the other z ∼ 6.5 LAEs found in the
previous studies. We present snapshot images in Figure
2 and a close-up color composite image in Figure 3. The
major axes of the isophotal area in NB921 and z′ bands
are ≃ 3′′.1 and ≃ 2′′.0, respectively. Additionally, the
NB921 (z′) image shows potential diffuse components
which continuously extend by ∼ 1′′ (∼ 0′′.3) around the
isophotal area with a surface brightness above 1σ sky
fluctuation (Figures 2 and 3). Thus, the size of our ob-
ject is probably ! 3′′.1 and ! 2′′.0 in NB921 and z′

bands, respectively. Given the fact that this LAE has
the unusual brightness and size, we refer to this object
as the giant LAE.

Interestingly, this object is detected at the 4σ level in
the medium deep 3.6µm image from the Spitzer legacy
survey of the Ultra Deep Survey field (SpUDS; PI:. J.
Dunlop; Figure 2), while we find only marginal de-
tections (∼ 2 − 3σ) 21 in the near-infrared (NIR) im-
ages from the UKIRT Infrared Deep Sky Survey Third
Data Release (UKIDSS-DR3: Lawrence et al. 2007). We
align Spitzer/SpUDS and UKIDSS-DR3 images with the
SXDS optical images, referring a number of stellar ob-
jects in the field. The relative astrometric errors are
estimated to be ≃ 0′′.04, ≃ 0′′.11, and ≃ 0′′.35 in
rms, for optical-NIR, Spitzer/IRAC(3.6 − 8.0µm), and
MIPS(24µm) images, respectively. We summarize total
magnitudes/fluxes and 2′′-diameter aperture magnitudes
of Himiko in Table 1. We define the total magnitude with
MAG AUTO of SExtractor (Bertin & Arnouts 1996) in
the optical and NIR bands. The total magnitudes of
Spitzer/IRAC and MIPS bands are obtained from a 3′′-
diameter aperture and an aperture correction given in
Yan et al. (2005) and the MIPS web page 22, respec-
tively. Note that our object is detected in the 3.6µm

21 We estimate the 2σ limits of total magnitudes in the vicinity
of this object to be J = 24.3, H = 24.0, and K = 23.8.

22 http://ssc.spitzer.caltech.edu/mips/apercorr/
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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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2.4 Reionization in the FiBY

Concurrent with the build-up of the LW background radiation field
is the onset of reionization, the process by which the IGM becomes
heated and ionized at z ! 6 (e.g. Ciardi & Ferrara 2005). We adopt a
simple approach to account for the effects of reionization. In partic-
ular, we assume that reionization takes place uniformly throughout
our simulation volume starting at z = 12, roughly consistent with
range of redshifts inferred for instantaneous reionization by WMAP
(e.g. Komatsu et al. 2011) and also with the limit of !z > 0.06 for
the extent of reionization reported by Bowman & Rogers (2010).

In practice, to model the effects of reionization, at z = 12 we
switch from the collisional to photoionization equilibrium cooling
tables, which account for heating by the ionizing background ra-
diation field given by Haardt & Madau (2001). This results in a
gradual heating of the IGM to ∼104 K. To account for the shield-
ing of dense gas from the ionizing radiation, we adopt a maximum
density threshold nshield,ion below which the gas is subjected to the
full radiative flux; following Nagamine, Choi & Yajima (2010), we
choose nshield,ion = 0.01 cm−3. At densities above nshield,ion, the flux is
decreased from the unattenuated value by a fraction (n/nshield,ion)−2,
which is proportional to the recombination rate and allows for
a continuous transition between the shielded and unshielded
regimes. The cooling rates are then derived by interpolation be-
tween the collisional equilibrium and photoionization equilibrium
tables.

3 R ESULTS

Here we report the results of our two simulations, one including
the effects of LW feedback (in dissociating H2 and ionizing H−, as
described in Section 2.2) and one neglecting them. We discuss a
variety of results pertaining to the co-evolution of the stellar Pops
II and III that we model, as well as implications for the detection
of Pop III PISNe and for the formation of black holes in the first
galaxies.

3.1 The global star formation rate

The photodissociation of H2 and the photodetachment of its inter-
mediary H− result in significantly decreased cooling efficiency of
the primordial gas, which in turn reduces the Pop III SFR and slows
the process of chemical enrichment.

The impact of this radiative feedback on the global (comoving)
SFR density is shown in the top panel of Fig. 1, in which both the
Pop III and the total (Pop II + Pop III) SFRs are shown for both of
our simulations. The overall negative impact of the LW radiation is
evident from the fact that both the Pop III and the total SFRs are
each lower in the simulation including LW feedback, at redshifts
z ! 11. Interestingly, however, this is not the case at lower redshifts,
but for different reasons for Pop II and Pop III. Below we discuss
the evolution of the Pop III and total SFRs separately. As we shall
argue, our results suggest that the Pop III SFR is regulated by LW
feedback, while it is the pace of metal enrichment that largely limits
the Pop II SFR.

3.1.1 Lyman–Werner feedback and the Pop III SFR

While the Pop III SFR is similar in both simulations at the ear-
liest times, deviations begin to appear at z ≃ 20 when the LW
background flux has reached a value of J21,bg ≃ 0.05, as shown in
Fig. 1. This is consistent with the results of previous studies that

Figure 1. Top panel: the comoving formation rate density of Pop III stars
(dashed lines) and of all stars (solid lines), in our simulations with (red)
and without (yellow) LW feedback, as a function of redshift z. Also plot-
ted here (grey points) are the SFR densities inferred from data on high-
z galaxies, compiled from Hopkins & Beacom (2006), Mannucci et al.
(2007) and Bouwens et al. (2008). Bottom panel: the level of the cosmo-
logical background LW flux in our simulation with LW feedback, in units
of 10−21 erg s−1 cm−2 Hz−1 sr−1, due to Pop II stars (dashed green line),
Pop III stars (dashed red line) and both populations together (solid yellow
line).

have found that the cooling of the primordial gas becomes substan-
tially reduced when exposed to LW background fluxes of this order
(e.g. Yoshida et al. 2003; Mesinger et al. 2006a; Wise & Abel 2007;
O’Shea & Norman 2008; see also Ahn et al. 2012).

The impact that the LW feedback has on the thermal properties of
the gas is evident in Fig. 2, whichshowsthe density and temperature
of the primordial gas in each of the two simulations. In the simula-
tion including LW feedback, the gas is considerably hotter, due to
the photodissociation of the H2 molecules which provide cooling at
densities n ! 1 cm−3. This less effective H2 cooling translates into
the lower Pop III SFR in the simulation with LW feedback, shown in
Fig. 1. The differences between the properties of the gas in the two
simulations grow with time, as both the background and local LW
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Model/Method
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Gadget-3 (Springel 2005)
+ sub-grid models of OWLS/FiBY projects (Johnson+2013)

+ new models 
(photo-ionization, radiation pressure, star formation)



Large-scale gas structure
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Metal enrichment
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Abe, HY, in prep. 



Pop III - Pop II transition
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Impacts of the IMF Pop III stars 

halo mass

PopIII + PopII
PopIII

Cumulative stellar mass Gas fraction in galaxies

Flat IMF

Salpeter

In the flat IMF run, PISNe induce the low gas fraction of 
first galaxies and suppress PopII star formation
Future: we increase galaxy samples and make 
luminosity functions reflecting the IMF of Pop III stars11
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Galaxy evolution and radiation properties

Galactic outflow

Dust production

Ionization of gas
Star formation

Gas inflow

Radiative transfer

How first galaxies evolve under stellar feedback?
What radiation properties?

Lya

IR
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Evolution of gas structure in 
galaxies (z=20 –> 6)

With Feedback Without Feedback

Gas column density200kpc(comoving) 14

Mhalo=1011Msun@z=6



Formation of first galactic disks
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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)

(HY 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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Surface brightness (Halo-11 at z=6)
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Infrared luminosity 

LIR ∝ SFR1.2
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z=7

Arata, HY et al. arXiv:1810.07621



21

Es
ca

pe
 

fra
ct

io
n

Su
b-

m
m

UV
 c

on
t.

ALMA

JWST

SF
R

Redshift evolution
of flux

t ∼ λRvir

Vc

! 10 Myr
(1)

Σ(r) = Σ0
Rd

r
(2)

Egrav ∼ λ
GM 2

h

Rvir
(3)

ESN ∼ 0.007×Mcl × 1051erg (4)

t =
ϵ

1− ϵ
τSalln10

4 ∼ 0.46 Gyr (5)

τ ∝ 1

rdust
(6)

PHII
th ∼ 4πR2

HIInHkBTHII (7)

P Ion
rad ∼ Lion

c
(8)

P dust
rad ∼ LUV

c
τdust (9)

P Lyα
rad ∼ LLyα

c

ttrap
tcross

∼ 0.68ϵLyαṄion
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Radiative properties of first galaxies change 
drastically due to the galactic outflow
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Fig. 5. Examples of the protocluster candidates. The points indicate
g-dropout galaxies. Individual protocluster candidates exhibit unique
shapes, and some are accompanied by several other overdense regions
(e.g., bottom-left and top-right panels).

The individual overdense regions show a wide range of
morphologies (figure 5). The morphology of these over-
dense regions will eventually provide clues to understanding
galaxy/halo assembly from the large-scale structure of the
universe, but this is beyond the scope of this paper. Some
overdense regions have neighboring overdense regions
within a few arcminutes (figure 5). Although, as mentioned
above, 0.75 physical Mpc (1.′8) is the typical extent of pro-
toclusters, protocluster galaxies can be located a few or
more physical Mpc away from their center depending on
the direction of the filamentary structure (e.g., Muldrew
et al. 2015). It is unlikely that two overdense regions are
located within a few arcminutes just by chance, because the
mean separation is ∼ 40′ based on the surface number den-
sity of overdense regions. Toshikawa et al. (2016) quanti-
tatively investigated how far protocluster members are typ-
ically spread from the center and found that galaxies lying
within the volume of Rsky < 8′(6′) and Rz < 0.013(0.010)
at z ∼ 3.8 will be members of the same protocluster with
a probability of > 50%(80%). Overdense regions which
are located near each other are expected to merge into
a single structure by z = 0. In this study, if > 4 σ over-
dense regions are located within 8′ from another more
overdense region, they can be regarded as substructures of
that protocluster, though the spectroscopic follow-up will
be required to distinguish them from a chance alignment.
Thirty-seven regions out of the 216 having > 4 σ overden-
sity have more overdense regions in the neighborhood. The
fraction of neighboring overdense regions is significantly
higher than that expected by uniform random distribu-
tion (N = 10.6 ± 3.2), implying that the large fraction of

neighboring overdense regions is physically associated with
each other, rather than a chance alignment. As a result, we
have found 216 protocluster candidates at z ∼ 3.8, and 179
out of them would trace the unique progenitors of galaxy
clusters in the Wide layer, which is about ten times larger
than any previous study of protoclusters (N ∼ 10–20 at
z ! 3). Toshikawa et al. (2016) indicate that three proto-
cluster candidates out of four identified by the same method
are confirmed to be real protoclusters by spectroscopic
follow-up observations, which is consistent with the model
prediction.

3 Angular clustering
Based on the systematic sample produced by the HSC-SSP,
we investigate the spatial distribution of protocluster can-
didates at z ∼ 3.8 through the angular correlation function,
ω(θ ). In order to include any small-scale structure in the cor-
relation function, in this analysis we use all > 4 σ overdense
regions instead of only unique protocluster candidates. We
measure the observed ω(θ ) using the estimator presented in
Landy and Szalay (1993):

ωobs(θ ) = DD(θ ) − 2DR(θ ) + RR(θ )
RR(θ )

, (2)

where DD, DR, and RR are the numbers of unique
data–data, data–random, and random–random pairs with
angular separation between θ − $θ/2 and θ + $θ/2,
respectively. As shown in figure 5, the overdense regions
are generally found to have 3′–6′ extents within ! 2 σ

regions and show various, complex shapes. The coordinates
of overdense regions are simply defined as the position of
their overdensity peak. The locations of surface overdensity
peaks can be affected by projection effects, but the typical
uncertainty is expected to be only 0.′5 (∼ 2′ at worst) by
using theoretical models (Toshikawa et al. 2016). We dis-
tribute 40000 random points in the same geometry as pro-
tocluster candidates. The uncertainty of ωobs(θ ) is estimated
using the bootstrap method as follows: We randomly select
our protocluster candidates, allowing for redundancy, and
calculate ωobs(θ ). This calculation is repeated a hundred
times, and the uncertainty of each angular bin is deter-
mined by the root mean square of all of the bootstrap steps.
Figure 6 shows the angular correlation function for all > 4 σ

overdense regions at z ∼ 3.8 in the Wide layer.
The angular correlation function can be parametrized

by a power law: ω(θ ) = Aωθ − β . The slope, β, is found
to be ∼ 1.0, which does not strongly depend on redshift
and mass of clusters at z " 2 (e.g., Bahcall et al. 2003;
Papovich 2008). We use a least-squares technique to fit
a power-law function to the angular correlation function.
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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.
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How galaxies evolve in protocluster regions?
What their radiative properties?
Super-massive BHs form?

z=4.3 z~4

A mosaic of the CDF-S GOODS tiles is shown in Figure 15.
At z850 < 27:0 mag there are a total of 361 g475-dropouts in the
transformed CDF-S in an area of 159 arcmin2, giving an average
surface density of 2.27 arcmin!2 (see Fig. 15). The surface den-
sities are 1.82 and 1.16 arcmin!2 for z850 < 26:5 mag and z850 <
26:0 mag, respectively. The surface density of g475-dropouts in

TN 1338 is approximately 2.5 times higher for each magnitude
cut (5.64, 4.36, and 2.74 arcmin!2, respectively).
What is the significance of this factor of 2.5 surface over-

density? LBGs belong to a galaxy population that is strongly
clustered at every redshift (Porciani & Giavalisco 2002; Ouchi
et al. 2004b; Lee et al. 2006), with nonnegligible field-to-field
variations. In our particular case, it is interesting to estimate the
chance of finding a particular number of g475-dropouts in a sin-
gle 3:40 ; 3:40 ACS pointing. Analyzing each of the 15 GOODS
tiles individually, the lowest number of g475-dropouts encoun-
tered was 12, and the highest was 37 to z850 ¼ 27:0 mag. Next,
we measured the number of objects in #500 randomly placed,
square 11 arcmin2 cells in the CDF-S GOODS mosaic. The cells
were allowed to overlap so that the chance of finding the richest
pointing possible was 100%. In Figure 16 (top panel ) we show
the histogram of counts in cells for the three different magnitude
cuts. In each case the number of objects in TN 1338 (indicated by
the dashed lines) falls well beyond the high-end tail of the dis-
tribution, with none of the cells randomly drawn from GOODS
containing as many objects (the highest being 41, 35, and 24 for
z850 < 27:0, 26.5, and 26.0 mag, respectively). Approximating
the distributions with a Gaussian function (strictly speaking, this
is only valid in the absence of higher order clustering moments,

Fig. 14.—Object map of the g475-dropout candidates (circles), TN J1338!
1942 (square), LAEs (stars), and the detection catalog (points). The g475-dropouts
detected in Ks are indicated by filled circles. Larger circles indicate brighter ob-
jects in z850. The contours represent density fluctuations! $ ("! "̄)/"̄ of !1,
!0.5,!0.1 (dashed contours) and +0.1, +0.5, +1, +1.5 (solid contours), achieved
by smoothing the object mapwith a Gaussian of width 3600, or 250 kpc (FWHM),
using equal weights. LAEs that are not in the g475-dropout sample were not in-
cluded in the density contours. [See the electronic edition of the Journal for a color
version of this figure.]

Fig. 15.—Distribution of z # 4 LBGs in the CDF-S GOODS field with
z850 % 27:0 mag (circles). Larger symbols correspond to brighter objects. The
inset in the top left shows the 3:40 ; 3:40 TN 1338 field and the distribution of
g475-dropouts at the same scale as the CDF-S GOODS field for comparison.

Fig. 16.—Counts-in-cells analysis of z # 4 LBGs in the GOODS simulations
compared to TN 1338. Top: Histograms of the number of objects in square cells
the size of TN 1338 (3:40 ; 3:40) for z850 < 27:0 (right histogram), 26.5 (middle),
and 26.0 mag (left). The number of g475-dropouts in TN 1338 is indicated by the
vertical lines in corresponding color. Bottom: Same as the top panel, but for 2:10 ;
2:10 cells. The number of g475-dropouts in TN 1338 exceeds the number encoun-
tered in GOODS for each limiting magnitude and cell size. [See the electronic
edition of the Journal for a color version of this figure.]
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Formation of massive black holes
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BHs grow rapidly at z > 8
Massive BHs form in 
protoclusters



Summary

• Star formation and gas fraction of first galaxies sensitively 
depend on the initial mass function of Population III stars

• star formation in first galaxies proceeds intermittently 
due to supernova feedback

• UV and sub-mm fluxes fluctuate with the intermittent 
star formation history

• As the halo mass increases, galaxies become bright at 
sub-millimeter wavelengths (~1mJy at 850µm)

• Five bright SMGs can form in protoclusters even at z~6
31

We study high-redshift galaxies by combining cosmological 
hydrodynamics simulations and radiative transfer calculations


