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

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

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

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

physically associated but separated by roughly 700 km s−1 in velocity 
and 8 kpc (projected) in space. The reconstructed 160-µm continuum 
emission is shown as contours. The scale bar represents the angular 
size of 5 kpc in the source plane. d, The line-to-continuum ratio at the 
158-µm wavelength of [C ii], normalized to the map peak. The [C ii] 
emission from SPT0311−58 E is much brighter relative to its continuum 
than for SPT0311−58 W. e, Velocity-integrated emission in the 88.36-µm 
fine-structure line of doubly ionized oxygen ([O iii]) as measured at 
429.49 GHz with ALMA (colour scale). The data have an intrinsic angular 
resolution of 0.2″ × 0.3″, but have been tapered to 0.5″ owing to the lower 
signal-to-noise ratio of these data. f, The luminosity ratio between the 
[O iii] and [C ii] lines. As for the [C ii] line-to-continuum ratio, a large 
disparity is seen between SPT0311−58 E and SPT0311−58 W. The sky 
coordinates and contours for rest-frame 160-µm continuum emission in 
d–f are the same as in a.
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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.
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Figure 1. Optical and near-infrared images of the candidate z ≈ 10 galaxy, UDFj-39546284, from

the HUDF. Top row: the leftmost panel shows the HUDF ACS (V606i775z850) data26; the next
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Fig. 4.— Scattered Lyα emission from LAEs. The Lyα surface brightness distribution is shown for sources in one third of the simulation
box, with 100h−1Mpc on a side and a thickness of 33.33h−1Mpc. The area matches that of the SXDS and the depth corresponds to the
width of the narrow-band filter for z ∼ 5.7 LAEs (Ouchi et al. 2008). The morphology and spectra of three sources in the zoom-in region
are shown.

An intrinsic point source of Lyα emission appears ex-
tended and the Lyα spectra differ substantially from the
intrinsic Gaussian profile. The spectra from the central
aperture, which is the part that is most observable, do
not have a simple and clear relation to the initial line
profile, owing to the frequency shift caused by scatter-
ings. In some previous work (e.g., McQuinn et al. 2007;
Iliev et al. 2008), the observed Lyα spectrum is modeled
as the intrinsic Gaussian profile modified by exp(−τν)
with τν being the optical depth at frequency ν along
the line of sight. Such a simple model does not account
for the frequency and spatial diffusion of Lyα photons
caused by radiative transfer. The resultant line profile in
this simple model looks like a truncated Gaussian pro-
file, with only the red tail transmitted. Our detailed Lyα
radiative transfer, on the other hand, shows that the ob-
served Lyα line profile near the source center is more
complicated and the redward frequency shift is more than
that in the simple treatment. The simple radiative trans-
fer model may yield trends in some results that are quali-
tatively in accord with detailed transfer calculations. For
example, Iliev et al. (2008) also find that peculiar veloc-

ity is important in determining the observability of LAEs.
However, as we show in § 5, the lack of frequency and
spatial diffusion in the simple model means that it cannot
capture the full picture of Lyα emission from LAEs for
detailed prediction and understanding of observed Lyα
features.

5. STATISTICAL PROPERTIES OF Lyα SPECTRA AND
LUMINOSITY OF LAES

We perform Lyα scattering calculation for all the
sources residing in halos above 5 × 109h−1M⊙ in the
whole (100h−1Mpc)3 box. In this section, we describe
how we identify LAEs from the post-scattering outputs
and study their statistical properties.

5.1. Source Identification

Figure 4 shows the Lyα image for sources in
one-third of the simulation box. It has an
area of 100h−1Mpc×100h−1Mpc and a thickness of
33.33h−1Mpc. The slice matches the sky coverage (1
deg2) of the SXDS and the depth corresponds to the
width of the narrow-band filter (∆λ=120Å; Ouchi et al.
2008) for z = 5.7 LAEs. Therefore, the image can be
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Figure 4. Surface brightness maps of the galaxy K15, as viewed from the negative z-direction, without dust (left) and with dust (right). Including dust in the radiative
transfer affects primarily the most luminous regions.

Figure 5. Surface brightness (SB) profile of the galaxy K15, again with dust
(solid) and without dust (dotted). The left ordinate axis gives the SB as measured
at the source while right ordinate gives the values measured by an observer at a
distance given by the luminosity distance of the galaxy. The decrease in SB in
the less luminous regions is noticeable. However, this decrease is for the most
part not due to photons being absorbed in the hot and tenuous circumgalactic
medium but rather reflects a lack of photons that in the case of no dust would have
escaped the luminous regions and subsequently scattered on neutral hydrogen
in the direction of the observer.

the absorbed photons are emitted from the central parts, while
photons that escape are emitted from everywhere. In particular,
the radiation produced through gravitational cooling escapes
more or less freely.

6.2. Effect on the Emergent Spectrum

Due to the high opacity of the gas for a Lyα photon at the line
center, photons generally diffuse in frequency to either the red
or the blue side in order to escape. Consequently, the spectrum
of the radiation escaping a dustless medium is characterized by a
double-peaked profile. The broadening of the wings is dictated
by the product aτ0 (Harrington 1973), i.e., low temperatures
and, in particular, high densities force the photons to diffuse
far from line center. Since such conditions are typical of the
regions where the bulk of the photons is absorbed, the emergent
spectrum of a dusty medium is severely narrowed, although the
double-peaked feature persists. Figure 8 displays the spatially
integrated spectra of the dustless and the dusty version of K15.

This interesting result shows that even though the dust
is effectively gray (the small wavelength dependence of

Figure 6. Image of the locations of absorption of the Lyα radiation that does
not escape K15. Effectively, this image shows the column density of dust.

Equation (3) does not produce substantially different results
from using a completely wavelength independent cross sec-
tion), the emergent spectrum is affected in a highly “non-gray”
fashion: whereas the escape fraction of the inner part of the
spectrum is of the order 50%, it rapidly drops when moving
away from the line center.

6.3. Escape Fraction

In the z−-direction of K15, the fraction of Lyα photons
escaping is 0.14. As mentioned earlier, the z−-direction is the
direction into which most radiation escapes—without dust, this
direction is ∼3 times as luminous as the x−-direction, which
is where the least radiation is emitted. Including dust, because
the brightest regions are affected the most, the ratio between
the luminosity in the least and the most luminous directions is
somewhat reduced, although z− is still more than twice as bright
as x−.

The sky-averaged escape fraction for K15 is 0.16. Recall that
in these simulations SMC dust has been applied. However, as
discussed in Section 7 using LMC dust does not alter the results
significantly.

Zheng+2002,
            2010	


Laursen+2009	


HY+2012, 2015	


4356 A. Smith et al.

Figure 17. Line-of-sight surface brightness profiles for the six coordinate faces of the entire (1 Mpc)3 comoving volume or (67.5 kpc)3 in physical units. The
central square corresponds to the size of Fig. 18. On larger scales, the IGM tends to smooth out the profiles so the viewing angle differences are less severe.

MNRAS 449, 4336–4362 (2015)
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Figure 5. The ratio of the shell velocity vsh to the local escape velocity
vesc ≡ (2 GM<r/r)1/2 as a function of time for different halo masses Mvir
denoted by colour and star formation efficiencies f⋆ denoted by line style.
The galaxy mass significantly impacts whether the shell is able to escape the
gravitational potential well into the IGM. The light grey region is a schematic
representation of times when the shell has crossed the virial radius. All haloes
with Mvir !108 M⊙ eventually reach the escape condition rsh > rvir, which
we expect to occur after at least ≈7, 13, and 30 Myr for the 106, 107, and
108 M⊙ haloes, respectively.

of the shell velocity to the escape velocity at the virial radius:

vsh

vesc
≈ Mcs

vesc
= M

(
kBT /mH

GMvir/rvir

)1/2

≈ 1.2 T
1/2

4

(
M
5

) (
Mvir

109 M⊙

)−1/3 (
1 + z

11

)−1/2

. (46)

This quantity reflects the likelihood that galaxies retain their gas
under strong radiative feedback. Qualitatively, minihaloes are more
susceptible to shell ejection than the more massive galaxies. We note
that this simple argument is in rough agreement with the observed
galaxy stellar mass function, which has a much shallower faint end
slope than expected from dark matter-only simulations (Somerville
& Davé 2015).

In Fig. 6, we consider the role of Mvir and f⋆ on the relative im-
portance of Lyα radiation pressure on the shell velocity compared
to simulations without Lyα feedback. We find that for a fixed star
formation efficiency, including the Lyα force has a greater dynam-
ical impact in larger mass haloes. We also find that for a fixed halo
mass, a higher star formation efficiency leads to a greater difference
for simulations incorporating Lyα feedback. Both of these effects
are likely due to a higher energy density of trapped Lyα photons,
which leads to more scatterings because of the larger optical depth
for a fixed f⋆ or the increased Lyα emission rate for a fixed Mvir. We
find that Lyα radiation pressure can be dynamically important for a
number of realistic protogalaxy environments.

5.3 Predictions for Lyα observations

In Fig. 7, we explore the impact of Mvir and f⋆ on the velocity offset
with respect to the central point source for the red peak of the intrin-
sic line-of-sight Lyα flux. The location of the offset is fairly constant
throughout the simulations, although there is some decrease in time.
We find that for a fixed star formation efficiency, a more massive
halo has a greater velocity offset. Likewise, for a fixed halo mass, a
lower star formation efficiency yields a greater offset. Both of these

Figure 6. Top panel: the time evolution of the ratio of the shell velocity
for simulations with and without Lyα radiation pressure for different halo
masses Mvir = 106 − 10 M⊙ at a fixed star formation efficiency of f⋆ = 10−3.
Bottom panel: the shell velocity ratio for different values of f⋆ = 10−1–( − 4)

at a fixed halo mass of Mvir = 108 M⊙.

Figure 7. Top panel: the time evolution of the velocity offset of the red peak
of the Lyα spectrum for different values of halo mass Mvir = 106 − 10 M⊙
at a fixed star formation efficiency of f⋆ = 10−3. Bottom panel: the velocity
offset for different values of f⋆ = 10−1–( − 4) at a fixed halo mass of Mvir =
108 M⊙. The location of the emerging red peak is fairly constant throughout
the simulations with a slight decrease in time.

effects are likely due to the larger optical depth for individual pho-
tons to escape the galaxy. To consolidate these trends, we plot the
time-averaged velocity offset as a function of halo mass in Fig. 8.
Although there is some degeneracy at different times between these

MNRAS 464, 2963–2978 (2017)

Ly↵ pressure on metal-poor galaxies 7

Table 2. Summary of idealised disk simulations embedded in a 1010 M� dark matter halo. From left to right, each column indicates the name of the model,
whether or not the simulations are performed with on-the-fly radiative transfer, the minimum size of the computational cells, the inclusion of mechanical
SN feedback, Ly↵ pressure, photoionization heating (PH), direct radiation pressure by UV (DP) and radiation pressure by multi-scattered IR photons (IR),
photoelectric heating on dust (PEH), the metallicity of gas, and some remarks.

Model RHD �xmin mmin
star SN II Lya PH DP IR PEH Metallicity Remarks

G8CO – 4.6 pc 910M� – – – – – – 0.02 Z�
G8SN – 4.6 pc 910M� X – – – – – 0.02 Z�
G8R X 4.6 pc 910M� – – X X X X 0.02 Z�
G8R-SN X 4.6 pc 910M� X – X X X X 0.02 Z�
G8R-Lya X 4.6 pc 910M� – X X X X X 0.02 Z�
G8R-SN-Lya X 4.6 pc 910M� X X X X X X 0.02 Z� Fiducial
G8R-SN-Lya-f3 X 4.6 pc 910M� X X X X X X 0.02 Z� Lstar ⇥ 3

G8R-SN-Lya-f10 X 4.6 pc 910M� X X X X X X 0.02 Z� Lstar ⇥ 10
G8R-SN-Lya-s10 X 4.6 pc 910M� X X X X X X 0.02 Z� ✏↵ ⇥ 10

log nH

-4 -2 0 2 4

G8CO G8R G8R-SN G8R-Lya G8R-SN-Lya1kpc

1kpc

1kpc

Figure 3. Projected gas distributions of isolated disk simulations with different input physics at t = 500Myr. The top and middle panels show the edge-on
and face-on view of the simulated galaxy, respectively. The bottom panels show the composite stellar image using GALEX NUV , SDSS g,and i bands. Note
that a smaller area is displayed for the stellar maps. Bluer colours correspond to younger stars. The white scale bar denotes 1 kpc.

3 RESULTS

In this section, we examine the impact of radiation pressure from
multi-scattered Ly↵ photons on galactic properties. For this pur-
pose, we run seven RHD simulations of an isolated disk embedded
in a 1010 M� dark matter halo with different input physics, as out-
lined in Table 2. Also performed without the on-the-fly radiative
transfer are G8CO and G8SN where we turn off local radiation and
Ly↵ pressure. Thus, the uniform background UV radiation is the
only feedback source in the former case, while SNe are the main en-
ergy source that governs the dynamics of the ISM in the latter. We
use these models to isolate the effects of radiation feedback (pho-
toionization heating, radiation pressure by UV and IR photons, and
photoelectric heating on dust) from other processes.

3.1 Suppression of star formation

We begin by investigating the suppression of star formation (SF) by
different feedback processes. Figure 3 presents the projected gas
distributions, and the composite images of SDSS u,g,i bands for
stellar components. We generate these mock images by attenuating
the stellar spectra using the method described in Devriendt et al.
(2010), which is based on the Milky way extinction curve (Cardelli
et al. 1989) and the empirical calibration by Guiderdoni & Rocca-
Volmerange (1987).

The run without any feedback source (G8CO) produces a mas-
sive stellar core at the galactic centre, which is usually found in sim-
ulated galaxies suffering from artificial radiative losses (e.g. Katz
1992; Agertz et al. 2013; Hopkins et al. 2014; Kimm et al. 2015).
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Figure 2. Critical star formation efficiency ϵ as a function of the
metallicity Z, obtained by the Eq. (13). The star formation is sup-
pressed by Lyα radiation feedback if the SFE exceeds the line. In
each panel, solid and dashed-dotted lines correspond to the cloud
radius of rcl = 5 pc and 10 pc, respectively. As for each line, the
fiducial dust model of Xd = 0.1 µm−1 is adopted. The shaded
regions represent the uncertainty of the dust model (see the text
in detail). Dashed lines represent the minimum boost factor of
fboost = 1. Upper panels show the results for Mcl = 105 M⊙
and lower panels are Mcl = 106 M⊙. Left-hand and right-hand
side panels show the results for the Salpeter and Larson IMF,
respectively. The vertical dotted line denotes the lower bound of
the observed metallicity of GCs, logZ/Z⊙ = −2.5. The horizon-
tal dotted lines represent ϵ = 0.5. Note that the SFR becomes
constant at Z < ZTP because of the constant traveling time of
Lyα photons.

In the case with the cloud mass 106 M⊙, Lyα photons are
absorbed by dust before they exert the strong radiation force
on the gas, and the deeper gravitation potential can hold
the gas against the feedback. As a result, the Lyα radiation
feedback is insignificant even in the low-metallicity regions
while the Lyα feedback begins to work (i.e., fboost > 1) at
the metallicity of logZ/Z⊙ ∼ −2.5. If we consider the radius
of 10 pc and Larson IMF, the result seems to be reasonable
to explain the observed lower bound of metallicity.

Next, we estimate the stellar density as ρ∗ ∼ 3M∗
4πr3cl

=
3ϵMcl
4πr3cl

. By considering the metallicity dependence of the star

formation efficiency (Eq. 13), we derive the stellar mass den-
sity as a function of metallicity as shown in Fig. 3. As the
reference, we present the constant half-mass stellar density
ρh ≡ 3M∗/8πr

3
h for observed GCs (Portegies Zwart et al.

2010), assuming a mass-to-light ratio M∗/LV = 2 (Pryor
& Meylan 1993) and [Fe/H] = Z/Z⊙. The observational
data are taken from Harris (1996). Dotted lines represent
the cases with ϵ < 0.5. In these cases, stars become un-
bound after the gas evacuation. Therefore, only solid line
parts should be considered in studying the stellar mass den-
sity. Note that, the estimated stellar density is the lower
limit since the star clusters generally have the stellar den-
sity profile. For instance, if we assume the isothermal density
profile (ρ(r) ∝ r−2 hence M∗(r) ∝ r), the stellar density be-
comes four times larger if we estimate the stellar density at
the half-mass radius. We see in the panels that the stellar

Figure 3. Stellar densities of star clusters as a function of the
metallicity Z for each model of Fig. 2. Same as Fig. 2, the ver-
tical dotted line denotes the metallicity of logZ/Z⊙ = −2.5. In
each panel, solid, dashed-dotted and dashed-two dotted lines rep-
resent results for clouds with rcl = 5 pc, 10 pc and 20 pc, re-
spectively. Open circles indicate the constant half-mass density
ρh ≡ 3M∗/8πr3h (Portegies Zwart et al. 2010) for observed GCs
(Harris 1996). In this figure, we assume the fiducial dust model
of Xd = 0.1 µm−1.

densities decrease with the metallicity. This feature arises
from the decreasing of the critical SFE, and the resultant
star cluster becomes the lower mass at the given radius.
We show some cloud models successfully reproduce the ob-
served stellar density of GCs at the metallicity higher than
logZ/Z⊙ ∼ −2.5, and the lower bound of the metallicity.

3 DISCUSSION AND CONCLUSIONS

In this Letter, we study the star formation in compact gas
clouds under Lyα radiation feedback. We find that the Lyα
radiation feedback significantly suppresses the star forma-
tion when the metallicity of the cloud is low. As the metal-
licity decreases, Lyα photons can be trapped in the cloud for
a long time against dust absorption. In the journey of Lyα
photons, they can exert the strong radiation pressure on the
gas via multiple scattering processes, resulting in the dis-
ruption of clouds. If the star formation efficiency is smaller
than ∼ 0.5, stars become unbound after the gas evacuation
due to the radiation pressure or supernovae. Therefore, star
formation is suppressed in metal-poor gas clouds, and com-
pactly bound star clusters are unlikely to form. In the case
of a cloud with the mass 105 M⊙ and the radius 5 pc, we
show the critical metallicity for forming a bound star cluster
is log Z/Z⊙ ∼ −2.5 above which more than half of gas can
convert into stars. This critical metallicity is similar to the
lower bound of the observed metallicity of globular clusters
(GCs). Thus we suggest that the Lyα radiation feedback can
be a key roll in the formation of GCs.

In this work, we assume the simple dust model with
the typical size of 0.1 µm and the constant dust-to-metal
mass ratio normalized by that of the solar neighborhood.
However, in the early Universe, the dust properties can sig-
nificantly differ from local galaxies. This dust properties can
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served stellar density of GCs at the metallicity higher than
logZ/Z⊙ ∼ −2.5, and the lower bound of the metallicity.

3 DISCUSSION AND CONCLUSIONS

In this Letter, we study the star formation in compact gas
clouds under Lyα radiation feedback. We find that the Lyα
radiation feedback significantly suppresses the star forma-
tion when the metallicity of the cloud is low. As the metal-
licity decreases, Lyα photons can be trapped in the cloud for
a long time against dust absorption. In the journey of Lyα
photons, they can exert the strong radiation pressure on the
gas via multiple scattering processes, resulting in the dis-
ruption of clouds. If the star formation efficiency is smaller
than ∼ 0.5, stars become unbound after the gas evacuation
due to the radiation pressure or supernovae. Therefore, star
formation is suppressed in metal-poor gas clouds, and com-
pactly bound star clusters are unlikely to form. In the case
of a cloud with the mass 105 M⊙ and the radius 5 pc, we
show the critical metallicity for forming a bound star cluster
is log Z/Z⊙ ∼ −2.5 above which more than half of gas can
convert into stars. This critical metallicity is similar to the
lower bound of the observed metallicity of globular clusters
(GCs). Thus we suggest that the Lyα radiation feedback can
be a key roll in the formation of GCs.

In this work, we assume the simple dust model with
the typical size of 0.1 µm and the constant dust-to-metal
mass ratio normalized by that of the solar neighborhood.
However, in the early Universe, the dust properties can sig-
nificantly differ from local galaxies. This dust properties can
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where τ is optical depth to Lyα at the line centre. If we assume
uniform density just after virialization, the optical depth over the
halo is estimated by τ = 3.3 × 10−14nH(z)2Rvir (e.g. Verhamme,
Schaerer & Maselli 2006), where nH(z) = 2.0 × 10−2( #c

200 )( 1+z
8 )3.

Then we can derive ftrap, 15 for the halo with τ ≥ 105.5,

ftrap,15 = 3.7
(

Mh

109 M⊙

) 1
9
(

1 + z

8

) 2
3

. (6)

We estimate the Lyα photon number density in a halo as a function
of the halo mass and redshift to be

ρLyα = 3NLyα

4πR3
vir

= 90ftrap,15GM2
h fgasfU,Lyα

4πcR3
virtdynϵLyα

= 1.9 × 10−4
(

Mh

109 M⊙

) 10
9

(
1 + z

8

) 31
6

×
(

fgas

0.16

)
fU,Lyα cm−3. (7)

A high background of Lyα radiation will exert a drag on H I gas
clouds moving within it, because of the anisotropic radiation field
due to the doppler shift and beaming effects. Yajima & Khoch-
far (2014) estimated the drag force for a hydrogen test particle in
the residual ionized bubble around a POP-III star, and provide the
following fitting function,

Fdrag =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0.4 × 10−32 erg cm−1
(

v
1 km s−1

) (
ρLyα

2.5×10−3 cm−3

)

for v < 17 km s−1

0.4 × 10−31 erg cm−1
(

v
20 km s−1

) (
ρLyα

2.5×10−3 cm−3

)

for v > 17 km s−1

.

(8)

Using the above equation, we consider the loss of angular mo-
mentum of gas to the Lyα radiation background. Here we assume
an isothermal density profile for the dark matter halo, for which
the constant circular velocity is given by vc ∼

√
(GMh/Rvir) and

estimate the time-scale until vc becomes small as

tang = mHvc

|Fdrag(vc)|

= 1.0 × 108 yr
(

Mh

109 M⊙

)− 4
9
(

1 + z

8

)− 25
6

×
(

fgas

0.16

)−1

f −1
U,Lyα . (9)

In this work, we focus on haloes with vc > 17 km s−1. If tang !
tdyn, the galaxy is likely to form a compact gas cloud at the galactic
centre instead of a large-scale disc. We estimate the critical halo
mass by setting tang = tdyn,

M
drag
crit = 1.5 × 108 M⊙

(
1 + z

8

)−6 (
fgas

0.16

)− 9
4

f
− 9

4
U,Lyα, (10)

If a halo is more massive than Mcrit, collapse to a central gas cloud is
very efficient and a massive POPIII starburst can take place. As the
halo mass and corresponding virial temperature increases, thermal
energy will be released via He line cooling and free–free emission,
resulting in fU,Lyα ≪ 1. This leads to an upper limit in the halo
mass due to inefficient Lyα radiative cooling. The corresponding
halo mass range is shown in Fig. 1. Gas in haloes with masses

Figure 1. Top panel: halo mass range where angular momentum transport
efficiently occurs due to Lyα radiation drag. Dash lines represent virial
temperatures of 1 × 104, 3 × 104 K and 8 × 104 K, respectively. Middle
panel: Lyα luminosity expected in the halo mass and redshift. Dash line
shows the Lyα luminosity for halo with the virial temperatures of 3 × 104 K.

108 ! Mh/M⊙ ! 109 can lose its angular momentum efficiently. We
consider other lower and upper limits corresponding to Tvir = 104 K
and 8 × 104 K. The temperature of ionized gas depends on the flux
and shape of the SED of the source. If the source is an active galactic
nuclei (AGN) emitting hard X-rays, it can doubly ionize helium
and increase the temperature to more than 5 × 104 K; however, it
is difficult to achieve gas hotter than 8 × 104 K with reasonable
spectral indices. Hence we set 8 × 104 K as the upper limit. For a
source with Saltpeter-like IMF and without AGN, the temperature
of the ionized gas is usually less than ∼3 × 104 K, corresponding
halo mass of Mh = 3.7 × 108 M⊙( 1+z

8 )3/2.
In Section 2.3, we will estimate the resulting star formation

for such a collapse. In this work, we assume that haloes can col-
lapse if the virial temperature becomes higher than that of ionized
gas. This is because the mean gas density in haloes at z " 6 is
nH ∼ 10−2 cm−3, marginally self-shielding (e.g. Yajima, Choi &
Nagamine 2012b). Hence, once the gas temperature is smaller than
Tvir, gas collapses and becomes neutral due to the self-shielding,
and then quickly cools down via Lyα emission, resulting in star
formation. Note that, the estimation of the radiation drag and the
critical halo mass assumes primordial gas. For galaxies that are
dust enriched, the Lyα photon density does not increase due to dust
absorption and in these cases you will form discs, even in haloes
more massive than M

drag
crit . Hartwig et al. (2016) also indicated that

most haloes could be metal polluted at high redshift, resulting in
the suppression of massive POPIII starbursts at z ! 8.

2.3 Star formation rate

Gas with negligible angular momentum collapse to the centre of a
halo over a halo dynamical time-scale and converts there into stars
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assuming the Chabrier IMF, we adopt the amplitude factor A,
which is 10 times higher than the local normal star-forming
galaxies, i.e., A M2.5 10 yr kpcfiducial

3 1 2= ´ - - -
: as our

fiducial value. The SF timescale with this amplitude factor is
10 yr8~ , which is close to the dynamical time of the halos at

z 10~ . As shown in Schaye et al. (2010), the cosmic SFRD is
not that sensitive to the value of A due to self-regulation by
stellar feedback. We also compare the SF histories of galaxies
with the lower value of Alocal,Chab. In this work, we set f 1g =
and the threshold density n 10 cmH

3= - above which SF

occurs, similarly to the FiBY project. Above the threshold
density, we use an effective equation of state with an effective
adiabatic index 4 3effg = with the normalized pressure
P k 10 cm K0 B

2 3= - (see Schaye & Dalla Vecchia 2008 for
more details).

2.3. UV Background Radiation

The cooling rate is estimated from the assumption of the
equilibrium state (collisional or photoionization equilibrium) of
each metal species. We allow cooling down to 100 K~ , which
is close to the CMB temperature at the redshifts we are
focusing on. Metal-line cooling is considered for each metal
species using a table pre-calculated by the CLOUDY v07.02
code (Ferland 2000). In this work, we do not follow the
formation and dissociation of hydrogen molecules (Johnson
et al. 2013). At z 101 , galaxies are being irradiated by the
UVB, and it penetrates into the gas with n 0.01 cmH

3< - ,
which is the threshold density of the self-shielding derived by
Nagamine et al. (2010a) and Yajima et al. (2012b) based on the
radiative transfer calculations of the UVB. We switch from the
collisional to the photoionization equilibrium cooling table
once the UVB ionizes the gas (see Johnson et al. 2013 for
details). We use the UVB model of Haardt & Madau (2001) in
our simulations.

2.4. Supernova Feedback

In this work, we consider SN feedback via the injection of
thermal energy into neighboring gas particles as described in
Dalla Vecchia & Schaye (2012). The thermal energy is
stochastically distributed in the surrounding gas and kept until
the gas temperature increases to 10 K7.5 . The feedback
efficiency depends on the local physical properties, e.g., gas
density, clumpiness, and metallicity (e.g., Cioffi et al. 1988;
Kim & Ostriker 2015). Dalla Vecchia & Schaye (2012)
compared the sound-crossing time with the cooling time and
derived the following maximum gas density under which the
thermal energy is efficiently converted into kinetic energy
against radiative cooling loss:
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In this work, we treat all star and gas particles as part of one
galaxy system inside each halo that is identified by an FOF
group finder, and do not distinguish substructures in each halo.
Our current focus is on the impact of stellar feedback on the
physical properties of galaxies, which sensitively depend on the
SFR and gravitational potential of the dark matter halo. We

Table 1
Parameters of Zoom-in Cosmological Hydrodynamic Simulations

Halo ID M h Mh
1-

:[ ] m h MDM
1-

:[ ] m h Mgas
1-

:[ ] h pcmin
1� -[ ] SNe feedback A zre

Halo-10 2.4 1010´ 6.6 104´ 1.2 104´ 200 ON 2.5 10 3´ - 10
Halo-11 1.6 1011´ 6.6 104´ 1.2 104´ 200 ON 2.5 10 3´ - 10
Halo-11-lowSF 1.6 1011´ 6.6 104´ 1.2 104´ 200 ON 2.5 10 4´ - 10
Halo-11-noSN 1.6 1011´ 6.6 104´ 1.2 104´ 200 OFF 2.5 10 3´ - 10
Halo-11-eUVB 1.6 1011´ 6.6 104´ 1.2 104´ 200 ON 2.5 10 3´ - 18
Halo-12 7.5 1011´ 1.1 106´ 1.8 105´ 200 ON 2.5 10 3´ - 10

Note. (1) Mh is the halo mass at z=6. (2) mDM is the dark matter particle mass. (3) mgas is the initial mass of gas particles. (4) min� is the gravitational softening length
on a comoving scale. (5) A is the amplitude factor of the star formation model based on the Kennicutt–Schmidt law. (6) zre is the reionization redshift when the UVB is
turned on.

Figure 1. Top panel: growth history of halo mass. The green dotted, red solid,
and blue dashed lines show the halo masses of the most massive halo as a
function of redshift in the Halo-10, Halo-11, and Halo-12 runs, respectively.
Middle panel: growth rate of halo mass in units of M yr 1-

: . Bottom panel: the
rate of change of the total gas mass within the virial radius of the halo in units
of M yr 1-

: . The growth rates, dM dth , and dM dtgas , are smoothed over the
time bin t 47 MyrD = .

3
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our simulations.

2.4. Supernova Feedback

In this work, we consider SN feedback via the injection of
thermal energy into neighboring gas particles as described in
Dalla Vecchia & Schaye (2012). The thermal energy is
stochastically distributed in the surrounding gas and kept until
the gas temperature increases to 10 K7.5 . The feedback
efficiency depends on the local physical properties, e.g., gas
density, clumpiness, and metallicity (e.g., Cioffi et al. 1988;
Kim & Ostriker 2015). Dalla Vecchia & Schaye (2012)
compared the sound-crossing time with the cooling time and
derived the following maximum gas density under which the
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In this work, we treat all star and gas particles as part of one
galaxy system inside each halo that is identified by an FOF
group finder, and do not distinguish substructures in each halo.
Our current focus is on the impact of stellar feedback on the
physical properties of galaxies, which sensitively depend on the
SFR and gravitational potential of the dark matter halo. We
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Note. (1) Mh is the halo mass at z=6. (2) mDM is the dark matter particle mass. (3) mgas is the initial mass of gas particles. (4) min� is the gravitational softening length
on a comoving scale. (5) A is the amplitude factor of the star formation model based on the Kennicutt–Schmidt law. (6) zre is the reionization redshift when the UVB is
turned on.

Figure 1. Top panel: growth history of halo mass. The green dotted, red solid,
and blue dashed lines show the halo masses of the most massive halo as a
function of redshift in the Halo-10, Halo-11, and Halo-12 runs, respectively.
Middle panel: growth rate of halo mass in units of M yr 1-
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Figure 2. Column density of gas in Halo-11, Halo-11-lowSF, and Halo-11-noSN in units of [M� pc�2] at z = 7. See Table 1 for the three
variations of Halo-11. The top panels show the filamentary network of gas distribution on a scale of physical 100 kpc, and the dashed
circles show the virial radius ⇡ 18 pc. The middle panels show the zoom-in view of the most massive galaxy in the halo with a scale of
physical 7 kpc. The lower panels represent the stellar surface density with the same logarithmic scale as the middle panels. The galaxies
have quite di↵erent morphologies depending on the treatment of SF and stellar feedback.

cooling loss:

nH ⇠ 100 cm�3

✓
T

107.5 K

◆✓
mg

104 M�

◆�1/2

. (3)

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

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

3. RESULTS

3.1. Star Formation History

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

4

Sound crossing time
v. s.

Cooling time
Critical density	


(Dalla Vecchia & Schaye 2012)	




3D Radiative Transfer code: ART2

*All-wavelength Radiative Transfer 
   with Adaptive Refinement Tree (ART2)

(Li+2008; HY+ 2012, MNRAS, 424, 884)

• Monte Carlo method
• Adaptive refinement grid structure
• Lyman-alpha line
• LyC and Ionization of hydrogen
• Continuum from X-ray to radio
• Dust absorption/emission
• Two-phase ISM model in a cell
• Parallelized
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Results	

1)  Star formation history         
2)  Lya properties  
3)  Case of Massive halos
4)  UV/Sub-mm properties 
5)  Dust temperature (Arata, HY+, in prep.)	


(HY, Arata+, in prep.)	


(HY+2017, ApJ, 80, 30)	
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Gas structure in galaxies	


With Feedback	
 Without Feedback	


(HY+2017, ApJ, 86, 30)	
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Star formation history	
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(See also, Kimm&Cen14; Hopkins+14)	


(HY+2017, ApJ, 86, 30)	
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Surface brightness(z=10è6)	
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Lya luminosity	
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Luminous infrared first galaxies 5

Figure 3. Upper panel: Dust mass density distribution of Halo-
11, where r is the distance from the position of highest SFR.
Lower panel: Optical depth for a UV photon which has the wave-
length of 1500 Å. The two lines of each panel are the representa-
tive of the time when escape fraction of the UV photons becomes
low (red solid line, z = 9.0) and high (blue dashed line, z = 8.5)
due to the supernovae feedback (see also Fig. 2)

で期待した通り、UV photonが効率的に吸収されて fUV
ecs が低

い時、ダストの再放射によって sub-m fluxが大きくなる。比較
のために我々は ALMAで 10 h観測した場合の感度を示した。
Halo-11では z ! 7.3や z ∼ 8, 9で 3σ の信頼度で検出される
可能性がある。なお、Halo-11に近い実際の天体として、近年
lensed galaxiesとして発見され spectroscopicに z = 7.5± 0.2
と決定された A1689-zD1(Watson et al. 2015) がある。この
天体の sub-mm flux は 0.61 ± 0.12 mJy, SFR は ∼ 12 M⊙,
dust mass は ∼ 4 × 107 M⊙ と見積もられている。ただし、
Section 3.4 で示すように、1 波長の検出では仮定するダスト
の温度によって結果が変わるので注意が必要である.この銀河
の dust-to-gas ratioはMilky Wayと同程度であり、かなり進
化が進んだ星形成銀河であることが示唆されている。Halo-12
では z ∼ 6 − 7 で Sobs.

1.1 mm ∼ 1 mJy に達する。これは radio
telescopesによる最近の dusty star-forming galaxiesの検出例
(Finkelstein et al. 2013; Riechers et al. 2013)と、halo mass,
SFR, Sobs.

sub−mm の観点で整合的である。最後に、Halo-10では
z ∼ 6でのみ detection limitと同等になるが、それ以前の銀河
は検出できない。

Lower panel of Fig. 4 は 1500 Å での見かけの等級の変
化を示す。fesc の変動からにわかに想像される振る舞いに反
して、sub-mm flux と似た変動の仕方をしている。例として
7 < z < 8 の Halo-11 を見ると、fesc と mUV が敏感に反相
関している。これは、fesc が高い時、星形成率が低くく、放射
される UV photonが減少することによる, vice versa。一方、
sub-mm の場合は fesc が高い時、星形成率が低いことに加え
て UV photon がダストに吸収されずに効率的に脱出するた
め、より fluxが減少する。また、JWSTの感度との比較から、
z > 10ではHalo-10, Halo-11の検出は難しい。しかし、Lyαの
fluxはUV cont.の 10−103倍大きい場合があるので (Yajima
et al. 2015)、JWST はそれを狙いましょう。Halo-12 であれ
ば z ∼ 12でも UVで見つかる可能性がある。

Figure 4. Evolution of UV continuum の escape fraction (upper
panel), sub-mm flux (middle panel) and UV apparent magnitude
(lower panel). The yellow lines show the sensitivity by the ALMA
telescope, which detects the object as 3σ, 10σ significance.

3.3 Duty cycle and detectability

前節で述べたように、Halo-11はある期間は ALMA sourceで
あり、またある期間はそうでない。これは銀河のダイナミクス
に従った fUV

esc の変動に起因するものであった。以降、我々は
この現象を quasar の議論から言葉を借りて’duty cycle’ と呼
ぶ (e.g. Haiman & Hui 2001). Nagamine et al. (2010)では、
SNeで star forming regionのダストが蒸発し、LAEと LBG
が stochasticallyに transitionを起こすという現象を表すのに
この言葉を用いた。また、Hartley & Ricotti (2016)は bursty
star-forming galaxyの duty cycleで ionizing photonの脱出
率が変動することに着目し、semi-analytical model を導入し
た 1D simulation で宇宙再電離への影響を調べた。Trebitsch
et al. (2017); fluctuating feedback,

この節で我々は、z > 6 の銀河が ALMA source として
検出される確率を、halo mass, redshiftの関数として求める。
我々は銀河のサンプル数を稼ぐために、Halo-11の zoom-in領
域に含まれる Mh > 108 M⊙ の全ての銀河を輻射輸送解析し
た。ここで我々は次の量を定義する。

f sub−mm
duty ≡ ∆t(F sub−mm > F sub−mm

th )

∆t(∆z ≈ 1)
, (4)

ここでF sub−mmは sub-mm bandでの flux強度である。これが
∆z ≈ 1だけの間にどれほどの期間 detection limit (F sub−mm

th )
を上回っているかという割合が fduty である。我々は F sub−mm

th

として ALMAの 10 h観測の感度 log10 S
obs.
1.1 mm mJy = −2.4

を設定する。我々の銀河サンプルを z ∼ 6, 7, 8, 9, 10周りで

c⃝ 2008 RAS, MNRAS 000, 1–11
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Summary	


We study radiation properties of first galaxies by 
combining cosmological simulations and multi-
wavelength radiation transfer calculations
1)  Star formation proceeds intermittently
     in low-mass halos with Mh < 1010Msun
2) Massive halos become bright (~1043erg/s) and  
    extended(~30kpc) Lya sources at z~6
3) UV/Lya escape efficiently in outflow phases 
    (fesc>10%) due to supernova feedback
4) Galaxies show the cycles between UV and IR 
     bright phases	



