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and z′ data with the assumption of z = 6.6 LAE spectrum shape
(Shimasaku et al. 2006). Figure 3 shows that the profiles of
this object is clearly more extended than that of point-spread
function (PSF) of our image (FWHM = 0.′′8). The outskirts of
the profile reach a radius up to ≃1.′′5 and possibly to ∼2′′. If we
define the isophotal area, Aiso, as pixels with values above the 2σ
sky fluctuation (26.8 mag arcsec−2 in NB921), the isophotal area
of Himiko is Aiso = 5.22 arcsec2 in the NB921 image. Figure 4
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 possibly extended (FWHM > 1.′′2) sources with
filled squares to distinguish between bright pointlike and faint
extended sources with a comparable isophotal area. The right
panel of Figure 4 plots an isophotal area distribution with a
histogram, which visualizes the extended nature of our object
among all of the LAE candidates. Figure 4 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
candidate with no significant spatial extent (Taniguchi et al.
2005; Kashikawa et al. 2006), and that our object is distinguished
from all the other z ∼ 6.5 LAEs found in the previous studies.
By the comparisons with z ∼ 6–7 LAEs found in previous
studies, we note that the size of this object is outstanding.
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 1 and 2). Thus, the
size of our object 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 3.6 µm image from the Spitzer legacy survey of
the Ultra Deep Survey field (SpUDS; P.I.: J. Dunlop; Figure 1),
while we find only marginal detections (∼2–3σ )21 in the near-
infrared (NIR) images from the UKIRT Infrared Deep Sky Sur-
vey 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 objects in the
field. The relative astrometric errors are estimated to be ≃0.′′04,
≃0.′′11, and ≃0.′′35 in rms, for optical-NIR, Spitzer/Infrared
Array Camera (IRAC; 3.6–8.0 µm), and Multiband Imaging
Photometer (MIPS; 24 µm) images, respectively. We summa-
rize total magnitudes/fluxes and 2′′ diameter aperture magni-
tudes of Himiko in Table 1. We define the total magnitude with
MAG_AUTO of SExtractor (Bertin & Arnouts 1996) in the op-
tical 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 page22, respectively. Note that our object is detected in the
3.6 µm band, but not in the 4.5 µm band. This is probably
due to the higher noise level in the 4.5 µm band, as we expect
the object to have a fairly flat spectrum at these wavelengths.
Our measured 3.6 µm magnitude of 24.02 (4σ ) would result
in a <3σ detection at 4.5 µm for a flat spectrum (constant AB

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/

Figure 2. Composite pseudocolor image of Himiko. The RGB colors are
assigned to 3.6 µm, 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 1 arcsec. 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.

Figure 3. Surface brightness (SB) profiles of our object. The open squares show
a SB profile in NB921 image, and the filled circles denote that of a continuum-
subtracted (Lyα) image. The dotted line is the Gaussian profile representing the
PSF of our image with an FWHM = 0.′′8.

magnitude), consistent with our tentative 1–2σ detection and
the large error with 24.62 ± 0.73.23

2.2. Spectroscopic Confirmation

We carried out spectroscopic follow-up observations with
Keck/DEIMOS and Magellan/IMACS. The DEIMOS obser-
vations were conducted with the 830G grating and the GG495
filter in the nonphotometric night on 2007 November 5. The

23 See Section 3.1 for a possible inclusion of emission lines in the IRAC bands.

Protostar Formation in the Early Universe
Naoki Yoshida,1* Kazuyuki Omukai,2 Lars Hernquist3

The nature of the first generation of stars in the universe remains largely unknown. Observations
imply the existence of massive primordial stars early in the history of the universe, and the standard
theory for the growth of cosmic structure predicts that structures grow hierarchically through gravitational
instability. We have developed an ab initio computer simulation of the formation of primordial stars that
follows the relevant atomic and molecular processes in a primordial gas in an expanding universe. The
results show that primeval density fluctuations left over from the Big Bang can drive the formation of
a tiny protostar with a mass 1% that of the Sun. The protostar is a seed for the subsequent formation
of a massive primordial star.

Large ground-based telescopes have dis-
covered distant astronomical objects such
as galaxies and quasars (1, 2) that were in

place when the universe was less than 1 billion
years old, or about 5% of its current age. More-
over, these studies have shown that other lumi-
nous objects must have been present even earlier.
For example, the most distant known quasar,
SDSS-J4010, contains substantial amounts of
heavy elements such as carbon, oxygen, and iron
as well as dust grains (3). These heavy elements
are not of cosmic origin, but must have been
formed earlier in massive stars before being ex-
pelled by supernovae and stellar winds, and then
incorporated into thematerial that later condensed
to produce this quasar.

Recently, stars with extremely low heavy-
element content were discovered in the halo of
our Galaxy (4, 5). The observed elemental abun-
dance patterns indicate several possibilities for the
nature of their ancestors (6, 7). One interesting
scenario is that supernova explosions of massive
primordial stars enriched the parent gas clouds
from which these halo stars were born.

Theoretical analyses hold promise for revealing
the process of primordial star formation for two
main reasons: (i) The initial conditions, as deter-
mined cosmologically, are well established, so that
statistically equivalent realizations of a standard
model universe can be accurately generated; and
(ii) the important basic physics such as gravitation,
hydrodynamics, and atomic and molecular pro-
cesses in a hydrogen-helium gas are understood.
Other complications that plague investigations of
star formation in the local universe, such as the
presence of strong magnetic fields or heavy
elements, can be neglected at these early times.

Here, we report supercomputer simulations of
the development of cosmic structure in the early
universe and the formation of primordial stars.
Our simulations achieve a dynamic range in spa-

tial scale of ~1013, resolving small-scale struc-
tures having sizes of a fraction of a solar radius
(~1010 cm)within cosmological volumes hundreds
of kiloparsecs in length (~1023 cm). The smallest
length scale—the so-called local Jeans length,
set by the action of gravity and hydrodynamic
pressure—is fully resolved throughout the sim-
ulation volume at all times.

We do not assume any a priori equation of
state for the gas. The thermal and chemical evo-
lution of the gas is determined fully by molecular
and atomic processes, which are treated in a di-
rect, self-consistent manner. The spatial resolution
and the accurate implementations of the physical
processes allow us to follow the collapse of a gas
to stellar densities, and thus our calculations offer
a detailed picture of how the first cosmological
objects—primordial protostars—form from chem-
ically pristine gas.

We set up cosmological initial conditions such
that the statistical properties of the density and
velocity fields are matched to those given by the
standard model of the universe (8), according to
which the energy density is dominated by dark
energy and cold dark matter. We follow the grav-
itational collapse of dark matter and the hydro-
dynamics of primordial gas through simulations
of cosmic structure formation. Below, we provide
details on one simulation, which followed the
evolution of dark matter and gas in a cube 200
comoving kiloparsecs on a side. We focus our
attention on a gravitationally bound dark-matter
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Fig. 1. Projected gas distribution around the protostar. (A) The large-scale gas distribution around the
cosmological halo (300 pc on a side). (B) A self-gravitating, star-forming cloud (5 pc on a side). (C) The
central part of the fully molecular core (10 astronomical units on a side). (D) The final protostar (25 solar
radii on a side). The color scale from light purple to dark red corresponds to logarithmically scaled hydrogen
number densities from 0.01 to 103 cm–3 (A), from 10 to 106 cm–3 (B), and from 1014 to 1019 cm–3 (C). The
color scale for (D) shows the density-weighted mean temperature, which scales from 3000 to 12,000 K.
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Figure 3. A three-dimensional rendering of the central ≃150 kpc (comoving), showing the same field of view as in Fig. 2. The temperature is colour-coded

such that the hottest regions with T ≃ 104 K are displayed in bright red. Here, the true spacial structure of the galaxy becomes more clear, showing that its

environment is organized into prominent filaments with a high amount of substructure. In some instances, star-forming minihaloes have aligned along these

filaments and will soon merge with the galaxy.

that radiative and SN-driven feedback influences star formation in

other minihaloes as well as second-generation star formation in the

resulting atomic cooling halo. However, recent numerical simula-

tions have shown that local radiative feedback via photoheating and

LW radiation may not be as important as previously thought (Ahn

& Shapiro 2007; Johnson et al. 2007; Whalen et al. 2007), and that

a global LW background may only reduce the number of Pop III.1

stars by ∼50 per cent (Greif & Bromm 2006; Johnson et al. 2008).

An unknown fraction of these stars end their lives as energetic SNe

and enrich the surrounding IGM to well above the critical metallicity

(Bromm et al. 2003; Greif et al. 2007; Wise & Abel 2007c), while

others collapse directly to BHs and do not expel any metals (Heger

& Woosley 2002; Heger et al. 2003). Since the time-scale for the

recollapse of enriched gas is !100 Myr (Greif et al. 2007), and mix-

ing is inefficient with respect to pre-established overdensities (Cen

& Riquelme 2008), subsequent star formation in minihaloes prior to

the assembly of the atomic cooling halo likely remains metal-free.

It is much more difficult, however, to predict the character of star

formation inside the first galaxies. In the following, we will first

examine the consequences of pristine gas collapsing in the atomic

cooling halo, and subsequently briefly address the corresponding

case of pre-enriched gas.

4.2 Population III.2

The possible existence of a distinct population of metal-free stars

in regions of previous ionization has attracted increasing attention

(Mackey et al. 2003; Greif & Bromm 2006; Johnson & Bromm

2006; Yoshida 2006; Yoshida et al. 2007a; Tan & McKee 2008;

but see Ripamonti 2007; McGreer & Bryan 2008). According to

theory, an elevated electron fraction catalyses the formation of H2

and HD well above the level found in minihaloes and enables the gas

to cool to the temperature of the CMB. This reduces the Bonnor–

Ebert mass by almost an order of magnitude and likely leads to

the formation of Pop III.2 stars with !10 M⊙ (Johnson & Bromm

2006). Numerical simulations of star formation in relic H II regions

have largely confirmed this picture (Johnson et al. 2007; Yoshida

et al. 2007b), while its relevance during the virialization of the first

galaxies has not yet been established (but see Greif & Bromm 2006;

Johnson et al. 2008).

The chemistry of gas contracting in an atomic cooling halo is fun-

damentally different from that in minihaloes. The latter maintain a

primordial electron fraction of ≃3 × 10−4 and form a limited amount

of molecules, while the virial temperature in an atomic cooling halo

exceeds ≃104 K and the elevated electron fraction facilitates the

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 387, 1021–1036
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Figure 2. Pseudo-colour images (B for blue, NB497 for green, V for red) of the 14 giant LABs. The size of the images is 40 × 40 arcsec2 (∼300 × 300 kpc2).
The yellow contours indicate isophotal apertures with a threshold of 1.4 × 10−18 erg s−1 cm−2 arcsec−2. The white horizontal bar in the lower right-hand
image represents the angular scale of 100 kpc (physical scale) at z = 3.1.

Figure 3. Sky distribution of the 14 giant LABs and smoothed density maps of ∼2000 compact LAEs at z ∼ 3.09. In the left-hand panel (a), the small black
box indicates the SSA22a field by Steidel et al. (2000, S00) and the dashed box indicates the SSA22-Sb1 field by Matsuda et al. (2004, M04). The thick bars
show the angular scale of 20 comoving Mpc at z = 3.1. The blue squares and red circles indicate the giant LABs without QSOs and with QSOs, respectively.
The contours represent LAE overdensity, δLAE ≡ (n − n̄)/n̄ =0, 1, 2, 3, 4, 5 and 6.

Figure 4. Filamentarity of the 14 giant LABs as a function of the overdensity
of LAEs. The blue squares and red circles indicate giant LABs without QSOs
and with QSOs, respectively. The error bars show 1σ uncertainties. The
filamentarity of the LABs shows a weak anticorrelation with the overdensity
of LAEs.

4 D I S C U S S I O N A N D C O N C L U S I O N S

Based on deep, wide-field Lyα imaging, we construct a sample of
14 giant LAB candidates at z = 3.1 from a volume of 1.6 × 106

comoving Mpc3. This is the largest sample of giant LABs and triples
the number of known LABs over 100 kpc. Our giant LAB sample
shows a wide variety of Lyα morphologies and resides not only in
overdense environments, as derived from LAEs, but also in low-
dense environments. We find a possible hint for the ‘morphology–
density’ relation of the LABs: the Lyα filamentarity seems to differ
as a function of the local density environments.

How can we interpret this possible morphology–density relation
of the LABs? The Lyα morphology may relate to the formation
mechanisms of LABs. According to recent numerical simulations,
more filamentary LABs may be good candidates for cold gas ac-
cretion from the surrounding IGM (Faucher-Giguere et al. 2010;
Goerdt et al. 2010). Although direct evidence for such gas inflows
is not found around star-forming galaxies at z ∼ 2 (Steidel et al.
2010), recent studies of the metallicity of star-forming galaxies from
low to high redshifts indicate that gas inflows may still be dominant
in the field environment at z ! 3 (Mannucci et al. 2010). More circu-
lar LABs may relate to large-scale gas outflows, which are driven by
intense starbursts and/or AGN activities (Mori & Umemura 2006).
At high redshift, star-formation and AGN activities in overdense
environments are known to be several times higher than those in

C⃝ 2010 The Authors, MNRAS 410, L13–L17
Monthly Notices of the Royal Astronomical Society C⃝ 2010 RAS
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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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Figure 2. Postage stamp images of objects which are detected in the NB359 image and HST/ACS F814W images are available for them. In each panel NB359 (left),
R-band (middle) and F814W (right) images are shown. Field-of-view is 5′′ × 5′′. For the R-band and F814W images a contour map of the NB359 image (2 and 3 σ ) is
overplotted. Symbols at the lower left of the NB359 images show the object type: filled circles: LBG; filled triangle: “blue” LAEs. See Section 4.3 for the definition
of types. The images of SSA22a-C49, which is one of the two objects reported to be detected in S06 and is detected in our NB359 image with 2.95σ level, is labeled.

would be required to clarify whether these objects are really
LAEs at z ≃ 3.09.

If a faint foreground object lies very close to an object at
z ≃ 3.1, they might mimic Lyman continuum in our NB359,
and it would be difficult to distinguish it at longer wavelengths
if the object at z ≃ 3.1 is brighter than the foreground object.
Siana et al. (2007) discussed such a possibility of contamination
by faint foreground objects in the z ∼ 3 Lyman continuum
survey. Following Siana et al. (2007), we roughly estimate the
probability of such a case by assuming a surface density of
faint galaxies and their spatial distribution to be uncorrelated
with the z ∼ 3 objects. The apparent magnitudes of galaxies
detected in NB359 range from 26.5 mag to 27.5 mag. The
surface number density of galaxies in this magnitude range from
U-band number count by Williams et al. (1996) is ∼ 105 mag−1

deg−2. If we consider that a foreground object within a 1.′′0 radius
cannot be distinguished in our NB359 image, each object has
∼2.4% chance of such foreground contamination. Since we have
198 spectroscopic sample galaxies, several objects among the
galaxies detected in NB359 may be explained by contamination
by such a foreground object. However, it would be difficult
to imagine that all 17 detections could be due to foreground
contamination.

4. DISCUSSION

4.1. Spatial Offsets of Lyman Continuum for LBGs

As seen in Figures 2 and 3, shapes and positions of the
emitting regions in the 17 detected galaxies in NB359 are quite
different from those in the R-band, especially for LBGs (marked
with circles in Figures 2 and 3). The rms of positional offsets
between the NB359 and the R-band images for foreground
objects with similar magnitude range (23.5 < R < 27.0) is
∼ 0.′′25. The offsets of 4 LBGs among the 7 LBGs detected in
Lyman continuum exceed 3σ , and the average offset is 0.′′97
(3.8σ , corresponding to 7.4 kpc at z = 3.09). The higher
resolution of the HST/ACS images clearly shows that in each
object with positional offset between NB359 and R-band images
there are substructures in F814W which agree with the positions
of the regions detected in NB359. Except for a few possible cases
of foreground contaminations (as discussed in Section 3), such
differences in the shape and the position between the emitting
regions of ionizing radiation and those of nonionizing UV may
give us a clue to understand how Lyman continuum escapes from
galaxies. For instance, Lyman continuum may escape through
a chimney-like structure in the interstellar medium (Razoumov
& Sommer-Larsen 2007), and we may see the emission only
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have direct evidence of the intense Lyman–Werner radiation
(rest-frame 912–1000 Å) from the brightest UV clump. It is
therefore possible that the other clumps have emitted as much
or even more of such radiation a few ∼100Myr before,
preventing what is now the site of young massive stars (A) to
form before and potentially allowing for that pocket of metal
free gas to remain metal free. There are of course, other
potential interpretations of our observations. In Section 6 we
discuss the different potential scenarios in detail.

6. DISCUSSION

6.1. The Nature of CR7

CR7, with a luminosity of L 10Ly
43.93 0.05=a

o erg s−1 is
∼3×more luminous than any known Lyα emitter within the
epoch of reionization (e.g., Ouchi et al. 2013).

Our optical spectrum shows that the source is very blue
toward the extreme ultra-violet up to the Lyman limit at

912 Å rest-frame, as we detect some faint continuum (spatially
very compact) at rest-frame ∼916–1017 Å (Lyman–Werner
radiation). X-SHOOTER data also provides a NIR spectrum,
allowing to investigate the significant excess seen in the J-band
photometry from UltraVISTA (McCracken et al. 2012; Bowler
et al. 2014), indicative of emission line(s). No continuum is
detected in the NIR spectrum. However, and despite the
relatively low integration time, a strong He II 1640 Å line was
found (∼6σ), capable of explaining the excess in the J band
(see Figure 5). He II can only be produced if the intrinsic
extreme UV spectrum is very hard, i.e., emits a large number of
ionizing photons with energies above 54.4 eV, capable of

Figure 6. Left: CR7 with the NB921 filter/Suprime-cam imaging on Subaru, showing the extent of the Lyα but note that NB921 detects Lyα at only 50%
transmission. Middle: HST imaging in YJ, revealing that CR7 clearly splits into three different components which we name A, B, and C. Right: HST imaging in H,
again revealing the three different components in CR7. We find that component A fully dominates the rest-frame UV and is coincident with the peak of Lyα emission
and the location at which we detect strong He II 1640 Å emission. Clumps B and C are much redder, and fully consistent with significantly contributing to the IRAC
photometry. Note that because of the colors of the B and C clumps, they completely dominate the mass of the system, and thus the actual mass center of the system
would be located between C and B, and significantly away from A. This is fully consistent with a scenario in with PopIII star formation is propagated in a wave from
the central position toward the outskirts.

Figure 7. False color composite of CR7 by using NB921/Suprime-cam
imaging (Lyα) and two HST/WFC3 filters: F110W (YJ) and F160W (H). This
shows that while component A is the one that dominates the Lyα emission and
the rest-frame UV light, the (likely) scattered Lyα emission seems to extend all
the way to B and part of C, likely indicating a significant amount of gas in the
system. Note that the reddest (in rest-frame UV) clump is C, with B having a
more intermediate color and with A being very blue in the rest-frame UV. Figure 8. HST imaging in YJ and H allows us to physically separate CR7 into

two very different stellar populations and shows remarkable agreement with
our best-fit composite SED derived in Section 5.3. While clump A (see, e.g.,
Figure 7) is very blue and dominates the rest-frame UV flux, B+C are red and
likely dominate the rest-frame optical and the mass. Note that the we simply
show the HST data together with our best fit composite model derived in
Section 5.3 which was solely based on the full photometry and did not make
use of any resolved HST data.
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also in the spectra. Both the X-SHOOTER and DEIMOS data
confirm its spatial extent, with both of them agreeing perfectly
on the redshift, extent and FWHM. While the Lyα line profile
is narrow (FWHM ≈ 270 km s−1), and particularly for such
high luminosity, we see evidence for potentially 2 or 3
components (double peaked Lyα emission and a redshifted
component toward the south of the source) and/or signs of
absorption (see Figure 3), which indicate a complex dynamical
structure. It may also mean that the actual intrinsic FWHM is
even narrower. However, such tentative evidence requires
confirmation with further spectroscopy obtained over different
angles, and particularly by exploring deep imaging with high
enough spatial resolution with e.g., HST.

4.3. Comparison with Himiko

We find that CR7 may be seen as similar to Himiko (but
much brighter in Lyα and much higher EW) due to both
sources presenting a spatial extent of about 3″ in diameter. Both
could therefore be tentatively classed as Lyα “blobs” (e.g.,
Steidel et al. 2000, 2011; Matsuda et al. 2004). However, we
note that Himiko is detected at peak transmission in the NB and
the NB imaging in which it is detected is 1 mag deeper (see
Matthee et al. 2015) than the imaging used for the discovery of
CR7. While the CR7 Lyα line profile is very narrow, it consists
of 2 or potentially 3 components, which may indicate that the
source is a double or triple merger, likely similar to Himiko in
that respect as well (see Section 5.4 which shows this is very
likely the case for CR7). However, a simpler explanation is
radiation transfer, which can easily cause such bumps (e.g.,
Vanzella et al. 2010). There are other similarities to Himiko,
including: detections in NIR and a blue IRAC color. CR7 is
however a factor ∼3 brighter in Lyα emission and has an
excess in J band (attributed to He II emission). CR7 is also
bluer (β= −2.3± 0.08, either using Y −H or H −K, following

Equation (1) of Ono et al. 2010) in the rest-frame UV when
compared to Himiko (which shows β∼ −2.0, but note that
Himiko shows a red color from H to K which would imply
β∼ 0.2 if those bands are used). Furthermore, while for CR7
we see some rest-frame UV light just redder of the Lyman-
limit, corresponding to Lyman–Werner radiation (very com-
pact, coincident with the peak of Lyα emission and the HST
detection), this is not seen at all for Himiko (Zabl et al. 2015).
Also, while CR7 shows a strong He II 1640 Å emission line, no
He II is detected in Himiko, even though Zabl et al. (2015)
obtained very deep X-SHOOTER data.
MASOSA is quite different. While it has the highest Lyα

peak brightness, it is not extended and not detected in NIR or
IRAC. Therefore, MASOSA provides also a new class of
sources at the epoch of reionization: as luminous as Himiko,
but very compact and with no significant rest-frame UV or rest-
frame optical detection at the current UltraVISTA depth.

5. SED FITTING AND MODEL ASSUMPTIONS

To interpret the photometry/SED of CR7 we exploit the
SED-fitting code of Schaerer & de Barros (2009, 2010), which
is based on a version of the Hyperz photometric redshift code
of Bolzonella et al. (2000), modified to take nebular emission
into account. We have explored a variety of spectral templates
including those from the GALAXEV synthesis models of
Bruzual & Charlot (2003), covering different metallicities
(solar, Z:, to 1/200 Z:) and star formation histories (bursts,
exponentially declining, exponentially rising). A standard IMF
with a Salpeter slope from 0.1 to 100 M: is assumed. We refer
to these models as “standard”/“enriched” SED fits or
“standard”/“enriched” models throughout this paper.
In addition, we also use synthetic spectra from metal-free

(PopIII) stellar populations assuming different IMFs (Salpeter,
top-heavy), taken from Schaerer (2002, 2003). Constant star

Figure 4. Left: our X-SHOOTER NIR spectrum of CR7, revealing a significant detection of the He II 1640 Å emission line. We show both the data at full resolution
and binning in wavelength (with a resolution of 0.4 Å). We also show the combined X-SHOOTER and SINFONI data and also show the sky spectrum. We note that
sky lines were explicitly masked, but some residuals are still visible, including those of two OH lines just redder of the He II emission line, which show up as a slight
flux increase and another one bluer of He II, which has been slightly over-subtracted. We note that no continuum is found in the NIR spectra, and that we would require
significantly deeper observations in order to detect it simply based on the NIR photometry. Right: we investigate the NIR X-SHOOTER spectrum for other emission
lines (e.g., Stark et al. 2014). We do not find any other emission line apart from He II, but we show one of the lines that should be stronger in our spectrum (typically
∼2× stronger than He II, thus He II/C III] ∼ 0.5). We use our He II line detection and show it at the position of the C III] doublet for a typical line ratio of He II/C III] of
0.5, but also a line ratio of ∼1 and ∼2. Our data allow us to place a limit of He II/C III] > 2.5. We also investigate the presence of N V 1240, N IV 1487, C IV 1549, O III]
1661, O III] 1666, N III] 1750: all of these are undetected.
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Fig. 2.— Confirmation of line detection in EGSY8p7 over two nights. Left: Hubble Space Telescope F160W image of the EGSY8p7 field
with the slit orientations adopted in two successive nights. Right: Extracted 1D signal/noise spectra across the J band for each night, with
a zoom of the 2D data around the line, marked with a vertical blue line. The spectrum is smoothed with a Gaussian of � = 5 Å, comparable
to the measured line width. The Y axis is scaled so that the peak signal/noise matches the integrated value (e.g. F13). Horizontal dashed
lines mark the ±3� region. On both nights, the signal/noise at the line location significantly exceeds that elsewhere.

(see also Labbé et al. 2013; Smit et al. 2015). Of the ob-
jects listed by RB15, EGSY8p7 is the only one for which
Y-band data is not available. As a result, its photometric
redshift derived from HST data alone is fairly uncertain
(5.6 < z

phot

< 9.2, see Fig. 5 of RB15) but including its
IRAC [3.6]-[4.5] color of 0.76 ±0.14 narrows the range to
z
phot

= 8.57+0.22
�0.43.

We observed EGSY8p7, the highest redshift candidate
in RB15’s list, on June 10 and 11 2015 with MOSFIRE
on the Keck 1 telescope. Observations in the J band
spanned the wavelength range 11530Å < � < 13520Å
using an AB dithering pattern of ±1.2500 along the slit
with individual frames of 120 s. The slit masks on the
two nights di↵ered by 120 degrees in orientation both
with a slit width of 0.700. In each mask we allocated
one slit to a nearby star to monitor changes in seeing,

transparency, and possible positional drifts. Conditions
were clear throughout, with an average seeing of 0.6000 for
the first night and 0.7600 for the second night. The nightly
exposure times, excluding frames contaminated by worse
than average seeing, are 158 min and 102 minutes, for a
total of 4.33 hours. Calibrations were obtained via long-
slit observations of standard A0V stars.
Data reduction was performed using the standard

MOSFIRE reduction pipeline9. For each flat-fielded slit
we extracted the 1D spectrum using a 11 pixel boxcar
centered on the expected position of the target. A simi-
lar procedure was adopted in quadrature to derive the 1�
error distribution. To ensure that the derived error spec-
trum reflects the noise properties of the data, we mea-
sured the standard deviation of the pixel-by-pixel signal-

9 http://www2.keck.hawaii.edu/inst/mosfire/drp.html
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Figure 3. The merger history for three realizations of halo A where star
formation is completely suppressed before z ∼ 6.6 (assuming a distance
of 40 kpc from halo BC). The solid curves are the MMPs of halo A and
the dashed curve is the minimum halo mass which results in star formation.
The jagged portion of the minimum mass curve is due to the fluctuations
in the LW radiation from halo BC, while at lower redshifts the curve cor-
responds to the atomic cooling mass and at higher redshifts the cosmic LW
background dominates. The redshift where the MMP is photoevaporated is
z ∼ 15 for these merger histories (varying slightly depending on the mass
of each halo when photoevaporation begins).
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Figure 4. The probability that all star formation is suppressed in halo A as
a function of the separation between halos A and BC. The solid curve is
for the fiducial evaporation time and the dashed curve is for twice this time.
The vertical dotted line corresponds to the approximate radius below which
tidal forces are likely to prevent mass accretion on halo A. The increased
variability around r = 50 kpc arises because beyond this radius photoe-
vaporation begins at different redshifts and the variability of the luminosity
of halo BC adds some scatter to the assumed photoevaporation time.

trees described above. On average, ∼ 150 Myr before z = 6.6 the
MMP of halo A is 6.3 × 108 M⊙. At this time, a realization of
halo BC has ∼ 4 progenitor halos between this mass and 109 M⊙.
Thus, roughly 4 halos similar to halo A merge with halo BC each
150 Myr, giving dNA

dt ≈ 0.03 Myr−1. Putting this all together we
get an abundance of massive Pop III starbursts of ≈ 10−6 Mpc−3.

This is roughly equal to the density of observed Lyα emitters as
bright as CR7 (computed with the power law luminosity function
of Matthee et al. 2015). While we stress that our estimate is highly
uncertain, we conclude that our scenario could potentially explain
the CR7 observations. Even if it does not, it is quite possible that
a massive Pop III galaxy similar to what we predict could be ob-
served in a larger survey.

4 DISCUSSION AND CONCLUSIONS

We have explored a scenario for the formation of massive Pop
III star clusters based on photoionization feedback. Motivated by
the observations of CR7, we consider a bright source (halo BC)
which completely suppresses star formation in the progenitors of
a ∼ 109 M⊙ dark matter halo (halo A) through LW feedback and
photoevaporation. Once this halo reaches the Jeans mass (MJ ∼
109 M⊙), gas is able to collapse into the halo, potentially produc-
ing a massive burst of Pop III stars. We utilized merger trees to
determine the probability that a ∼ 109 M⊙ halo forming near a
3.3× 1011 M⊙ halo will have no star formation before z = 6.6 as
a function of separation. We find that for a separation of 40 kpc
this probability is ≈ 0.25. Using this probability, we estimate
that the number density of similar objects visible at z = 6.6 is
≈ 10−6 Mpc−3.

Here we discuss the assumptions and approximations that
went into the above calculations. First, we assume that once halo
A reaches MJ ≈ 109 M⊙ it quickly forms ∼ 107 M⊙ of Pop
III stars. For the stars to form within the lifetime of large Pop III
stars (∼a few Myr), before metals are injected into the gas, the star
formation rate needs to be greater than a fewM⊙/yr and continue
until ∼ 7 per cent of the halo gas is incorporated into stars. As a
rough indication, the gas mass divided by the dynamical time at
the virial radius of halo A is approximately equal to this required
rate. The rate of infall towards the center of the halo could be sig-
nificantly higher. This suggests that it is plausible for such a large
mass of Pop III stars to form, however this needs to be checked
in future hydrodynamical simulations. We note that the mass at
which gas collapses into the halo could vary from our assumption
of ∼ 109 M⊙. We also point out that at a separation of 40 kpc, the
LW flux on halo A is ∼ 100 × 10−21erg s−1 Hz−1 cm−2 sr−1

at z = 6.6. This is lower than required to produce a DCBH in an
atomic cooling halo (Shang et al. 2010; Sugimura et al. 2014).

Another fundamental assumption we have made is that the gas
in halo A is not metal enriched by supernovae winds from BC.
For a separation of ∼ 40 kpc, it would take a 50 km s−1 wind
800 Myr to travel the distance between halos BC and A. If this
wind is launched at z = 22 (the redshift where the SFR in halo BC
increases and when we assume photoevaporation begins), it would
not reach halo A by z = 6.6 (this difference in redshift corresponds
to 700 Myr). Even if the winds are faster, it is also possible that they
could spread metals asymmetrically, preventing them from reach-
ing halo A in time to prevent Pop III star formation. It is unclear
how much metal enrichment would lower the abundance of Pop III
galaxies from our estimate above.

We assumed a characteristic separation between halos A and
BC of∼ 40 kpc. This distance corresponds to the separation where
the tidal forces on halo A equal the self-gravitational forces binding
halo A together (evaluated at the virial radius of halo A). At smaller
separations we calculate a higher probability of photoevaporation,
however tidal interactions would most likely prevent the growth
of halo A and it would never reach the Jeans mass. We note that
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Figure 4. Evolution of the Lyα surface brightness of the MW Galaxy with redshift at z ∼ 14, 10.4, 8.5, and 6.2, respectively. The box size is 1 Mpc in the comoving
scale. The color indicates the Lyα surface brightness in log scale in units of erg s−1 cm−2 arcsec−2.

Figure 5. Lyα properties of the modeled galaxy from ~z 14 to ~z 6, including, in clockwise direction, star formation rate, emergent Lyα luminosity, equivalent
width of Lyα line in rest frame, and photon escape fraction of Lyα (filled circles) and UV continuum -(1300 1600) Å, open circles). Open triangles and squares
represent the modified Lyα properties considering the detection thresholds of the surface brightness with 10−18 and 10−19 erg s−1 cm−2 arcsec−2, respectively.
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cooling radiation, e.g., recombination, free–free emission
(Thoul & Weinberg 1996). In addition, the Lyα luminosity
by the excitation cooling in our simulations at z = 3, which is

= ´a
-L 1.9 10 erg sLy

42 1 at = ´ :M M5.9 10h
11 , is close to

that in Faucher-Giguère et al. (2010). Thus, the Lyα luminosity
of our model at >z 6 can be higher than the analytical model
of Faucher-Giguère et al. (2010) at z = 3 by some factors.

The current code does not distinguish between excitation and
recombination Lyα photons in the RT calculations. However,
the fraction of the excitation Lyα cooling rate may not change
significantly for mock observations with different surface
brightness thresholds. This is because, as shown in Yajima
et al. (2012b), Lyα photons are mostly emitted at galactic
centers, and travel with many scatterings in interstellar
medium, resulting in faint extended parts. Therefore, mock
observation with the different thresholds of surface brightness
can miss both the excitation and recombination Lyα photons at
the faint parts.

3.4. The Lyα Line Profile

The resulting Lyα line profiles of the modeled MW Galaxy
from ~z 14 to ~z 6 are shown in Figure 7. We randomly
sample the frequency of the intrinsic Lyα photon from a
Maxwellian distribution with the gas temperature at the
emission location. All sources show asymmetric profiles with
a single peak or weak double peaks. More interestingly, most
profiles are shifted to shorter (bluer) wavelengths. This is a
characteristic feature of gas inflow (Zheng and Miralda-
Escudé 2002). Indeed, as shown in Figure 8, a significant
fraction of the gas shows a large infalling velocity of

~ -V 100r to ~ - -200 km s 1, even though our simulation
includes feedback from stellar wind similar to that of Springel
et al. (2005). In particular, the gas in the Galaxy from
~ -z 14 10 is dominated by inflow motion, which explains

the significant blueshift of the profiles in Figure 7 (top panel).
At redshift 1z 8.5, the gas exhibits outflow as well, and has a
larger velocity distribution - -1 1V250 200 km sr

1 which
results in an extended profile to both the blue and red wings.
While asymmetric line profiles with an extended red wing are
commonly seen in high-redshift LAEs, there appears to be
some profiles in the 2z 6 observations that have complex
features including double peaks and an extended blue wing,
similar to what we see here (e.g., Ouchi et al. 2010; Hu
et al. 2010; Kashikawa et al. 2011). The observed line of
z8_GND_5296, the most distant LAE at z = 7.5, is not
resolved well and thus has a Gaussian profile (Finkelstein
et al. 2013). More observations of high-resolution Lyα line
profiles of high-redshift LAEs are needed to test our model and
verify our predictions.
We note that the Lyα line profile may be suppressed and

changed by the intergalactic medium (IGM; e.g., Santos 2004;
Dijkstra et al. 2007; Zheng et al. 2010; Laursen et al. 2011)
because the IGM effectively scatters the Lyα photons at the
line center and at shorter wavelengths by the Hubble flow (e.g.,
Laursen et al. 2011). As a result, the inflow feature in our
profiles may disappear and the shape may become an
asymmetric single peak with only photons at the red wing.
Laursen et al. (2011) showed that a large fraction of Lyα flux
from galaxies at ~z 6.5 could be lost by scattering in IGM
despite most of the IGM being ionized. As a simple test, we
show the line profiles without photons at shorter wavelength as

Figure 7. Lyα line profile of the modeled Galaxy at different redshifts. The black dotted and red solid lines are the intrinsic and emergent Lyα profiles, respectively.
The blue dashed lines are the Lyα profiles with a cut off of Lyα flux at l < Å1216 due to IGM transmission (Laursen et al. 2011).
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cooling radiation, e.g., recombination, free–free emission
(Thoul & Weinberg 1996). In addition, the Lyα luminosity
by the excitation cooling in our simulations at z = 3, which is

= ´a
-L 1.9 10 erg sLy

42 1 at = ´ :M M5.9 10h
11 , is close to

that in Faucher-Giguère et al. (2010). Thus, the Lyα luminosity
of our model at >z 6 can be higher than the analytical model
of Faucher-Giguère et al. (2010) at z = 3 by some factors.

The current code does not distinguish between excitation and
recombination Lyα photons in the RT calculations. However,
the fraction of the excitation Lyα cooling rate may not change
significantly for mock observations with different surface
brightness thresholds. This is because, as shown in Yajima
et al. (2012b), Lyα photons are mostly emitted at galactic
centers, and travel with many scatterings in interstellar
medium, resulting in faint extended parts. Therefore, mock
observation with the different thresholds of surface brightness
can miss both the excitation and recombination Lyα photons at
the faint parts.

3.4. The Lyα Line Profile

The resulting Lyα line profiles of the modeled MW Galaxy
from ~z 14 to ~z 6 are shown in Figure 7. We randomly
sample the frequency of the intrinsic Lyα photon from a
Maxwellian distribution with the gas temperature at the
emission location. All sources show asymmetric profiles with
a single peak or weak double peaks. More interestingly, most
profiles are shifted to shorter (bluer) wavelengths. This is a
characteristic feature of gas inflow (Zheng and Miralda-
Escudé 2002). Indeed, as shown in Figure 8, a significant
fraction of the gas shows a large infalling velocity of

~ -V 100r to ~ - -200 km s 1, even though our simulation
includes feedback from stellar wind similar to that of Springel
et al. (2005). In particular, the gas in the Galaxy from
~ -z 14 10 is dominated by inflow motion, which explains

the significant blueshift of the profiles in Figure 7 (top panel).
At redshift 1z 8.5, the gas exhibits outflow as well, and has a
larger velocity distribution - -1 1V250 200 km sr

1 which
results in an extended profile to both the blue and red wings.
While asymmetric line profiles with an extended red wing are
commonly seen in high-redshift LAEs, there appears to be
some profiles in the 2z 6 observations that have complex
features including double peaks and an extended blue wing,
similar to what we see here (e.g., Ouchi et al. 2010; Hu
et al. 2010; Kashikawa et al. 2011). The observed line of
z8_GND_5296, the most distant LAE at z = 7.5, is not
resolved well and thus has a Gaussian profile (Finkelstein
et al. 2013). More observations of high-resolution Lyα line
profiles of high-redshift LAEs are needed to test our model and
verify our predictions.
We note that the Lyα line profile may be suppressed and

changed by the intergalactic medium (IGM; e.g., Santos 2004;
Dijkstra et al. 2007; Zheng et al. 2010; Laursen et al. 2011)
because the IGM effectively scatters the Lyα photons at the
line center and at shorter wavelengths by the Hubble flow (e.g.,
Laursen et al. 2011). As a result, the inflow feature in our
profiles may disappear and the shape may become an
asymmetric single peak with only photons at the red wing.
Laursen et al. (2011) showed that a large fraction of Lyα flux
from galaxies at ~z 6.5 could be lost by scattering in IGM
despite most of the IGM being ionized. As a simple test, we
show the line profiles without photons at shorter wavelength as
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of our model at >z 6 can be higher than the analytical model
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medium, resulting in faint extended parts. Therefore, mock
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et al. (2005). In particular, the gas in the Galaxy from
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1 which
results in an extended profile to both the blue and red wings.
While asymmetric line profiles with an extended red wing are
commonly seen in high-redshift LAEs, there appears to be
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10, 10− 10.5, and 10.5− 11 M⊙ from left to right). From top to bottom, the panels show the effective radius re, Sérsic index n, and SFR

SD ΣSFG. The blue and red circles indicate median values of rUV
e and rOpt

e , respectively, for the SFGs. The open squares in the rightmost

panels present median values of rOpt
e for the QGs with logM∗ = 10.5− 11M⊙. The error bars denote the 16th and 84th percentiles of the

data point distribution. In the top panels, the best-fit re curve in the bin of logM∗ = 9.5− 10M⊙ is plotted for reference with the solid
and dashed lines. The best-fit βz and βH values are −0.72 ± 0.04 and −0.60 ± 0.02, respectively. The dashed gray lines in the bottom
panels represent the ΣSFG evolution calculated with SFR= 10M⊙/yr and the best-fit re curve. The horizontal lines in the second-top
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dependence of these evolutionary trends on the stellar
mass. These agreements confirm a small effect of mor-
phological K-correction in the median re values.

4.2. Statistical Difference and Selection Bias

We examine redshift evolution of median, average, and
modal re of our galaxies to evaluate statistical differences
and selection biases. We define four LUV bins for these
analyses. The LUV-bins are 1 − 10, 0.3 − 1, 0.12 − 0.3,
and 0.048 − 0.12 LUV/L∗

z=3, where L∗
z=3 is the charac-

teristic UV luminosity of LBGs at z ∼ 3 (MUV = −21,
Steidel et al. 1999)9. To investigate the re distribution
shape, in Figure 6 we plot the re distribution of SFGs
and LBGs at z ∼ 1− 6 in the bin of LUV = 0.3− 1L∗

z=3
that has good re measurement accuracies whose typical
reduced χ2 values are the smallest among the LUV bins of

9 The LUV-bins are the same as in previous studies (e.g., Oesch
et al. 2010). The LBGs in the faintest LUV bin are used only for
the stacking analysis (Section 5.2).

the re measurements. We fit the re with the log-normal
distribution,

p(re) =
1

reσln re

√
2π

exp

[

−
ln2(re/re)

2σ2
ln re

]

(5)

where re and σln re are the peak of re and the standard
deviation of ln re, respectively. We fit the log-normal
functions to the re-distribution data with two free pa-
rameters of re and σln re , and present the best-fit log-
normal functions in Figure 6 for the data of good statis-
tics, the SFGs at z ∼ 1 − 3 and the LBGs at z ∼ 4 − 6
in the LUV = 0.3 − 1.0L∗

UV bin. The re distributions
of the high-z star-forming galaxies are well represented
by the log-normal distribution. The reduced χ2 values
are 0.006, 0.003, 0.004, 0.005, and 0.011 for the SFGs at
z = 1 − 2 and 2 − 3, and the LBGs at z ∼ 4, 5, and 6,
respectively. Figure 7 is the same as Figure 6, but for all
of our galaxies. Figure 7 indicates that the re distribu-
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panels represent the ΣSFG evolution calculated with SFR= 10M⊙/yr and the best-fit re curve. The horizontal lines in the second-top
panels denote a weighted mean of ⟨n⟩ = 1.4. In the second-right and right-most panels of the Sersic index plots, the open diamonds denote
measurements of Sérsic index for SFGs in Morishita et al. (2014). The Sérsic index estimates of Morishita et al. (2014) are comparable to
ours. In the panels of low mass log M∗ = 9− 9.5M⊙, the quantities for high redshifts are not plotted, due to their poor statistics.

dependence of these evolutionary trends on the stellar
mass. These agreements confirm a small effect of mor-
phological K-correction in the median re values.

4.2. Statistical Difference and Selection Bias

We examine redshift evolution of median, average, and
modal re of our galaxies to evaluate statistical differences
and selection biases. We define four LUV bins for these
analyses. The LUV-bins are 1 − 10, 0.3 − 1, 0.12 − 0.3,
and 0.048 − 0.12 LUV/L∗

z=3, where L∗
z=3 is the charac-

teristic UV luminosity of LBGs at z ∼ 3 (MUV = −21,
Steidel et al. 1999)9. To investigate the re distribution
shape, in Figure 6 we plot the re distribution of SFGs
and LBGs at z ∼ 1− 6 in the bin of LUV = 0.3− 1L∗

z=3
that has good re measurement accuracies whose typical
reduced χ2 values are the smallest among the LUV bins of

9 The LUV-bins are the same as in previous studies (e.g., Oesch
et al. 2010). The LBGs in the faintest LUV bin are used only for
the stacking analysis (Section 5.2).

the re measurements. We fit the re with the log-normal
distribution,

p(re) =
1

reσln re

√
2π

exp

[

−
ln2(re/re)

2σ2
ln re

]

(5)

where re and σln re are the peak of re and the standard
deviation of ln re, respectively. We fit the log-normal
functions to the re-distribution data with two free pa-
rameters of re and σln re , and present the best-fit log-
normal functions in Figure 6 for the data of good statis-
tics, the SFGs at z ∼ 1 − 3 and the LBGs at z ∼ 4 − 6
in the LUV = 0.3 − 1.0L∗

UV bin. The re distributions
of the high-z star-forming galaxies are well represented
by the log-normal distribution. The reduced χ2 values
are 0.006, 0.003, 0.004, 0.005, and 0.011 for the SFGs at
z = 1 − 2 and 2 − 3, and the LBGs at z ∼ 4, 5, and 6,
respectively. Figure 7 is the same as Figure 6, but for all
of our galaxies. Figure 7 indicates that the re distribu-

Shibuya et al. 2015	
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Escape of ionizing photons 415

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

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

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

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

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

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

C⃝ 2010 The Authors, MNRAS 412, 411–422
Monthly Notices of the Royal Astronomical Society C⃝ 2010 RAS
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Formation of disk galaxies 11

Figure 9. A large scale view of the assembling spiral galaxy from the SR5 simulation at z ∼ 3: the most intense epoch of star formation
for this system. The RGB-image displays only the gas component using red=temperature, green=metals and blue=density. We can
clearly distinguish accretion via streams of cold pristine gas in blue penetrating the shock heated gas in red, reaching the heart of the
halo. Dwarf galaxies outside of the large gaseous halo are surrounded by puffy enriched gas originating from stellar outflows. Gas is
efficiently lost via tidal and ram-pressure as the dwarfs interact with the main halo galaxy the hot gaseous halo, enriching it in the
process. The distance measure is in physical units.

Figure 10. Formation time of stars and their radial distribution for the disks at z = 0 in n01e1 (left) and n01e5 (right). The contours
trace regions of mass binned using bins of size ∆t = 0.5Gyr and ∆x = 0.5 kpc. The contour lines trace, from thin lines with light shades
to thick lines with dark shades, the formed stellar masses from log(M∗) = 6.5 to log(M∗) = 9.5 in steps of 0.25 dex. While the formed
stellar mass in n01e1 is smoothly distributed across the disk at all times, the n01e5 simulation shows a strong central concentration of
stars formed at t = 11.5Gyr (z ∼ 3).

A confirmation of the above discussion is shown in
Fig. 10 where contours of formed stellar mass are outlined
in the star formation time-disk radius plane. Note that this
mass refers to all the stars at z = 0 contained in the disk,
and is a sum of the stars formed in merging satellites as well
star formed in situ. While the formed stellar mass in n01e1 is
smoothly distributed in a roughly exponential profile across
the disk at all times without a clear sign of extreme star for-
mation bursts, the n01e5 simulation shows a strong central
concentration of stars formed at t = 11.5Gyr (z ∼ 3). This
analysis confirms the notion of efficient star forming satel-
lites loosing angular momentum and being dragged into the
central parts of the galaxy.

5.4 Hubble types

Fig. 1 shows mass weighted projections of the stellar and
gas surface densities for n01e1, n01e1ML, n01e2, n01e2ML,
n01e5ML and n01e5. The gaseous disk is thin and extended
in all simulations and is surrounded by a warped layer of
cold/warm gas probably associated with misaligned accre-
tion events. A hot gaseous halo surrounds the disks and
a temperature projection (not shown) reveals an extended
disk-halo interface of warm/hot gas. We will explore this in
future work.

We find a very strong trend in disk and bulge mass with
ϵff . The n01e1 simulation feature a 8.6×1010 M⊙ stellar disk
with a 2 × 1010 M⊙ bulge, hence B/D∼ 1/4. In n01e5 the
disk is 35 per cent less massive and the bulge 3.5 times more

The Astrophysical Journal, 754:118 (13pp), 2012 August 1 Yajima et al.

Figure 11. The “viewing-angle scatter” of escaping Lyα photons depends
strongly on galaxy morphology and orientation. Shown here is the Lyα escape
probability in a irregular galaxy progenitor at z = 3.1 (top panel) and the spiral
MW galaxy at z = 0 (bottom panel). The color bar indicates the probability per
unit dφ, d cos θ . There is no clear direction in the irregular galaxy, but in the
disk galaxy, the Lyα photons escape in a preferred direction normal to the disk.
(A color version of this figure is available in the online journal.)

initial condition is a somewhat special one focused on a MW-
size galaxy, and the zoom-in simulation region is ∼53 h−3 Mpc3.
Therefore, our simulation cannot reproduce the global statistics
in observations. Moreover, the LAE fraction having EW > 25 Å
in this work shows ∼44% at z = 4 and ∼100% at z = 6, which
is somewhat higher than the LAE fraction in the Lyman break
galaxy (LBG) sample (Stark et al. 2010, 2011; Pentericci et al.
2011; Schenker et al. 2012; Ono et al. 2012). However, in obser-
vation, the LAE fraction increases with decreasing UV bright-
ness. Most of our model galaxies at z ! 3 are fainter than the
detection threshold in the LBG observation. Since the number of
galaxies brighter than the threshold of LBG observation is quite
small (less than 10), we need a larger sample covering a wide
mass range to verify the model of LAEs. In addition, although
some LAEs have been observed with UV continuum, and hence
categorized as LBGs, it is inadequate to study LAEs from LBG-
only sample, because a large fraction of LAEs may have UV
continuum under the detection limit of current observations. We
will address the general properties such as luminosity function,
EW distribution and clustering systematically by using a set of
uniform simulations with mean density field in larger volumes
in future work.

5.3. The Viewing-angle Scatter of Escaping Lyα Photons

Despite their high metallicity, a fraction of galaxies at low
redshift z " 1 show high escape fraction fesc of Lyα photons
(Figure 9). We find that the escaping angle of the Lyα photons
depends strongly on the galaxy morphology and orientation,
a phenomenon we dub as the “viewing-angle scatter.” Disky
objects seen edge on can be a hundred times fainter than the
same objects seen face on. In a galaxy that has a gas disk,
the Lyα photons escape in a preferred direction normal to
the disk, but there is no clear escaping direction in compact
or irregular galaxies without a gas disk. We demonstrate this
effect in Figure 11. We first estimate the normal direction to

Figure 12. Fraction of excitation cooling Lyα to the total intrinsic Lyα
luminosity as a function of redshift. The red filled circles indicate the values of
the main progenitor, while the blue filled circles represent the median value of
the galaxy sample indicated with black open circles. The error bars show the
quartiles.
(A color version of this figure is available in the online journal.)

the gas disk according to the total angular momentum of the
gas, and set θ = 0◦ along this direction. In a galaxy with
irregular morphology such as the main progenitor at z = 3.1,
there is no clear preferred escaping angle, as illustrated in
the top panel of Figure 11. However, in a spiral galaxy with
rotationally supported gas disk such as the MW galaxy at z = 0
in our simulation, the escaping angle is strongly confined to
cos θ ≃ ±1, corresponding to θ ≃ 0◦ or 180◦, as shown in
the bottom panel of Figure 11. This is due to the fact that the
Lyα photons have the minimum optical depth along the normal
direction to the gas disk. More than 60% of the Lyα photons
escapes in the direction of | cos θ | " 0.5. Generally, the Lyα
flux from our model galaxies can scatter around the mean value
typically by a factor of 10 just from different orientations.

As illustrated in Figure 3, most galaxies in our simulation
have highly irregular shapes at high redshift due to accretion
and gravitational interaction. At z = 0, a number of them evolve
into spiral disks. The “viewing-angle scatter” explains why we
see high Lyα escape fractions in a number of low-z galaxies,
and the fact that Lyα is detected in a large number of face-on
spiral galaxies in the nearby universe (e.g., Cowie et al. 2010).

5.4. Contribution of Excitation Lyα Cooling

There are two major mechanisms to generate Lyα emission,
the recombination of ionizing photons and the collisional
excitation of hydrogen gas. However, the relative contribution
between the two mechanisms is not well understood. From our
calculations, we find that the contributing fraction of excitation
Lyα emission to the total intrinsic Lyα luminosity increases with
redshift, as shown in Figure 12.

In our cosmological simulation, galaxy evolution is ac-
companied by cold, filamentary gas streams with tempera-
ture T ∼ 104–105 K, which penetrate deep inside dark matter
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Figure 2. The relation between [O III]/[O II] and R23-index. The grey dots are the SDSS galaxies. The red and blue diamonds represent z = 2–3 LAEs and
LBGs, respectively. Specifically, the diamonds with a circle denote galaxies at z > 3. The grey triangles are z ∼ 1 star-forming galaxies. The green and purple
circles show GPs and LBAs, respectively, and the orange pentagons are LyC leakers in the local universe. The black solid curves present photoionization model
tracks in the range of 12 + log (O/H) = 7.5–9.5 for qion = 3 × 108, 8 × 107, and 2 × 107 cm s−1 (Kewley & Dopita 2002). The numbers with the small open
circles on the model tracks denote metallicities in 12 + log (O/H). The dotted lines connect the photoionization model curves with the same metallicity value.

metallicity of galaxies (see also Kewley & Dopita 2002). Fig. 2
is the diagram of [O III]/[O II] ratio and R23-index with our local,
intermediate-z (z ∼ 1), and high-z (z ∼ 2–3) galaxies. The under-
lying grey dots are the SDSS galaxies. Fig. 2 indicates that galaxies
with a higher R23-index have a higher [O III]/[O II] ratio. The red and
blue diamonds denote z ∼ 2–3 LAEs and LBGs, respectively. Com-
pared to the SDSS galaxies, these high-z galaxies clearly present an
[O III]/[O II] ratio higher than most of galaxies by a factor of !10.
The majority of z ∼ 1 galaxies (the grey triangles) are placed at the
middle between the SDSS galaxies and the z ∼ 2–3 LBGs. LBGs at
z ! 3 (blue diamonds with a circle) have an [O III]/[O II] ratio higher
than those at z " 3 on average. In Fig. 2, LAEs have the highest
[O III]/[O II] ratio. This trend is first claimed by Nakajima et al.
(2013), but we confirm this trend with our LAE and LBG samples
significantly larger than those used in Nakajima et al. (2013). The
two local galaxies of GPs (green open circles) and LBAs (purple
circles) are placed near the high-z galaxies. These galaxies present
the highest R23-index and [O III]/[O II] ratio among the local galax-
ies. Interestingly, the LyC leakers (orange pentagons) have values
of [O III]/[O II] ratio and R23-index similar to those of GPs, LBAs,
and high-z galaxies. It should be noted that some LAEs have a re-
markably high [O III]/[O II] ratio that cannot be found in the local
galaxies.

4.2 Physical origin of large [O III]/[O II] ratio

We investigate the physical origin of large [O III]/[O II] ratios found
in Section 4.1, using photoionization models. There are five physical
parameters of nebulae that change the [O III]/[O II] ratio, (a) spec-
tral shape of ionizing source, (b) gas temperature, (c) metallicity,
(d) ionization parameter, and (e) gas density. First, if the incident
ionizing source includes an AGN whose spectrum is hard, high-
ionization lines are stronger than low-ionization lines. However,
since our samples are free from a significant AGN contamination

(Section 2.1.1), the ionizing source difference does not significantly
change the [O III]/[O II] ratio. Secondly, gas temperature changes the
emissivity of [O III] and [O II] lines. Gas temperature is determined
by the metal abundance, because coolings are dominated by colli-
sionally excited metal ions such as O+, O2 +, N+, etc. We simply
regard metallicity as a control parameter of temperature, and inves-
tigate the temperature dependence on the basis of gas metallicity.
Thus, there are three key parameters, metallicity, ionization param-
eter, and gas density, that affect the [O III]/[O II] ratio.

In Fig. 2, we plot the photoionization models given by Kewley &
Dopita (2002) with the black curves. The models predict line ratios
at a given metallicity and ionization parameter with a fixed gas
pressure8 of P/k = 105 cm−3 K assuming isobaric conditions. The
models in Fig. 2 indicate that the [O III]/[O II] ratio and R23-index
depend on metallicity and ionization parameter.

The models of Fig. 2 present three important trends on the
[O III]/[O II] versus R23-index diagram;

(1) [O III]/[O II] ratio increases with ionization parameter.
(2) [O III]/[O II] ratio decreases with metallicity.
(3) R23-index increases in a low-metallicity regime (low-Z

branch) from 12 + log (O/H) =7.5 to ∼8.5, and decreases in a
high-metallicity regime (high-Z branch) from 12 + log (O/H) ∼8.5
towards a higher metallicity.

The trend of 4.2 is explained by the boost of high-energy ionizing
photons as the ionization parameter increases. Such high-energy
photons produce more abundant [O III]. The trend of 4.2 is caused
by a decrease of gas temperature in an H II-region. As gas metallicity
increases, gas temperature drops due to cooling of metal lines. For
gas clouds with high metallicity, the far-infrared fine-structure cool-

8 For electron temperatures of 104 K. This pressure corresponds to a density
of the order of 10 cm−3.
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Figure 7. Cold streams and shock-heated medium as a function of halo mass

and redshift. The nearly horizontal curve is the typical threshold mass for a

stable shock in the spherical infall from Fig. 2, below which the flows are

predominantly cold and above which a shock-heated medium is present. The

inclined solid curve is the upper limit for cold streams from equation (40)

with f = 3; this upper limit is valid at redshifts higher than zcrit ∼ 1–2,

defined by M shock > fM∗. The hot medium in M > M shock haloes at z >zcrit

hosts cold streams which allow disc growth and star formation, while haloes

of a similar mass at z < zcrit are all hot, shutting off gas supply and star

formation.

stability (equation 17) scales roughly like

tcool

tcomp

∝
ρ−1T "−1

RV −1
, (37)

with T , R and V the halo virial quantities and ρ the gas density. At a

given epoch, the typical halo ρ and R/V are roughly independent of

halo mass (based on the definition of the virial radius), so with the

virial relation T ∝ M2/3, and approximating the cooling function

with " ∝ T −1 (equation 31), the critical ratio for spherical infall in

virialized haloes is
(

tcool

tcomp

)

halo

=

(

M

Mshock

)4/3

. (38)

The analogous critical ratio in the dense streams inside a halo of

mass M, assuming that RV−1 in the streams is the same as in the halo,

is inversely proportional to the density enhancement ρ stream/ρ halo

(equation 37). Our estimates from N-body simulations indicate that

ρ stream/ρ vir ∼ (fM∗/M)−2/3 with f ∼3 (Seleson & Dekel in prepa-

ration). With equation (37) one obtains
(

tcool

tcomp

)

stream

=

(

f M∗

M

)2/3 (

M

Mshock

)4/3

. (39)

For this ratio to equal unity in the streams, the critical halo mass is

Mstream ∼
Mshock

f M∗
Mshock, f M∗ < Mshock. (40)

This maximum mass for cold streams is shown in Fig. 7. At low z,

where fM∗ > M shock, cold streams exist only for M < M shock. At

high z, where fM∗ < M shock, cold streams appear even in M >M shock

haloes where shocks heat part of the gas, as long as M < M stream.

The critical redshift zcrit separating these two regimes is defined by

f M∗(zcrit) = Mshock. (41)

This scenario is consistent with the cosmological hydrodynam-

ical simulations. The shock-heating mass explains the transition

from cold to hot at a given mass roughly independent of z, and the

presence of cold streams above M shock at z > z crit explains the de-

pendence of the cold mode on redshift and environment. Besides

its dependence on halo mass, the environment effect (e.g. Kereš

et al. 2005) may also be due to the survivability of cold streams in

different environments. While streams could survive unperturbed

in relatively isolated galaxies, they are likely to be harassed by the

active intergalactic environment in dense groups. The environment

dependence may therefore also reflect variations in the HOD at a

given halo mass. The properties of cold flows in haloes as a function

of halo mass, redshift and grouping deserve a detailed analysis using

high-resolution cosmological hydro simulations.

5 F E E D BAC K A N D L O N G - T E R M S H U T D OW N

Once the halo gas is shock heated in massive haloes, what is the

process that keeps it hot and maintains the shutdown required by

the bimodality? Is it also responsible for the rise of M/L with mass

above M s,crit (and the absence of cooling flows in clusters)? Several

feedback mechanisms can heat the gas. We suggest that they have

a minimum effectiveness in haloes ∼M shock. This can be largely

induced by the shock heating itself, and in turn it can amplify the

bimodality features. Some of the feedback mechanisms are limited

to smaller haloes, while others, such as AGN feedback, are likely to

be important in more massive haloes. The latter can be triggered by

the shock heating and then help maintaining the gas hot for a long

time.

5.1 Below the shock-heating scale

(i) Supernova feedback. Based on the physics of supernova

(SN) remnants, the energy fed to the gas in haloes of T ∼ 105 K is

proportional to the stellar mass despite significant radiative losses

(Dekel & Silk 1986). When compared to the energy required for

significantly heating the gas, one obtains a maximum halo virial

velocity for SN feedback, V SN ≃ 120 km s−1. This is only weakly

dependent on the gas fraction, density or metallicity (Dekel & Silk

1986, equation 49), and is therefore insensitive to redshift. Only

in potential wells shallower than V SN can the SN feedback signifi-

cantly suppress further star formation and regulate the process. Fig. 3

shows V SN and Fig. 2 shows the corresponding mass versus redshift.

With an effective f b ∼ 0.05, the corresponding stellar mass at z =
0 is ∼3.5 × 1010 M⊙, practically coinciding with the bimodality

scale. The similarity of the SN and shock-heating scales is partly a

coincidence, because the nuclear origin of the initial SN energy has

little to do with galactic cooling or dynamics. However, there is an

obvious similarity in the cooling processes and in the asymptotic

behaviour of an SN remnant, which is not a strong function of its

initial energy. The distinct correlations between the properties of

galaxies below M s,crit indeed point at SN feedback as its primary

driver. These correlations define a ‘fundamental line’, V ∝ M0.2
s ,

Z ∝ M0.4
s , µ ∝ M0.6

s , where µ is surface brightness (Kauffmann

et al. 2003b; Tremonti et al. 2004). SN feedback can explain the

origin of the fundamental line (Dekel & Woo 2003) based on (1) the

above energy criterion, which implies M s/M ∝ V 2; (2) the virial

relations (equation A6); (3) the instantaneous recycling approxima-

tion, Z ∝ M s/M gas and (4) angular momentum conservation, R∗ ∝
λR, with λ a constant spin parameter (Fall & Efstathiou 1980).

(ii) UV-on-dust feedback. Also working below M shock are

momentum-driven winds due to radiation pressure on dust grains,

C⃝ 2006 The Authors. Journal compilation C⃝ 2006 RAS, MNRAS 368, 2–20

uniformly in r, using the fact that the velocity along the streams is
roughly constant (Supplementary Information, sections 5 and 6).
This is convolved with the halo mass function23, n(Mv), to give

n ( _MM)~

ð?

0

P( _MM jMv)n(Mv) dMv

The desired cumulative abundance, n(. _MM), obtained by integration

over the inflow rates from _MM to infinity, is shown at z 5 2.2 in Fig. 4.

Assuming that the SFR equals _MM , the curve referring to _MM lies safely
above the observed values, marked by the symbols, indicating that the

gas input rate is sufficient to explain the SFR. However, _MM and the
SFR are allowed to differ only by a factor of ,2, confirming our
suspicion that the SFR must closely follow the gas input rate. The
simulated SFR indeed traces the accretion rate to within a factor of
two, but, given that our disks are poorly resolved, we focus here on
the accretion as the more robustly simulated quantity. Because at
z < 2.2 the star-forming galaxies constitute only a fraction of the
observed ,1011M[ galaxies24,25, the requirement for a SFR almost

as great as _MM , based on Fig. 4, becomes even stronger.
By analysing the clumpiness of the gas streams, using the sharp

peaks of inflow in the _MM(r) profiles, we address the role of mergers
versus smooth flows. We evaluate each clump mass by integrating
Mclump~

Ð
( _MM(r)=vr (r)) dr across the peak, and estimate a mass ratio

for the expected merger as m 5 Mclump/fbMv, ignoring further mass
loss in the clump on its way in and deviations of the galaxy baryon
fraction from fb. We use ‘merger’ to describe any major or minor
merger with m $ 0.1, as distinct from ‘smooth’ flows, which include
‘mini-minor’ mergers with m , 0.1. We find that about one-third of
the mass is flowing in as mergers and the rest as smoother flows.
However, the central galaxy is fed by a clump with m $ 0.1 less than
10% of the time; that is, the duty cycle for mergers is g= 0.1. A
similar estimate is obtained using EPS merger rates7 and starburst
durations of ,50 Myr at z 5 2.5 from simulations26 (Supplementary
Information, section 5).

From the difference between the two curves of Fig. 4, we learn that
only one-quarter of the galaxies with a given _MM are to be seen during a
merger. The fact that the SFGs lie well above the merger curve even if
the SFR is , _MM indicates that in most of them the star formation is
driven by smooth streams. Thus, ‘SFG’ could also stand for ‘stream-
fed galaxy’. This may explain why these galaxies maintain an
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Figure 1 | Entropy, velocity and inward flux of cold streams penetrating hot
haloes. a, b, Maps referring to a thin slice through one of our fiducial
galaxies with Mv 5 1012M[ at z 5 2.5. The arrows describe the velocity field,
scaled such that the distance between the tails is 260 km s21. The circle marks
the halo virial radius, Rv. The entropy, log K 5 log(T/r2/3), in units of the
virial quantities, highlights (in red) the high-entropy medium filling the halo
out to the virial shock outside Rv. It exhibits (in blue) three radial, low-
entropy streams that penetrate the inner disk, seen edge-on. The radial flux
per solid angle is _mm 5 r2rvr, in solar masses per year per square radian, where
r is the gas density and vr the radial velocity. It demonstrates that more than
90% of the inflow is channelled through the streams (blue), at a rate that

remains roughly the same at all radii. This rate is several times higher than
the spherical average outside the virial sphere, _mmvir < 8M[ yr21 rad22,
according to equation (1). The opening angle of a typical stream at Rv is
20u230u, so the streams cover a total angular area of ,0.4 rad2, namely a few
per cent of the sphere. When viewed from a given direction, the column
density of cold gas below 105 K is above 1020 cm22 for 25% of the area within
the virial radius. Although the pictures show the inner disk, the disk width is
not resolved, so associated phenomena such as shocks, star formation and
feedback are treated in an approximate way only (see density maps and
additional cases in Supplementary Figs 3–5). Kvir, virial entropy.

Figure 2 | Streams in three dimensions. The map shows radial flux for the
galaxy of Fig. 1 in a box of side length 320 kpc. The colours refer to inflow rate
per solid angle of point-like tracers at the centres of cubic-grid cells. The
dotted circle marks the halo virial radius. The appearance of three fairly
radial streams seems to be generic in massive haloes at high redshift, and is a
feature of the cosmic web that deserves an explanation. Two of the streams
show gas clumps of mass on the order of one-tenth that of the central galaxy,
but most of the stream mass is smoother (Supplementary Fig. 6). The
>1010M[ clumps, which involve about one-third of the incoming mass, are
also gas rich—in the current simulation only 30% of their baryons turn into
stars before they merge with the central galaxy.
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Is	
  the	
  cold	
  accre+on	
  important?	


*Star	
  burst	
  
*Massive	
  disk	
  formaAon	
  
*High	
  EW	
  of	
  Lya	
  
*Rapid	
  growth	
  of	
  BHs	


The Astrophysical Journal Letters, 745:L29 (5pp), 2012 February 1 Di Matteo et al.

Figure 1. Projected gas density over the whole volume (“unwrapped” into two-dimensional) is shown in the large scale image at z = 5. The two overlaid panels show
successive zoom-ins by a factor of 10, centered on the region of the most massive BH. The dark color at high densities represents star-forming gas (Feng et al. 2011).
(A color version of this figure is available in the online journal.)

Figure 2. Projected gas distribution color coded by temperature around three example quasars (one in each row) across five different redshifts (labeled on each of the
five panels; left to right). The projected density ranges from ∼10−2 to ∼102 h M⊙ pc−2 and the temperature from ∼104 (blue colors) to 108 K (red colors). The quasar
positions are indicated by the green circles and the virial radius of the halo by the blue circles. The white points in the bottom panel show particles that are eventually
accreted onto the BH at z = 5, 6.
(A color version of this figure is available in the online journal.)

3

Figure 4. Evolution of the Lyα surface brightness of the MW Galaxy with redshift at z ∼ 14, 10.4, 8.5, and 6.2, respectively. The box size is 1 Mpc in the comoving
scale. The color indicates the Lyα surface brightness in log scale in units of erg s−1 cm−2 arcsec−2.

Figure 5. Lyα properties of the modeled galaxy from ~z 14 to ~z 6, including, in clockwise direction, star formation rate, emergent Lyα luminosity, equivalent
width of Lyα line in rest frame, and photon escape fraction of Lyα (filled circles) and UV continuum -(1300 1600) Å, open circles). Open triangles and squares
represent the modified Lyα properties considering the detection thresholds of the surface brightness with 10−18 and 10−19 erg s−1 cm−2 arcsec−2, respectively.

5

The Astrophysical Journal, 801:52 (11pp), 2015 March 1 Yajima et al.

6 Dekel et al.

The desired cumulative abundance n(>Ṁ), obtained by integration over the inflow rates
from Ṁ to infinity, is shown at z=2.2 in Fig. 4. Assuming that the SFR equals Ṁ , the curve
referring to Ṁ lies safely above the observed values, marked by the symbols, indicating that
the gas input rate is sufficient to explain the SFR. However, Ṁ and the SFR are allowed
to differ only by a factor of ∼2, confirming our suspicion that the SFR must closely follow
the gas-input rate. Because at z∼2.2 the star-forming galaxies constitute only a fraction
of the observed ∼1011M⊙ galaxies,25,26 the requirement for a SFR SFR almost as great as
Ṁ , based on Fig. 4, becomes even stronger.

Figure 4. Abundance of galaxies as a function of gas inflow rate, n(> Ṁ). Shown is the comoving

number density, n, of galaxies with inflow rate higher than Ṁ at z = 2.2, as predicted from our

analysis of the cosmological simulation. The upper curve refers to total inflow. It shows that

galaxies with Ṁ > 150M⊙ yr−1 are expected at a comoving number density n∼ 3×10−4 Mpc−3

(similar to estimates in other simulations27,28). Fluxes as high as Ṁ >500M⊙ yr−1 are anticipated

at n∼ 6×10−5 Mpc−3. The lower curve is similar, but limited to gas input by µ > 0.1 mergers.

The symbols represent the vicinity of where the observed massive star-forming galaxies can be

located once their observed SFR is identified with Ṁ . The sBzK/BX/BM galaxies are marked

SFG.11 The SMGs respectively brighter and fainter than 5 mJy are marked accordingly.11,10 We

see that the overall gas inflow rate is sufficient for the observed SFR, but the small margin implies

that the SFR must closely follow the rate of gas supply. Most of the massive star formers at a

given SFR are expected to be observed while being fed by smooth flows rather than undergoing

mergers. By studying the contribution of different halo masses to the abundance n(> Ṁ), we

learn that the high-SFR SFGs and SMGs are associated with haloes of mass 1012 − 1013M⊙ (SI,

Fig. 13).

High-redshift clumpy discs in simulations 2155

Table 1. Simulation details.

Comoving box size 28.57 Mpc
Number of DM particles 7 × 106

DM mass resolution 5.5 × 105 M⊙
Max. resolution (proper) 35–70 pc
Min. mass of a stellar particle 104 M⊙

hydrogen and helium, metals and molecular hydrogen, photoion-
ization heating by a UV background with proper self-shielding, star
formation, metal enrichment, stellar mass loss and stellar feedback.

In our stochastic star formation model, more than 90 per cent
of the stars form at temperatures well below 103 K and more than
half of the stars form below 300 K at gas densities higher than
10 cm−3. New stellar particles are generated at every time-step of
the zero-level grid, which is about 5 Myr at z = 2. We use a
‘constant’ feedback model, in which the combined energy from
stellar winds and supernova explosions is released as a constant
heating rate over 40 Myr, the typical age of the lightest star that
explodes as a type II supernova. The heating rate due to feedback
may or may not overcome the cooling rate, depending on the gas
conditions in the star-forming regions (Dekel & Silk 1986; Ceverino
& Klypin 2009). We also include the effect of runaway stars by
assigning a velocity kick of ∼10 km s−1 to 30 per cent of the newly
formed stellar particles. As a result, these stars can migrate ∼100 pc
away from the dense regions and explode as supernovae in regions
with lower densities and longer cooling times. This enhances the
efficiency of feedback in heating the surrounding gas. Finally, in
order to mimic the self-shielding of galactic neutral hydrogen from
the cosmological UV background, we assume that in regions where
the gas density is higher than n = 0.1 cm−3, the ionizing flux shrinks
to a negligible value (i.e. 5.9 × 1026 erg s−1 cm−2 Hz−1, the value
of the pre-reionization UV background at z = 8).

4 G L O BA L PRO P E RT I E S AT H I G H R E D S H I F T

Our analysis here focuses on the three simulated galaxies at z ∼ 2–
2.5, when the Universe was roughly 3 Gyr old. These redshifts are
in the middle of the redshift range 1.5–3 where the activity of disc
instability and star formation is expected to be at its peak, both ac-
cording to observations of SFGs and the predictions of DSC. Fig. 1
presents the gas surface density in galaxy C at z = 2.1. The face-on
view angle is defined by the angular momentum of the T < 104 K
gas inside a sphere of 3 kpc. The image shows an extended disc
of diameter ∼9 kpc and the 70 pc resolution reveals that the disc is
highly perturbed, with a few big, round clumps embedded in massive
elongated tangential features. The elongated structures are transient
features being disrupted by shear. The clumps are bound, with typ-
ical masses ∼108 M⊙ and characteristic sizes ∼1 kpc. About 10–
20 per cent of the total mass of the disc is in the clumps and sheared
features. This galaxy, like the other two, also has a stellar bulge, of
mass comparable to the overall disc mass. The very clumpy appear-
ance of this high-redshift disc and its massive bulge, which repeats
in the other two simulated galaxies, is revealed for the first time
in cosmological simulations. The first visual inspection indicates
that it resembles the clumpy appearance of the typical observed
SFGs, and follows the theoretical expectations laid out by DSC (see
Section 2).

Before we proceed to analyse the detailed properties of the sim-
ulated clumpy discs and bulges in comparison with the observed
SFGs and the theoretical predictions, we address the main global
properties of the dark-matter haloes and the stellar components in

Figure 1. Face-on gas surface density in galaxy C at z = 2.1. The image
demonstrates violent disc fragmentation into transient features and bound
clumps, resembling observed SFGs and theoretical expectations. The size of
the image is 15 × 15 kpc. Surface density is in units of log( M⊙ pc−2). For
comparison, the surface density of molecular clouds in low-redshift galaxies
is ∼100 M⊙ pc−2.

the simulated galaxies. We wish to verify in particular that they
are consistent with the observed global properties of high-redshift
star-forming galaxies, and their main scaling relations.

4.1 Virial properties of the dark-matter haloes

Table 2 displays the virial properties of the simulated haloes at z =
2.3. The virial radius Rv and the corresponding mass Mv are defined
to encompass a mean mass density of 180 times the universal mean,
and the virial velocity is V v ≡ (GMv/Rv)1/2. Haloes A and B are
similar, with Mv ≃ 4 × 1011 M⊙ and V v ≃ 150 km s−1, while
halo C is a bit more massive with Mv = 6 × 1011 M⊙ and V v =
180 km s−1.

Galaxy C has a growth history that differs from the other two. By
z= 2.3, its halo has already assembled about half the mass that it will
have at z = 1, while haloes A and B have assembled only a quarter of
their z = 1 mass. The growth of C is thus faster prior to z = 2.3, and
the growth of the other two is more rapid after z = 2.3. This reflects
the fact that halo C was forming in an environment of higher density.
The cosmological overdensity of matter in a concentric sphere of
comoving radius 5 h−1 Mpc about haloes A and B at z = 2.3 is only
δρ/ρ ≃ 0.07 and 0.02, respectively, while it is as high as δρ/ρ ≃
0.3 for halo C. This difference, representing the ‘cosmic variance’,
was set by our selection of haloes. We will see that the cosmic

Table 2. Global properties of the
host haloes at redshift z = 2.3.
Radii are expressed in proper kpc,
masses in units of 1011 M⊙ and
velocities in km s−1.

Galaxy Rv Mv Vv

A 70 4 150
B 68 3.5 140
C 83 6.1 180

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 404, 2151–2169
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Structure	
  of	
  various	
  emission	
  lines	


uniformly in r, using the fact that the velocity along the streams is
roughly constant (Supplementary Information, sections 5 and 6).
This is convolved with the halo mass function23, n(Mv), to give

n ( _MM)~

ð?

0

P( _MM jMv)n(Mv) dMv

The desired cumulative abundance, n(. _MM), obtained by integration

over the inflow rates from _MM to infinity, is shown at z 5 2.2 in Fig. 4.

Assuming that the SFR equals _MM , the curve referring to _MM lies safely
above the observed values, marked by the symbols, indicating that the

gas input rate is sufficient to explain the SFR. However, _MM and the
SFR are allowed to differ only by a factor of ,2, confirming our
suspicion that the SFR must closely follow the gas input rate. The
simulated SFR indeed traces the accretion rate to within a factor of
two, but, given that our disks are poorly resolved, we focus here on
the accretion as the more robustly simulated quantity. Because at
z < 2.2 the star-forming galaxies constitute only a fraction of the
observed ,1011M[ galaxies24,25, the requirement for a SFR almost

as great as _MM , based on Fig. 4, becomes even stronger.
By analysing the clumpiness of the gas streams, using the sharp

peaks of inflow in the _MM(r) profiles, we address the role of mergers
versus smooth flows. We evaluate each clump mass by integrating
Mclump~

Ð
( _MM(r)=vr (r)) dr across the peak, and estimate a mass ratio

for the expected merger as m 5 Mclump/fbMv, ignoring further mass
loss in the clump on its way in and deviations of the galaxy baryon
fraction from fb. We use ‘merger’ to describe any major or minor
merger with m $ 0.1, as distinct from ‘smooth’ flows, which include
‘mini-minor’ mergers with m , 0.1. We find that about one-third of
the mass is flowing in as mergers and the rest as smoother flows.
However, the central galaxy is fed by a clump with m $ 0.1 less than
10% of the time; that is, the duty cycle for mergers is g= 0.1. A
similar estimate is obtained using EPS merger rates7 and starburst
durations of ,50 Myr at z 5 2.5 from simulations26 (Supplementary
Information, section 5).

From the difference between the two curves of Fig. 4, we learn that
only one-quarter of the galaxies with a given _MM are to be seen during a
merger. The fact that the SFGs lie well above the merger curve even if
the SFR is , _MM indicates that in most of them the star formation is
driven by smooth streams. Thus, ‘SFG’ could also stand for ‘stream-
fed galaxy’. This may explain why these galaxies maintain an
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Figure 1 | Entropy, velocity and inward flux of cold streams penetrating hot
haloes. a, b, Maps referring to a thin slice through one of our fiducial
galaxies with Mv 5 1012M[ at z 5 2.5. The arrows describe the velocity field,
scaled such that the distance between the tails is 260 km s21. The circle marks
the halo virial radius, Rv. The entropy, log K 5 log(T/r2/3), in units of the
virial quantities, highlights (in red) the high-entropy medium filling the halo
out to the virial shock outside Rv. It exhibits (in blue) three radial, low-
entropy streams that penetrate the inner disk, seen edge-on. The radial flux
per solid angle is _mm 5 r2rvr, in solar masses per year per square radian, where
r is the gas density and vr the radial velocity. It demonstrates that more than
90% of the inflow is channelled through the streams (blue), at a rate that

remains roughly the same at all radii. This rate is several times higher than
the spherical average outside the virial sphere, _mmvir < 8M[ yr21 rad22,
according to equation (1). The opening angle of a typical stream at Rv is
20u230u, so the streams cover a total angular area of ,0.4 rad2, namely a few
per cent of the sphere. When viewed from a given direction, the column
density of cold gas below 105 K is above 1020 cm22 for 25% of the area within
the virial radius. Although the pictures show the inner disk, the disk width is
not resolved, so associated phenomena such as shocks, star formation and
feedback are treated in an approximate way only (see density maps and
additional cases in Supplementary Figs 3–5). Kvir, virial entropy.

Figure 2 | Streams in three dimensions. The map shows radial flux for the
galaxy of Fig. 1 in a box of side length 320 kpc. The colours refer to inflow rate
per solid angle of point-like tracers at the centres of cubic-grid cells. The
dotted circle marks the halo virial radius. The appearance of three fairly
radial streams seems to be generic in massive haloes at high redshift, and is a
feature of the cosmic web that deserves an explanation. Two of the streams
show gas clumps of mass on the order of one-tenth that of the central galaxy,
but most of the stream mass is smoother (Supplementary Fig. 6). The
>1010M[ clumps, which involve about one-third of the incoming mass, are
also gas rich—in the current simulation only 30% of their baryons turn into
stars before they merge with the central galaxy.
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Ques+ons	


Q1:	
  What	
  do	
  you	
  think	
  is	
  the	
  “KEY”	
  science/observa+ons	
  for	
  
ULTIMATE	
  in	
  your	
  research	
  field?	
  
A:	
  Very	
  high-­‐z	
  objects,	
  Pop	
  III-­‐dominated	
  gals,	
  HII	
  bubbles	
  in	
  IGM	
  

Q2:	
  Which	
  instrument	
  do	
  you	
  think	
  is	
  1st	
  priority	
  for	
  ULTIMATE?	
  
A:	
  WFC.	
  It	
  has	
  poten+al	
  to	
  detect	
  various	
  objects	
  over	
  2<z<10	


Q3:	
  Do	
  you	
  have	
  good	
  science	
  cases	
  to	
  be	
  done	
  with	
  GLAO
+MOIRCS	
  during	
  the	
  period	
  of	
  ~2020-­‐2032	
  
A:	
  Revealing	
  ISM	
  with	
  various	
  emission	
  lines,	
  Lya,	
  [OIII],	
  LyC,	
  and	
  
ALMA	
  data,	
  e.g.,	
  CO, CII,	
  and	
  dust	
  con+nuum	


Q4:	
  Which	
  survey	
  design	
  sounds	
  best	
  for	
  you?	
  
A:	
  NB-­‐only	
  survey	
 19	




Summary	


•  NB	
  imaging	
  surveys	
  may	
  be	
  a	
  powerful	
  tool	
  to	
  
search	
  very	
  high-­‐redshi~	
  LAEs	
  and	
  HeII	
  emibers	
  

•  Faint	
  LAEs/LBGs	
  are	
  s+ll	
  interes+ng	
  objects,	
  
because	
  they	
  are	
  probably	
  in	
  the	
  transi+on	
  phase	
  
of	
  different	
  galaxy	
  evolu+on	
  modes,	
  e.g.,	
  from	
  
SNe	
  feedback	
  dominated	
  to	
  stable	
  star	
  forma+on	
  
mode,	
  and	
  from	
  cold	
  to	
  hot	
  accre+on	
  mode.	
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