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Figure 1

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

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

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

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

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

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

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

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

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

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

4 Tumlinson, Peeples, & Werk
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(see also, Hopkins+15; Kimm+15; Ceverino+18)

(Yajima et al. 2017, ApJ, 846, 30)
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Lyman-alpha properties of first galaxies change 
drastically due to the galactic outflow

(Yajima et al. in prep)
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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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Cosmological hydrodynamic and radiative transfer sim-
ulations produce Halo-11 and Halo-12 that have halo
masses of 1.6 ⇥ 1011 and 7.5 ⇥ 1011 M�, respectively.
As suggested by Behroozi et al. (2013), the halo masses
of Halo-11 and Halo-12 correspond to stellar masses of
⇠ 2.0⇥ 109 and 1.4⇥ 1010 M� at z = 6.0, respectively,
which are consistent with the stellar masses of our LABs
estimated by the SED fitting (Section 4.4). In Figure 21,
it is clear that z57-2 has a more di↵use Ly↵ profile than
the other 6 LABs. Moreover, model galaxies of Halo-11
and Halo-12 cannot explain the extremely di↵use Ly↵
profile of z57-2.

Figure 21. Ly↵ surface brightness profiles of z57-2 (red
filled circles), the other 6 LABs (black filled circles), and 2
model galaxies of Halo-11 (green dash-dotted line) and Halo-
12 (blue dashed line). The black solid lines are the best-fit
total models of the other 6 LABs in Figure 10. The cyan
dotted line represents the PSF. The profiles of Halo-11 and
Halo-12 are convolved with the PSF. All the profiles are nor-
malized at the radius of ⇠0 kpc for comparison.

The spectrum in Figure 6 shows that z57-2 has a
Ly↵ emission line with a FWHM of ⇠ 600 km/s that
is broader than those of the other 6 LABs. It should
be also noted that the Ly↵ line of z57-2 shows multiple
peaks. These features may be caused by dynamical sys-
tems, such as multiple components or mergers. Another
possibility is that z57-2 has a nearly static cloud of thick
Hi gas that resonantly scatters Ly↵ photons produced
at the center of this system. The static cloud should
have varying Hi column densities that cause the posi-
tional dependence of the Ly↵ line center and line width
found in Figure 8.

5.3. Physical Origin of the di↵use Ly↵ emission of
LABs

Previous studies have suggested several physical ori-
gins of the di↵use Ly↵ emission around a galaxy, includ-

ing scenarios of photoionization, Ly↵ resonant scatter-
ing, cooling radiation, outflows, and satellite galaxies.
We discuss these scenarios separately below.
Mas-Ribas & Dijkstra (2016) suggest that fluorescence

can generate Ly↵ photons that account for di↵use Ly↵
emission around LAEs at z = 3.1. As for LABs, flu-
orescence is very likely to happen because of the large
abundance of ionizing photons expected from the bright
MUV. Geach et al. (2009) and Overzier et al. (2013)
argue that fluorescence alone can explain the luminous
and di↵use Ly↵ emission of LABs hosting AGNs. Be-
cause our LABs have bright MUV and possible AGN
activities, fluorescence may be the origin of the di↵use
Ly↵ emission.
In the scenario of Ly↵ resonant scattering, the Ly↵

photons are emitted by star formation in the galaxy
center. Although our LABs have very high Ly↵ lumi-
nosities, the Ly↵ equivalent widths are ⇠ 50 � 200 Å,
consistent with the Ly↵ equivalent width from dust-free
star formation estimated in Charlot & Fall (1993). This
consistency suggests that the di↵use Ly↵ emission can
be explained by resonantly scattered Ly↵ photons gen-
erated in the star-forming galaxy center.
Gravitational cooling radiation may also play an im-

portant role in generating an extended Ly↵ emission.
Using Ly↵ radiative transfer models of LAEs with a
mean stellar mass of 2.9 ⇥ 1010 M� at z = 3.1, Lake
et al. (2015) show that cooling radiation can contribute
40-55% of the total Ly↵ luminosity within a virial radius
of 56 kpc. On the other hand, if cooling radiation is the
major origin of the di↵use Ly↵ emission, the Ly↵ equiva-
lent width would likely be greater than 240 Å that is the
maximum equivalent width predicted by stellar models
(Charlot & Fall 1993). Although the Ly↵ equivalent
widths of our LABs are smaller than 240 Å, it should be
noted that the Ly↵ escape fractions of our LABs might
be low. For example, z49-1 has a Ly↵ escape fraction
of 0.11 as we discussed in Section 4.4. Because the low
Ly↵ equivalent widths of our LABs may be caused by
low Ly↵ escape fractions, we cannot rule out the possi-
bility that cooling radiation is the origin of the di↵use
Ly↵ emission.
Using an analytical model and a high-resolution hy-

drodynamic simulation, respectively, Taniguchi & Sh-
ioya (2000) and Mori et al. (2004) suggest that outflows
driven by multiple supernova explosions are able to pro-
duce extended Ly↵ emission with a Ly↵ luminosity of
⇠ 1043 erg s�1. This Ly↵ luminosity is consistent with
those of our LABs. On the other hand, our LABs may
have starbursts driven by possible mergers as suggested
by the multiple UV components in Figure 3. Multiple
supernova explosions are likely to happen in starbursts,

Zhang,.., Yajima, et al. (2019)
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Figure 4. Redshift evolution of SFR (top panel), UV escape fraction
(second panel), sub-mm flux (third panel), and emergent UV flux (bottom
panel) are shown for Halo-10 (green dotted), Halo-11 (red solid), and Halo-
12 (blue dashed). The grey horizontal lines in the third and fourth panels
show 3σ (lower line) and 10σ (higher line) detection thresholds for ALMA
(full operation) and JWST with 10 h time integration, which we obtained
from the online calculators of each observatory.

at z < 10: f UV
esc = 0.1–0.2 for Halo-11 (Halo-12) at z ! 7.5 (8.5),

while f UV
esc of Halo-10 fluctuates in the range of ∼0.2–0.6 even

at z ∼ 6. In the case of Halo-12, the baryon mass within 200 pc
from the Galactic Centre becomes ∼ 1010 M⊙ at z ∼ 8.5, and the
gravitational binding energy exceeds the thermal energy released
by SNe in an intense star formation with SFR " 10 M⊙ yr−1.
Therefore the gas is able to stay around star-forming regions and
obscure UV light. These variations of f UV

esc for different halo masses
are closely linked to the UV luminosity functions. For example, if
the UV magnitude of mUV ∼ 30 fluctuates by a factor of 2 at z ∼
7–8, it can make the luminosity function flatter at the faint end. In
our future work, we will investigate the impact of fluctuating escape
fraction on the luminosity function using large-scale cosmological
simulations.

The third panel of Fig. 4 shows the redshift evolution of sub-
mm flux at 850 µm in the observed frame. In all cases, the flux
fluctuates by more than an order of magnitude at z ! 10 because
of the starbursts and low UV escape fractions. When the dusty gas
is concentrated at the Galactic Centre, it causes a starburst and
obscures the UV light from young stars, resulting in high sub-mm
fluxes. The sub-mm flux of Halo-11 (Halo-12) reaches Sobs.

850µm ∼
0.1 mJy (1 mJy) at z ∼ 6–7, which can be observed by ALMA with
∼ 3 h integration time. As a reference, we compare our models
with the sensitivity of ALMA 10 h observation as shown in the
figure. The Halo-11 is detectable at z ! 7.3 or z ∼ 8.0, 9.0 with 3σ

significance. We can compare Halo-11 and Halo-12 with one of the

high-z galaxies observed by ALMA, A1689-zD1 at z ≈ 7.5 (Watson
et al. 2015). The sub-mm flux of the galaxy was 0.61 ± 0.12 mJy,
and the estimated SFR and dust mass were ∼ 12 M⊙ yr−1 and
∼ 4 × 107 M⊙. The A1689-zD1 is a sub-L∗ galaxy, thus it was
considered as one of the ‘normal’ galaxies which are the dominant
population at that epoch. The dust masses of Halo-11 and Halo-
12 at z = 7.5 are ∼ 5 × 106 and ∼ 8 × 107 M⊙, respectively;
thus A1689-zD1 has intermediate parameters of Halo-11 and
Halo-12.

In addition to A1689-zD1, the LBGs with sub-mm fluxes of ∼
0.1 mJy have been detected by recent ALMA observations (Bowler
et al. 2018; Hashimoto et al. 2019; Tamura et al. 2019). Halo-
11 successfully reproduces the observed sub-mm and UV fluxes
of LBGs. However, note that the observations which detect dust
continuum emission at only one wavelength has to assume the dust
temperature to estimate the SFR or dust mass. If this assumption
is not valid, then the estimated physical values could be incorrect.
In Section 3.5, we discuss the typical dust temperature in the first
galaxies.

The bottom panel of Fig. 4 shows the evolution of apparent UV
(1500 Å) magnitude. As a reference, we also show the sensitivity of
JWST in the figure. This comparison suggests that the detection of
Halo-10 and Halo-11 at z > 10 is very difficult, whereas the Ly α

flux from the first galaxies can be detected even at z " 10 (Yajima
et al. 2015a). Yajima, Sugimura & Hasegawa (2018) showed that the
massive galaxies tend to have higher SFR, and the strong ionizing
flux forms huge H II bubbles ("100 kpc) which increases the IGM
transmission of Ly α photons.

3.4 Duty cycle and observability

As we discussed in Section 3.3, the sub-mm brightness of the
first galaxies oscillates on a short time-scale. Hereafter, we call
this phenomena ‘duty cycle’ (fduty), and attempt to estimate its
value. The duration of the bright phases is directly related to
the detection probability of galaxies with a specific mass. Jaacks,
Nagamine & Choi (2012b) studied the SF histories of galaxies at z

> 6 using cosmological hydrodynamic simulations, and estimated
the duty cycle defined as the ratio of the number of galaxies
which is brighter than the detection limit of the HST to the tota
l number.

In this work, we resolve the spatial distribution of dust in detail
by using the zoom-in initial conditions and calculating the dust
attenuation. Here we estimate fduty based on the detectability of
sub-mm fluxes of galaxies by ALMA, and define it as the ratio of
number of galaxies brighter than the detection limit (Sth) at 850 µm
to the total number:

fduty ≡ N (S > Sth)
Ntot

. (5)

To increase the number of galaxies, we calculate the radiative
properties of all satellite galaxies in the zoom-in regions of fiducial
runs (Halo-11 and Halo-12), and include them in our sample. The
mass limits of the satellite galaxy selection are Mh > 108 M⊙ for
Halo-11 and Mh > 109 M⊙ for Halo-12, respectively. The numbers
of galaxies at each snapshot are 613, 593, 564, and 351 at z ≈ 6, 7,
8, and 10, respectively.

Fig. 5 shows the distribution of halo masses and sub-mm fluxes
of our samples at z ∼ 10, 8, 7, and 6. With decreasing redshift,
one can see that the massive end of the distribution gradually shifts
to the right hand side as the haloes grow in their masses. The
sharp cut-off at the low-mass end of the distribution of yellow

MNRAS 488, 2629–2643 (2019)
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filament (fesc ⇠ 40%). As described in previous sections,
the [O iii] and [C ii] lines are emitted from ionized regions
(knots) and neutral gas (filament), respectively. (HY: some-
thing figure showing above sentences should be added.)(SA:
I added the figure.) Thus we suggest that combination of
[O iii] and [C ii] observations will reveal the gas and ioniza-
tion structure of galaxies, and indicate the escaping direc-
tion of ionizing photons. At z < 10, the hfesci decreases to
⇠ 1% as the halo mass increases, which is consistent with
the literature (e.g. Yajima et al. 2011, 2014; Paardekooper
et al. 2015). In addition, as shown in A19, dusty gas is held
in the massive halo against the SN feedback, and the dust
e�ciently absorb ionizing photons.

Bottom panel of Fig. 4 shows [O iii] and [C ii] luminosi-
ties. The [O iii] line is emitted only in star-bursting phase
because O2+ ions exist in H ii regions formed by massive
stars. We find that L[OIII] fluctuates with intermittent star
formation in the range of 1040 � 1042 erg s�1 at z < 10 for
Halo-11. Meanwhile, the main source of [C ii] emission is
neutral gas, thus it is continuously emitted even in the out-
flowing phase. The contribution of [C ii] emission from H ii
regions to total luminosity (dotted line) increases in star–
bursting phase, but it does not exceed 50% over all redshift.
It gradually decreases with time due to dust absorption and
results in . 0.02 at z = 6 .

Figure 6, 7 present [O iii] and [C ii] luminosities of Halo-
11 and Halo-12 at z = 6, 7, 8 and 9. Our simulations well re-
produce observed galaxies at z & 6. In particular, Kashima
shows (L[OIII] = 2.3 ⇥ 109 L�, L[CII] = 1.7 ⇥ 109 L�, and
LIR = 6.9 ⇥ 1011 L�) at z = 7, which are remarkably con-
sistent with B14-65666 at z = 7.15 (L[OIII] = 2.9 ⇥ 109 L�,
L[CII] = 1.3⇥ 109 L�, and LIR = 6.2⇥ 1011 L�) as reported
by Hashimoto et al. (2019). Also we compare our results
with the relation of local galaxies derived in De Looze et al.
(2014). They investigated low–metal galaxies in the range
of �3 . log SFR [M� yr�1] . 2 from the Herschel Dwarf
Galaxy Survey. Our simulations are similar to metal–poor
dwarf galaxies rather than local starburst galaxies, which
is opposite to other simulation studies (Olsen et al. 2017;
Katz et al. 2019), but similar with Moriwaki et al. (2018).
The chemical abundance pattern of galaxies at z > 6 is
dominated by Type-II SNe, and quite di↵erent from solar-
neighbourhood. In the calculation of [O iii] luminosity, we
use oxygen abundance of each gas particle, which is same
with Moriwaki et al. (2018) but not Olsen et al. (2017) and
Katz et al. (2019). The oxygen abundance (mass–weighted
mean) of Kashima evolves from 12 + log10 (O/H) = 6.6 at
z = 9 to 8.9 at z = 6, and the range is close to that of lo-
cal samples 12 + log10 (O/H) = 7.14� 8.43 (De Looze et al.
2014). Thus we suggest that the physical state of ISM in first
galaxies might be similar to that of local dwarf galaxies.

By a least-squares fitting to all samples (Halo-11, Halo-
12, MHaloes, LHaloes) at z = 6� 9, we derive the relations
of L[OIII]–SFR and L[CII]–SFR :

log (L[OIII] [L�]) = 7.23 + 1.04 log (SFR [M� yr�1]), (5)

log (L[CII] [L�]) = 6.38 + 1.47 log (SFR [M� yr�1]). (6)

We find that the L[CII]–SFR relation of high-z galax-
ies is steeper than local relations (the slope of 1.0–1.25,
De Looze et al. 2014). In our less massive galaxies with
SFR . 10M� yr�1, their central densities are low (Mgas(<

Figure 4. Redshift evolution of SFR (top), escape fraction of ion-
izing photons (middle), metal line luminosity (bottom) for Halo-
11. In the middle panel, the inserted panel closes up the escape
fraction at z = 6 � 8 in logarithmic–scale. In the bottom panel,
green solid line represents [O iii] 88µm luminosity. Purple dashed
line is for [C ii] 158µm luminosity. Dotted line shows contribution
to [C ii] luminosity from H ii regions.

Figure 5. Contours of [O iii] and [C ii] intensity maps of Halo-11
at z = 11. The background picture shows gas column density.
The structures of filament and knot are traced by [C ii] and [O ii
i] maps, respectively.

c� 2008 RAS, MNRAS 000, 1–15
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