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ABSTRACT

Recent observations have successfully detected UV-bright and infrared-bright galaxies in
the epoch of reionization. However, the origin of their radiative properties has not been
understood yet. Combining cosmological hydrodynamic simulations and radiative transfer
calculations, we present predictions of multiwavelength radiative properties of the first galaxies
at z ~ 6-15. Using zoom-in initial conditions, we investigate three massive galaxies and their
satellites in different environment and halo masses at z = 6: M, = 2.4 x 10'°, 1.6 x 10'!,
and 0.7 x 10'> Mg,. We find that most of the gas and dust are ejected from star-forming regions
by supernova feedback, which allows the UV photons to escape. We show that the peak of
the spectral energy distribution (SED) rapidly changes between UV and infrared wavelengths
on a time-scale of ~ 100 Myr due to intermittent star formation and feedback, and the escape
fraction of UV photons fluctuates in the range of 0.2-0.8 at z < 10 with a time-averaged
value of 0.3. When dusty gas covers the star-forming regions, the galaxies become bright
in the observed-frame sub-millimeter wavelengths. We predict the detectability of high-z
galaxies with the Atacama Large Millimeter Array (ALMA). For a sensitivity limit of 0.1 mJy
at 850 um, the detection probability of galaxies in haloes M > 10" Mg at z < 7 exceeds
fifty per cent. We argue that supernova feedback can produce the observed diversity of SEDs
for high-z galaxies.

Key words: hydrodynamics —radiative transfer — galaxies: evolution — galaxies: formation—
galaxies: high-redshift— galaxies: ISM.

galaxies (LBGs; e.g. Steidel et al. 1996, 2003; Shapley et al. 2003;

1 INTRODUCTION Bouwens et al. 2015; Oesch et al. 2016; Bowler et al. 2018), and

Understanding galaxy evolution is one of the main goals of modern
astronomy and astrophysics. Recent observations have detected
many galaxies in the early Universe, the so-called first galaxies,
in the optical and near-infrared wavelengths (e.g. Ouchi et al. 2009;
Ono et al. 2012; Shibuya et al. 2012; Finkelstein et al. 2013, 2015;
McLure et al. 2013; Bouwens et al. 2015; Oesch et al. 2016;
Bowler et al. 2018; Ono et al. 2018), or in the sub-millimeter
wavelengths (Riechers et al. 2013; Watson et al. 2015; Inoue et al.
2016; Hashimoto et al. 2018; Marrone et al. 2018).

In observational studies of high-z galaxies, a large number of star-
forming galaxies are usually colour-selected first as Lyman-break
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then later their redshifts are confirmed by spectroscopy. Many high-
z galaxies at z 2 6 are also detected by the Ly & line (LAEs; e.g.
Ouchi et al. 2003; Dawson et al. 2004; Hu et al. 2004; Kashikawa
et al. 2006; Shimasaku et al. 2006; Gronwall et al. 2007; Ouchi et al.
2009, 2010). In addition, Atacama Large Millimeter Array (ALMA)
observations are beginning to provide valuable information on
high-z galaxies via detections of dust continuum, metal lines, and
molecular lines (e.g. Inoue et al. 2016; Hashimoto et al. 2019),
so-called sub-millimeter galaxies (SMGs; Marrone et al. 2018).
For example, Riechers et al. (2013) showed that the dusty massive
starburst galaxies are already formed as early as at z ~ 6. These
different varieties of high-z population and radiative properties
probably reflect different physical conditions in the first galaxies.
Therefore studying the radiative output from the first galaxies
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is one of the primary ways to understand galaxy formation and
evolution.

The formation mechanism of the first galaxies has been studied
by numerical simulations (Greif et al. 2008; Maio et al. 2011;
Safranek-Shrader et al. 2012; Wise et al. 2012; Johnson, Dalla
Vecchia & Khochfar 2013; Hopkins et al. 2014; Kimm & Cen
2014; Paardekooper, Khochfar & Dalla Vecchia 2015; Yajima et al.
2015a,b; Ricotti, Parry & Gnedin 2016; Trebitsch et al. 2017; Yajima
et al. 2017a; Kim et al. 2018). These studies reveal that stellar
and supernova (SN) feedback are crucial for galaxy evolution. In
particular, Yajima et al. (2017a) studied galaxy evolution in massive
haloes (M}, > 10'" My,) at z > 6 using cosmological hydrodynamic
simulations, and found that the star formation occurs intermittently
due to SN feedback and gas accretion (see also Kimm & Cen
2014). However, the radiative properties associated with the bursty
star formation history are not fully understood yet. In this paper,
we focus on the radiative output of the first galaxies by carrying
out radiative transfer calculations in post-processing of zoom-in
cosmological hydrodynamic simulations.

Earlier work studying the radiative properties of the first galaxies
with similar methodologies include e.g. Yajima et al. (2015b) who
found that simulated galaxies in 5o overdense regions were heavily
obscured by dust, and bright at infrared wavelengths. Wilkins et al.
(2016) investigated the statistical nature of the first galaxies using
the galaxy sample in a cosmological volume of (577 cMpc)?, and
successfully reproduced the observed UV luminosity function and
the stellar mass function. They showed that the stellar radiation
from massive galaxies suffered from dust extinction even at z ~ 8.
These previous studies suggest that galaxies smoothly evolved into
a dust-obscured state as the halo mass increases. Dust extinction
might even reduce observability of galaxies at redshifts as large as
z ~ 15 (Barrow et al. 2018).

Recent high-resolution simulations with state-of-the-art SN feed-
back models showed that the star formation rate (SFR) and gas
structure change rapidly on short time-scales due to galactic
outflows (Davis, Khochfar & Dalla Vecchia 2014; Hopkins et al.
2014; Kimm & Cen 2014; Yajima et al. 2017a). Thus, strong
galactic outflows are likely to change the radiative properties of
galaxies as well. However, it has not been understood well how
intense starbursts change the relation between radiative properties
of galaxies and their evolution. Ma et al. (2015) investigated
the escape fraction of ionizing photons in less-massive galaxies
(My, ~ 10°~10"" My,), and showed that it was significantly affected
by intermittent star formation (see also, Paardekooper et al. 2015).
Yajima et al. (2017a) suggested that even massive galaxies with
M, > 10'' Mg, experience short starbursts, and high-density dusty
gas occupies the star-forming regions at Galactic Centres until
outflow are launched. Despite progress in our understanding on
feedback, the radiative properties of massive galaxies are still
unclear. We here focus on the radiative properties of massive
galaxies which go through repeated short starbursts and investigate
their relation to the origin of observed SMGs.

In order to study the radiative properties, we need to know the
spatial distribution of dust and stars. As galaxies evolve, dust and
metals are produced via Type II SNe.! When the interstellar dust

I AGB stars also produce dust. However, the evolution of low-mass stars
towards the AGB phase takes longer than 1 Gyr. Thus, SNe dominate the
dust enrichment of first galaxies, which occurs at the end of the lifetimes
of massive stars (<10 Myr). The pair-instability SNe are also important in
the early universe (e.g. Nozawa et al. 2007), but for evolved galaxies Type-
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absorbs the stellar UV radiation and re-emits the energy in the
infrared, the galaxy can be bright in the sub-mm wavelengths due
to the thermal emission from dust. In contrast, if the dust absorption
is ineffective, star-forming galaxies are bright in the rest-frame UV
wavelengths and become targets for Hubble Space Telescope (HST),
Subaru, and Keck telescopes.

Dust attenuation sensitively depends on the dust abundance, size
distribution, and spatial distribution. However, the information on
the dust properties from observations is limited, and theoretical
studies can give important insight. For example, Todini & Ferrara
(2001) theoretically studied the dust size and composition by taking
into account the dust growth/destruction processes in SN shock (see
also, Schneider et al. 2006; Nozawa et al. 2007; Chiaki, Yoshida &
Kitayama 2013; Chiaki et al. 2015). Asano et al. (2013) evaluated
the dust properties using phenomenological models which consid-
ered dust formation and destruction processes in combination with
star formation histories in galaxies. Yajima et al. (2014b) carried
out radiative transfer calculations in cosmological simulations,
and estimated the typical dust size by comparing the colours of
simulated galaxies and observations. Cullen et al. (2017) examined
the dust attenuation law by matching the UV-LF and UV-beta
slope of simulated galaxies, and showed that the Calzetti law is
actually the best description rather than the SMC law (see also,
Cullen et al. 2018). More recently, Narayanan et al. (2018) showed
that the dust extinction curve varied due to the inhomogeneous
spatial distribution of dust for star-forming galaxies at z = 0-6 in
cosmological simulations (see also, Hou et al. 2017). In addition,
Behrens et al. (2018) studied the temperature and amount of dust
in the observed SMG at z = 8.38 (Laporte et al. 2017) using
cosmological simulations. In this work, we study the sub-mm fluxes
from more massive galaxies with bursty star formation histories
and the impact of stellar feedback on the radiative properties of
first galaxies at z 22 6 using cosmological zoom-in hydrodynamic
simulations.

In addition to the spectral energy distribution (SED) of galaxies,
the size of galaxies at UV wavelengths is likely to change as galaxies
evolve. Galaxy sizes have a large impact on the observational
estimation of the faint-end slope of UV luminosity function, because
of surface brightness dimming and observational limits (Grazian
et al. 2011). As we discuss in this paper, the morphology and
the extension of galactic disc is significantly dependent on the
feedback strength at high-z, and if the extended low-mass galaxies
are missed in the current Hubble Frontier Fields observation, the
cosmic SFRD could be significantly underestimated at z = 6 (e.g.
Jaacks et al. 2012a). The low-mass galaxies studied in this paper are
mainly satellites of massive galaxies at z = 6, and separate zoom
simulations of low-density regions will have to be performed in the
future to examine the low-mass galaxies in the field regions (e.g.
Maet al. 2018a). In any case, we investigate the galaxy sizes as well
as SEDs by radiative transfer calculations, and find an interesting
transition between UV to sub-mm bright phase due to intermittent
starburst and its feedback. This fluctuation may affect the estimate
of luminosity function as we will discuss in Section 3.3, and we
quantify the duty cycle of such fluctuations.

Our paper is organized as follows. We describe the methodologies
of cosmological hydrodynamic simulations and radiative transfer
calculations in Section 2. In Section 3, we present our results. In

II SNe dominate the dust production. For example, Maiolino et al. (2004)
showed that the extinction curves of z ~ 6 quasars agree with the Type 11
SN model.
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Table 1. Parameters of our zoom-in cosmological hydrodynamic simulations: (1) My, is the halo mass at z = 6. (2) mpy is the mass of a dark matter particle. (3)
Mgy is the initial mass of a gas particle. (4) €min is the gravitational softening length in comoving units. (5) A is the amplitude factor for the star formation model
based on the Kennicutt—Schmidt law (Schaye & Dalla Vecchia 2008). The Halo-11-lowSF and Halo-12-lowSF runs have a lower star formation amplitude
factor. The Halo-11-noSN and Halo-12-noSN runs have no SN feedback. We refer to the Halo-11 and Halo-12 as the fiducial runs.

Halo ID My (h~' Mg) mpm (h~! Mg) Mgas (h™1 Mo) €min (W1 pe) SNe feedback A

Halo-10 2.4 x 1010 6.6 x 10* 1.2 x 10* 200 ON 2.5 %1073
Halo-11 1.6 x 10! 6.6 x 10* 1.2 x 10* 200 ON 2.5 %1073
Halo-12 7.5 x 10! 1.1 x 10° 1.8 x 10° 200 ON 2.5 %1073
Halo-11-lowSF 1.6 x 10" 6.6 x 10* 1.2 x 10* 200 ON 2.5 x 1074
Halo-11-noSN 1.6 x 10! 6.6 x 10* 1.2 x 10* 200 OFF 2.5 %1073
Halo-12-lowSF 7.5 x 10! 1.1 x 10° 1.8 x 10° 200 ON 25x 1074
Halo-12-noSN 7.5 x 10! 1.1 x 10° 1.8 x 10° 200 OFF 2.5 %1073

Sections 3.1 and 3.3, we focus on the fluctuation of UV escape
fraction and sub-mm flux of dust re-emission, respectively. In
Section 3.4, we present the detectability of first galaxies by ALMA.
In Sections 3.5 and 3.6, we show the dust temperature and half-
light radius of galaxies at UV wavelength. In addition, we discuss
the dependence of our results on the models of star formation and
feedback in Section 4. Finally we summarize our main conclusions
in Section 5.

2 METHOD

2.1 Cosmological hydrodynamic simulations

We use the same zoom-in cosmological hydrodynamic simulation as
in Yajima et al. (2017a, hereafter Y17), who focused on three haloes
in different environment with halo masses 2.4 x 10'° A= Mg
(Halo-10), 1.6 x 10" h=! Mg (Halo-11), and 7.5 x 10'" A~ Mg
(Halo-12) at z = 6. The simulations were carried out with the
smoothed particle hydrodynamics (SPH) code GADGET-3 (Springel
2005) with the subgrid models developed in Overwhelmingly Large
Simulations (OWLS) project (Schaye et al. 2010) and the First Bil-
lion Year (FiBY) project (e.g. Johnson et al. 2013) which reproduce
the general properties of the high-redshift galaxy population well
(e.g. Cullen et al. 2017).
The local SFR in the simulations is estimated via local pressure:

€]

where A and n are the tuning parameters, m, is the initial mass
of gas particles, y = 5/3 is the ratio of specific heats, f, is the
gas mass fraction in the self-gravitating galactic disc, and P is
the total interstellar medium (ISM) pressure. We set f, = 1 and
the threshold density for star formation as ny = 10cm™3. This
star formation model was originally derived in Schaye & Dalla
Vecchia (2008) and is based on the Kennicutt—Schmidt law of

local galaxies, ¥, = A(ﬁ)"(e.g. Kennicutt 1998). In this

work, we adopt A =2.5x 1073 Mg yr ' kpc™ and n = 1.4 in
the fiducial runs. Our choice of the parameter A is higher than
observed in local galaxies. However, recent observations of merging
or high-z galaxies suggested that the parameter A tends to be
higher than for local galaxies (e.g. Genzel et al. 2010; Tacconi
et al. 2013). As a comparison and to gauge the importance of
this choice, we also investigate the additional simulation with
A =25 x10"* Mg yr~! kpc~2 (Halo-11-lowSF) which is similar
to the value found in local galaxies.

For SN feedback, we inject thermal energy into neighbour gas
particles stochastically (Dalla Vecchia & Schaye 2012), and the
gas temperature is increased to 107> K. The thermal energy is

. G (V2
i, = mgA(l Mg pe2) (Eng) ,

efficiently converted to kinetic energy against radiative cooling
loss, if the gas density is lower than the critical value of ny ~
100 cm™ (T /1073 K)(my/10* M)™'/%, where m, is the mass
of a gas particle. The numerical resolution of our simulations
successfully capture galactic winds and suppress star formation
(see Y17).

The volumes of the entire simulation boxes are (20 2~' Mpc)? for
Halo-10 and Halo-11, and (100 2~! Mpc)? for Halo-12 in comoving
units. In order to increase the resolution, Y17 used the zoom-in
initial conditions for the regions of (1 — 2 ht Mpc)3 for Halo-10
and Halo-11 and (6.6 h~' Mpc)? for Halo-12, which achieved the
resolution of ~10-30 pc in physical units at z ~ 10. With this res-
olution, the ISM structure within galaxies are resolved down to the
scales of just above molecular clouds, and the results of our radiative
transfer calculation is more reliable than those using cosmological
simulations with resolution coarser than 100 pc as we describe in
the next subsection. Other parameters are shown in Table 1.

The upper panels of Fig. 1 show the distribution of gas, stars,
and dust in Halo-11 at z ~ 6. We calculate the dust amount
from gas metallicity (see Section 2.2). In our simulations, we
use the star formation model based on Kennicutt—Schmidt law
(Schaye & Dalla Vecchia 2008) and the stochastic thermal feedback
model for SN feedback (Dalla Vecchia & Schaye 2012). For Halo-
10, Halo-11, and Halo-12 runs, we use the same parameter set
for star formation and feedback models, and we refer them as
fiducial case. Y17 also compared the evolution of Halo-11 in the
case of lower star formation efficiency (Halo-11-lowSF) and the
case without SN feedback (Halo-11-noSN). We further add the
Halo-12-lowSF and Halo-12-noSN runs to evaluate the impact
of subgrid models on the radiative properties. We examine the
radiative properties of first galaxies in these different haloes in
Section 4.

2.2 Radiative transfer

We use the radiative transfer code, All-wavelength Radiative Trans-
fer with Adaptive Refinement Tree (ART?: Li et al. 2008; Yajima,
Choi & Nagamine 2012). Here we briefly explain the features of
the code.

ART? is based on a Monte Carlo technique. It tracks the propaga-
tion of photon packets emitted from star particles, and computes the
emergent SED of a galaxy. The intrinsic SED of each star particle
before dust extinction is calculated by STARBURST99 with the
information of stellar age and metallicity. We assume the Chabrier
IMF with the mass range from 0.1 to 100 Mg (Chabrier 2003).
For each galaxy, we cast 10° photon packets, which is sufficient to
achieve a reasonable convergence, based on the comparison with
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Figure 1. Maps of the main galaxy in Halo-11 run at z ~ 6. Top panels: Column density of gas (left), stars (middle), and dust (right). Bottom panels:
Dust temperature (left), surface brightness of the rest-frame UV continuum (middle), and the observed-frame sub-mm continuum (right). The pixel size is
~0.02 arcsec. The spatial scale of 5kpc (physical) is displayed in the bottom left panel.

the case of 10° photon packets. ART? uses an adaptive refinement
erid structure. We initially construct 4> base grid over the zoom
region which covers twice the size of virial radius. If the number
of SPH particles in a cell is greater than 16, the cell is further
refined by 2° grid. We set the maximum refinement level to
12 which achieves the resolution of 2.7 h~! pc for Halo-11 at
z=06.

Even in the current resolution, it is difficult to resolve the
multiphase ISM accurately. Thermal instability is one of the main
processes to form multiphase ISM (e.g. Field 1965; McKee &
Ostriker 1977), and it can occur even in the high-z galaxies with
low metallicities (e.g. Inoue & Omukai 2015). Arata, Yajima &
Nagamine (2018) found that the spatial resolution of <0.01 pc was
required to follow the formation of dense cold clumps, which is still
difficult to achieve even with the state-of-the-art cosmological zoom
simulations. Therefore, ART? calculates the radiative transfer with
a subgrid multiphase ISM model based on Springel & Hernquist
(2003), which computes the density of cold dense clouds within
the hot phase assuming pressure equilibrium. In our multiphase
model, we assume that the cold phase consists of randomly
distributed molecular clouds which follow the observed power-law
mass distribution of giant molecular clouds (dn/dM o« M2, e.g.
Andre, Ward-Thompson & Motte 1996), and the mass—size relation
(M o R?, e.g. Solomon et al. 1987). The physical properties such as
density and volume filling factor of the cold phase are derived from
the hydrodynamic cosmological simulations. The propagation of
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photons in the multiphase ISM is calculated by statistically sampling
these clouds in the ray tracing process. (see Li et al. 2008 for more
details).

We assume that the dust-to-gas mass ratio D in the cold clouds
is proportional to the local metallicity as in the local galaxies, D =
8 x 1073 (Z/Zy) (Draine et al. 2007). On the other hand, D in
the hot gas is scaled by the hydrogen neutral fraction considering
that the dust is efficiently destroyed in the ionized regions. When
the ionized gas recombines, it is split into two phases again. For
example, in a cold cloud with ny = 10° cm™3 and T = 50 K,
the time-scale of dust growth via accretion is ~10(Z/0.1Z5) Myr
(Hirashita & Kuo 2011), which roughly corresponds to the time
interval between our snapshots. Thus the dust reformation proceeds
fast enough, and the total dust mass is dominated by the dust in the
cold clouds.

We adopt the dust size distribution of Todini & Ferrara
(2001) for solar metallicity and M =22 Mg SN model.
The dust opacity curve is calculated by combining the size
distribution with the cross-section of Weingartner & Draine
(2001).

To obtain panchromatic SEDs, ART? treats the transfer of photons
with various frequencies. First, it tracks the propagation of ionizing
photons. Then, using the obtained ionized structure, it calculates
the transfer of UV continuum and dust absorption/re-emission.
When the dust absorbs photon packets within a time interval At,
the dust temperature is updated under the assumption of radiative
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equilibrium:
Eqaps = 41 At kp(Ty) B(Tq) ma, (2)

where kp = [«,B,dv/[B,dv is the Planck mean opacity, and
B, 1is the blackbody radiation. After the determination of dust
temperature, we calculate the radiative transfer of infrared photons
from dust.

3 RESULT

3.1 Projected images

Fig. 1 shows various projection plots of Halo-11 at z = 6 including
UV and sub-mm surface brightness. The total stellar mass, gas mass,
and dust mass in this halo are M, =2.4 x 10° h~' Mg, Mgy =
2.5 x 10" A= Mg, and Mg =2 x 10" A~ M.

The top left panel shows the total gas column density, which is
extended over about 20 kpc (physical) with complex filamentary
structure. The gas distribution is disturbed by multiple galaxy
mergers and high gas inflow rate, and its motion is turbulent. The
green, pink, and white regions correspond to hydrogen column
densities of Ny ~ 102, 10%', 10%2 cm~2, respectively. The pink
and white regions would certainly correspond to damped Ly«
systems (DLAs), which will produce a deep absorption trough if
we were to have a bright quasar behind this system as a background
source.

The top middle panel shows a massive stellar system in the
centre of this halo with M, ~ 10°2~' Mg, and there is another
relatively large satellite galaxy in the lower left side of the panel
with M, ~ 3 x 103h~! Mg, which will soon merge with the central
system, where we identify satellite galaxies with SUBFIND algorithm
(Springel et al. 2001). The middle bottom panel shows the UV
surface brightness, which traces the young stellar population. Here,
the brightest white pixels have map ~ 24.1 mag arcsec 2,
corresponding to the local projected SFR of about
49 My, yr~! arcsec™".

The top right panel shows the projected dust mass distribution,
which largely traces the stellar distribution, but with interesting
offsets on small scales. The observed sub-mm surface brightness
reflects the underlying dust distribution, and 850 pm surface bright-
ness is shown in the bottom right panel. Here, the brightest pixel
has 0.84 mJy arcsec 2, and most of the UV radiation are absorbed
by dust in such a region. The brightest pixel of observed sub-mm
band is in the main galaxy, meanwhile that of rest-UV band is in
the satellite galaxy on the lower left side of the panel, resulting
in a large offset of ~ 1.4 arcsec between them, which corresponds
to a physical separation of 8kpc at z = 6. Such an offset has
been discovered in the observed galaxies at z ~ 7 (Bowler et al.
2018; Hashimoto et al. 2019). This suggests that some star-forming
regions are obscured by dust, while others are optically thin to the
UV radiation.

In the right-column panels, there is also an interesting bubble-
like structure around the satellite galaxy on the lower left side of
the panel, which presumably was caused by the SN feedback from
nearby starburst. We will study the dynamics of these SN bubbles
in the future furthermore.

3.2 SFR and escape fraction

The top and second panels of Fig. 2 show the redshift evolution
of SFR and gas density at the Galactic Centre of Halo-11 at z =
6-15. Since Y17 already discussed them, here we explain only
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Figure 2. Redshift evolution of SFR (top panel), mean gas density within
200 pc from the Galactic Centre (second panel). The third panel shows
the absolute escape fraction for our fiducial run (Halo-11), where solid and
dashed lines represent UV continuum (1500-2800 A) and Lyman-continuum
photons (<912 A), respectively. The bottom panel shows the relative escape
fraction as defined in the main text.

the important points briefly. The figure shows the intermittent star
formation of Halo-11, which is driven by the cycle of following
processes: (1) the central density increases as the gas is accreted
due to the gravitational force of the halo, which drives active star
formation; (2) at the end of the lifetime of massive stars (~10 Myr),
Type II SNe occur, and the galactic wind is launched, resulting in
the quenching of star formation.

The third panel of Fig. 2 shows the evolution of absolute escape
fraction, which we define as follows:

LUV
fesc,abs = L%Ulitlv (3)

int

where LYY, LUV are the intrinsic and emergent UV luminosities

measured at the virial radius, respectively. We estimate the escape
fractions of ionizing photons ( eifgfabs) and non-ionizing UV contin-
uum (£ ) for the wavelength range of 1500-2800 A. We find

esc,abs

that £UV. - fluctuates in the range of ~0.2-0.8 at z < 10, but with

esc,abs
PN s > 0.8atz > 10. As the gas density (n$;) at the Galactic Centre
increases, dusty clouds efficiently absorb UV photons, resulting in
lower escape fraction. The time-averaged value is ( f ) ~ 0.3 at
z=6-10. Also, fior . rapidly changes in the range of ~0.01-0.2,
with a time-averaged value of ( eiff,abs) ~ 0.06 at z = 6-10. Note
that the escape fraction can depend on the numerical resolution,
because high-resolution simulations resolve high-density clumps

that efficiently absorb ionizing photons (e.g. Yajima, Choi &
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Nagamine 2011; Paardekooper, Khochfar & Dalla Vecchia 2013).
Ma et al. (2015) suggested that the escape fraction of ionizing
photons could be overestimated if the threshold density for star
formation was ng, < 1 cm™3. Our threshold density (ng, = 10cm™)
satisfies this condition.

Observationally it is difficult to measure the absolute escape
fraction directly, so instead the observers have defined the ‘relative’
escape fraction which is easier to measure (e.g. Steidel, Pettini &
Adelberger 2001; Siana et al. 2007; Vasei et al. 2016):

_ elgcn,abs (FUV/Flon)ml TIGM 10“
fesc‘rel = uv =

esc,abs (FUV/an)obs

where Fyy/Fi, is the ratio of flux densities at non-ionizing UV
continuum and ionizing photons. Observational studies have mea-
sured this ratio and estimated the relative escape fraction using the
estimates from population synthesis models and IGM modelling,
.. ([l s/ [ s) = 0.7 and exp (— Tiom, ion) = 0.4 (Siana et al.
2007; Vasei et al. 2016). At z < 2, only several Lyman-continuum
emitters have been observed (Leitet et al. 2011, 2013; Borthakur
et al. 2014; Izotov et al. 2016), typically with very low values of
Jeserel S 0.1. At 2 < z < 4, only a few robust detections have been
made by Vanzella et al. (2012, 2015, 2016), Mostardi et al. (2015),
and de Barros et al. (2016) using high-resolution HST images. In
addition, Micheva et al. (2017) observed 25 candidates of Lyman-
continuum emitters at z = 3.1 using a narrow-band filter designed
to detect ionizing photons at ~900 A in the rest frame (see also
Iwata et al. 2009) and showed that fes re1 increased as the UV flux
decreased.

Here we Show feerel by measuring the ratio fior, / fV, as in
the bottom panel of Fig. 2. We find that f; . fluctuates in the range
of ~0.2-0.8 at z = 10 and becomes roughly constant with ~0.2
at z < 10. The transition of fus e from higher to lower values as
galaxies become brighter is similar to the trend observed in Micheva
etal. (2017). In our simulations, ionizing photons can easily escape
from galaxies at z 2 10 because most gas can be ejected due to the
feedback. However, as the halo mass increases, neutral hydrogen in
high-density gas clouds covers star-forming regions and prevents
the escape of ionizing photons (see also, Yajima et al. 2011, 2014a).
The absorption by neutral hydrogen reduces ;;’C’fabs more substan-
tially than fUY, . because only the dust absorption is relevant
for egc\‘/abs'

In addition, note that f.. s is greater than ei;’c‘fabs at z < 10. This
is because fusc el does not take into account the dust extinction. As
shown in the third panel of Fig. 2, more than half of UV continuum
photons are absorbed by dust at z ~ 6-10. Therefore we suggest
that the dust correction (conversion from fusc rel to 120, ) is required
even for massive galaxies at high redshifts.

The fluctuation of escape fraction in high-z dwarf galaxies
(My, ~ 108-10'%° M) was discussed in previous works (Kimm &
Cen 2014; Maetal. 2015, 2016; Paardekooper et al. 2015; Trebitsch
et al. 2017), although they focused on ionizing photons alone.
We find that escape fraction becomes very small when the galaxy
becomes massive (M, ~ 10'°-10"" Mg), since most UV photons
are absorbed by the central dense gas and dust.

To investigate the cause of fluctuating UV escape fraction, we
plot the density distribution of dust and UV optical depths at z =
8.5 and 9.0 in Fig. 3. We see that £ is high (0.56) at z = 8.5 and
becomes low (0.12) at z = 9.0. The horizontal axis is the distance
from the peak position of local SFR, normalized by the virial radius.
The dust density profile is obtained by taking the mean values in
each spherical shell. As shown in the figure, the dust is concentrated
in the star-forming region at z = 9.0, which makes it optically thick.

“

sc,abs?
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Figure 3. Top panel: Radial density profile of dust in Halo-11, measured
from the peak position of local SFR. The dust density is computed by taking
the mean value in each spherical shell with a width of 16 pc. Bottom panel:
Optical depth for UV radiation (1500 A). Red solid and blue dashed lines
represent the snapshots when the UV escape fraction is low (z = 9.0) and
high (z = 8.5), respectively.

At z = 8.5, dust and gas are ejected due to SN feedback, and the
star-forming region becomes optically thin. Thus, we conclude that
the time variation of £UY is due to the cycle of gas accretion and
galactic outflow.

In addition, we consider the time-scale of the transitions based
on a simple spherical shell model. At z < 10, the total SNe energy
released from a single starburst is ~ 10° (573 o=t ISI[;Ryr —SER__y( 10”‘1571“) erg,
where fj;. is the lifetime of massive stars and we consider the energy
of each SN as 107! erg. It easily exceeds the gravitational binding en-
ergy of astar-forming gas cloud Ep g ~ GM7, /2 Ljeans ~ 107 erg,
as described in Y17 considering the Jeans instability. On the other
hand, it is difﬁcult to exceed the binding energy of the host halo,
Eyp ~ 10° (550 )5/3(1 )(Q"/Q"‘) erg. Thus, SNe can eject the
gas from the central region but not from the halo. Therefore, the
outflowing gas shell will stall at a specific radius and fall back to
the centre within a free-fall time. The free-fall time for a shell to
fall from the virial radius to the centre is tx ~ (2rv“./ GMy)'? ~
100(15)=*2 Myr. This is consistent with our simulation result
because the fluctuations occur a few times within 450 Myr (z =

6-10).

3.3 Sub-millimeter flux and dependence of halo mass

As fUY rapidly changes, galaxies are expected to flicker in both UV
and sub-mm wavelengths on short time-scales. Here we investigate
the time evolution of sub-mm flux. Since dust extinction is likely
to depend on the halo mass (e.g. Yajima et al. 2011, 2014a), we
compare the sub-mm fluxes of different haloes.

The top panel of Fig. 4 shows the SF histories of different haloes.
All haloes show gradual increase in SFR with decreasing redshift,
but with intermittent star formation at z 2> 10 which was also
di@cu%sed in Y17. The second panel shows the rapid fluctuation
of f9Y at z > 10 together with star formation. As the dust mass

SSC
increases w1th galaxy growth, the massive galaxies have lower fU¥
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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 3o (lower line) and 100 (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: e‘fcv = 0.1-0.2 for Halo-11 (Halo-12) at z < 7.5(8.5),
while £ 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 ~ 10'® Mg, at z ~ 8.5, and the
gravitational binding energy exceeds the thermal energy released
by SNe in an intense star formation with SFR > 10 Mg yr—'.
Therefore the gas is able to stay around star-forming regions and
obscure UV light. These variations of fUY for different halo masses
are closely linked to the UV luminosity functions. For example, if
the UV magnitude of myy ~ 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 um 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 Sg;’g'um ~
0.1 mJy (1 mlJy) 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 7 < 7.3 or z ~ 8.0, 9.0 with 30
significance. We can compare Halo-11 and Halo-12 with one of the
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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 mly,
and the estimated SFR and dust mass were ~ 12 Mg yr~! and
~ 4 x 10" Mg. 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 x 10® and ~ 8 x 10’ Mg, 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 A) 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 «
flux from the first galaxies can be detected even at z 2> 10 (Yajima
etal. 2015a). Yajima, Sugimura & Hasegawa (2018) showed that the
massive galaxies tend to have higher SFR, and the strong ionizing
flux forms huge H1I bubbles (2100 kpc) which increases the IGM
transmission of Ly « 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’ (fauy), 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
1 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 fq,, 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 (Sy,) at 850 wm
to the total number:

N(S > Sw)
NtO[ ’

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 My, > 10% M, for
Halo-11 and M;, > 10° 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

&)

f duty =
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Figure 5. Sub-mm fluxes of all main and satellite galaxies in Halo-11
(red circles) and Halo-12 (yellow triangles) at z ~ 10, 8, 7, and 6. Black
squares are the median values in each halo mass bin with the width of
Alogyy(My/Mg) = 0.5, and the error bars show the quartiles. Dashed
lines represent the detection thresholds of Sy, = 0.1 and 0.01 mJy at 850 pum
(see Fig. 6).

triangles are due to the halo mass resolution of Halo-12, which
corresponds to roughly 10% dark matter particles. Halo-11 has
higher resolution than Halo-11, and haloes with My, > 108 h~! Mg
are resolved reasonably well. The sub-mm flux increases steeply
with the halo mass because massive galaxies have higher SFRs and
lower fesc (see Section 3.3). Star formation of satellite galaxies also
occurs intermittently, resulting in the large dispersion of the sub-mm
fluxes.

Fig. 6 shows fyuy as a function of halo mass. We separate the
galaxies into halo mass bins with the bin size of A log,,(My/ Mg) =
0.5 and derive fyuy for each bin. Upper and lower panels present
Jauy for the detection thresholds of Sy, = 0.1 and 0.01 mJy, which
corresponds to 100 detection with 40 min and 60 h observations
by ALMA Band-7 full operation, respectively. In the case of
Sin = 0.1mly, fauy exceeds 0.5 only for massive haloes with
log,o(My/Mg) > 11 at z < 7, and it changes with redshift only at
the massive end. Note that, however, the sample at M}, > 10'! Mg
is small (N < 10). Therefore the estimation of fy, at the massive
end is likely to contain large uncertainties. In the case of Sy, =
0.01 mJy, fauy steeply increases at lower halo mass and becomes
0.5 atlog,,(My/Mg) ~ 10.5. Therefore deep observations that can
observe down to 0.01 mJy will be able to detect the sub-mm fluxes
from low-mass galaxies.

By integrating the Sheth & Tormen (2002) halo mass function
multiplied by fyuy, we can roughly estimate the number density
of observable sub-mm sources above a certain threshold flux
density Sy, as shown in Fig. 7. In the case of Sy = 0.01 mly,
the number density increases as redshift decreases, and it becomes
5.4 x 1073 cMpc~3 at z ~ 6, which is close to that of LBGs at
the same redshift (~10=2 cMpc~3; Ouchi et al. 2010; Bouwens
et al. 2015). Therefore, we suggest that deep sub-mm observations
can detect even typical LBGs. On the other hand, observations
with Sy, = 0.1 mJy would not be able to detect typical LBGs. We
note that Nagamine, Wolfe & Hernquist (2006) reached similar
conclusions based on the results of cosmological hydrodynamic
simulations.

As a comparison, we also show the results of the cases with
a lower star formation efficiency parameter (Halo-11-lowSF and
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Figure 6. Duty cycle (fiuy), which is defined as the number fraction of
observable galaxies to the total sample in each halo mass bin, is plotted
against the halo mass. The top panel shows fquy for the detection threshold
of St = 0.1 mJy at 850 pm. This corresponds to 100 detection by the ALMA
observation with 20 min integration with full operation. The bottom panel
represents the case of S, = 0.01 mJy which corresponds to 100 detection
with 40 h integration.
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Figure 7. Number density of observable sub-mm sources in units of
comoving Mpc ™3, which is estimated by integrating the Sheth & Tormen
(2002) halo mass function multiplied by the duty cycle. The solid and dashed
lines represent the predicted number densities for the detection thresholds of
Sih = 0.01 and 0.1 mJy at 850 pm, respectively. Different colours represent
different models: fiducial runs (Halo-11 and Halo-12; red circles), Halo-11-
noSN and Halo-12-noSN (black triangles), and Halo-11-lowSF and Halo-
12-1owSF (blue squares).

Halo-12-lowSF) and without SN feedback (Halo-11-noSN and
Halo-12-noSN). In the no-SN runs, the SFR is high and continuous,
and the dusty gas covers the star-forming regions, resulting in a
lower escape fraction. Therefore, fqyy is higher than in other runs.
Similarly, the star formation occurs continuously in Halo-11-lowSF
and Halo-12-lowSF runs (see also Yajima et al. 2017a), although
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the SN feedback moderately suppresses the SFR. In these runs,
the star formation mainly proceeds in high-density gas clouds at
Galactic Centres. Due to efficient cooling loss of thermal energy
deposited by SN feedback, strong galactic wind is not launched
from high-density gas clouds. Therefore, the time-averaged SFR of
intermediate-mass haloes is higher than that in the fiducial runs,
and fquy for Sy, = 0.01 mJy becomes higher. However, as the halo
mass increases, the deep gravitational potential well can keep the
gas gravitationally bound under the impact of SN feedback even
in the fiducial runs, which allows massive galaxies to form stars
continuously. As a result, the SFR and f.,. of massive galaxies
in the fiducial runs become similar to the case with a lower
star formation efficiency parameter. Thus, there is no significant
difference in fyuy for the above models. We suggest that a future
deep sub-millimeter galaxy survey with a detection threshold of
Sin = 0.01 mJy may be able to constrain the models of star formation
and stellar feedback by comparing observations with theoretical
models.

The impact of sub-grid models on star formation and feedback
has also been studied by comparing with the observations of local
galaxies (e.g. Okamoto, Shimizu & Yoshida 2014; Schaye et al.
2015; Pillepich et al. 2018). They showed that the SN feedback
model should be tuned to reproduce the observations, e.g. the
stellar mass function (Crain et al. 2015). On the other hand, the
star formation model may not change the star formation history
significantly. Schaye et al. (2010) showed that the cosmic SFR
density was insensitive to the star formation parameter, i.e. ‘A’ in
equation (1) of this paper. As in Fig. 14, our simulations also showed
that the difference of SFR between Halo-11 and Halo-11-lowSF
becomes small at z < 8. Note that, however, the number density of
faint sub-mm sources of low-SF runs is higher than that of fiducial
runs (Halo-11 and Halo-12) by a factor ~2-3 even at z < 8 due to
different distribution of dusty gas. Therefore, we suggest that the
comparisons between theoretical models and the observations of
sub-mm sources can be a complementary tool to study the validity
of star formation models.

In addition, Cullen et al. (2019) studied the stellar mass—
metallicity relation (MZR) at high redshift, and they found that
the FiBY simulations reproduced the slope of observed MZR well,
however there was a difference in the normalization by a factor of a
few. Comparing with other simulation projects, they argued that the
SN feedback model was critically important for the MZR because
it controlled the transport rates of metal and dust into the CGM and
IGM. We show that the SN feedback model also affects the dust
obscuration, which could result in strong variations in the observed
number density of ALMA sources.

In addition, Fig. 8 presents the relation between SFR and IR
luminosity at z = 7. For the star-forming galaxies, the IR luminosity
increases with SFR because young stars dominantly generate the
UV photons which are absorbed and reprocessed by dust. The
power-law fit of the relation follows as

SFR 121

Lir ~32x10°Lg <7) , (6)
Mg yr—!

where we used the galaxy sample with —4 <

log,o SFR [ Mg yr~!'] < 3 for the fitting. If the dust completely
absorbs UV photons, the power index must be unity because UV
luminosity relates to SFR linearly. In our simulation, however, the
low-mass galaxies have low SFR and high escape fraction of UV
photons, resulting in low IR luminosity. We find that this effect
makes the relation steeper. The relation can reproduce the observed
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Figure 8. Relation between SFR and IR luminosity at z = 7. Meaning of
the symbols is the same as in Fig. 5. The dashed line shows the power-law
fit (equation 6) for star-forming galaxies. The blue stars represent observed
LBGs at z ~ 7-8 (Watson et al. 2015; Laporte et al. 2017; Bowler et al.
2018).

LBGs at z ~ 7-8 (Watson et al. 2015; Laporte et al. 2017; Bowler
et al. 2018) remarkably well, whose SFRs were measured from the
UV and IR luminosity. Meanwhile, non-star-forming galaxies also
have large dispersion of IR luminosity due to the dust absorption
of UV photons emitted by residual young stars.

Here we overview how dust attenuation affects observation. The
top panel of Fig. 9 presents the relation between the intrinsic
UV absolute magnitude and the emergent one, i.e. before and
after the dust absorption in each galaxy. For the faint galaxies
dimmer than MYJY ~ —17, most of the UV photons escape from
the haloes, resulting in a tight linear relation between the emergent
luminosities and the intrinsic ones. For the galaxies brighter
than MY ~ —19, the dust attenuation significantly decreases
the UV luminosity (escape fraction ~0.1, see also Ma et al.
2018b).

The bottom panel of Fig. 9 shows the relation between the
intrinsic apparent magnitude and the sub-mm flux in the observed
frame. The observed sub-mm flux decreases as ml, becomes
fainter, and they reach the detection limit of ALMA (20.01 mJy) at
m3Y ~ 27. For the galaxies fainter than mY¥ ~ 29 mag, the escape
fraction rapidly changes between 0.2-0.8 due to intermittent star
formation, resulting in dispersion of Am ~ 1.5 for the observed

magnitude.

3.5 Dust temperature

The dust temperature is an important factor in estimating the
bolometric infrared luminosity, but it has not been estimated well for
the first galaxies so far due to limited observational data. In infrared
observations of local galaxies, the flux at some different frequencies
can be detected, and the dust temperature is determined from the
peak wavelength of modified blackbody spectrum (e.g. Hwang et al.
2010). On the other hand, most of the ALMA observations of high-z
galaxies have obtained the flux only at one wavelength. Therefore
the dust mass or SFR have been estimated based on the assumed dust
temperature (e.g. ~40 K, Watson et al. 2015). Here we investigate
the typical dust temperature of first galaxies.

To describe the spatial distribution of dust temperature, we
present the 2D map in the lower left panel of Fig. 1, which displays
the mass-weighted mean temperature along the line of sight. In the
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Figure 9. Upper panel: Relation between intrinsic rest-frame UV absolute
magnitudes and emergent ones of the main halo and satellites in Halo-11
(red circle) and Halo-12 (yellow triangle) at z ~ 7. The black squares and
error bars show the medians and quartiles within each bin, respectively.
The dashed line describes the case in which all of UV photons can escape
from the halo. One can see that the dust attenuation strongly affects the UV
magnitude by AM ~ 2 mag for the bright galaxies. Lower panel: Relation
between the intrinsic UV apparent magnitude and observed sub-mm flux of
simulated galaxies.

outer parts of the galaxy, cool dust (74 ~ 30 K) dominates, while at
the central star-forming region dust temperature is high (74 ~ 60 K)
due to strong UV irradiation.

Fig. 10 shows the relation between dust temperature and total
IR (3-1000 pm) luminosity for the main and satellite galaxies
in Halo-11 and Halo-12 at z = 6-10. We estimate the dust
temperature from the peak wavelength of SEDs with modified
blackbody spectrum considering the absorption efficiency of our
dust model. The temperature increases from ~40 to ~70 K as
the IR luminosity increases from ~10% to ~10'? L. Since high
IR luminosity corresponds to intense star formation (Fig. 8), the
emitted UV photons heat dust efficiently. For bright galaxies (Lir
> 10" L) the temperatures are higher than that of nearby star-
forming galaxies, local ultraluminous infrared galaxies (ULIRGs),
and low-z SMGs (shaded areas, Hwang et al. 2010) by about 10—
20 K. The compactness of high-z galaxies induces formation of
dense star-forming gas clumps and radiative heating of dust (see
also Behrens et al. 2018). In addition, Fig. 10 also displays mass-
weighted mean dust temperatures by the star symbols, which are
lower than Tpeq by ~20-40 K. This indicates that some fraction of
dust is in cold state with 7 < 30 K.

Fig. 11 shows the distribution of dust mass as functions of
gas density and dust temperature. We can see the evolution of
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Figure 10. Relation between dust temperature and bolometric infrared lu-
minosity. The upper horizontal axis indicates SFR derived from equation (6).
Filled circles show the dust temperature measured from the peak wavelength
of modified SEDs. Different colours mean different redshifts: z = 6 (purple),
z =717 (cyan), z = 8 (green), and z = 10 (red). Colour-shaded regions indicate
the ranges of dust temperatures of all satellite galaxies. Filled stars show
the mean dust temperature weighted by dust mass of main haloes. Grey
shaded regions represent the range of dust temperatures of observed sub-
mm galaxies (SMGs) at z ~ 1-3 (Chapman et al. 2005; Kovacs et al.
2006), ultraluminous infrared galaxies (ULIRGs) at z < 1 (Yang et al.
2007; Younger et al. 2009), and typical star-forming galaxies at z ~ 0.1-2.8
(Hwang et al. 2010).
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Figure 11. Distribution of dust mass as functions of gas density and dust
temperature in Halo-11 at z ~ 6. The cool dust (<40 K, ~ 1.2 x 107 M)
exists in the outer low-density regions, and the hot dust (240 K, ~ 5 x
10° Mp) heated by stellar UV radiation exists in the central high-density
regions.

dust temperature on the figure. In the outer low-density regions,
a large amount of dust have a temperature similar to the CMB
temperature (~30 K). As dust is accreted on to the Galactic Centre,
dust temperature increases to ~100 K due to strong irradiation of
stellar UV photons. Observational studies of high-z galaxies using
flux of 850 pm estimated the amount of central hot dust (see Fig. 1),
however, our simulation suggests that there is comparable amount of
dust in the outer part of the halo. The longer wavelength observation
would be studying the distribution of cooler dust in the outer parts
of high-z galaxies.
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As redshift increases, galaxies become more compact
(~10 per cent of virial radius, see Section 3.6). Therefore we expect
that dust also distribute compactly, resulting in efficient heating of
dust by intense stellar UV flux. Here we estimate the typical distance
of dusty clouds from star-forming regions under the assumption of
radiative equilibrium as

LUV 1/2
k= (16712f QVBV(Td)dv) : @

where Q, is the absorption efficiency to the geometrical cross-
section of dust. Here we use Q, estimated in Laor & Draine (1993).
In the case of our simulated dust temperature 74 ~ 50-70 K and
Lyy = L = 10'!' Ly, the typical distance is 1-3 kpc, which is
similar to the disc sizes of high-z galaxies. Note that, however, the
dust temperature depends on not only the compactness, but also the
size of dust grains. Nozawa et al. (2007) suggested that the dust size
ranged 2 0.1 wm because small dust grains with < 0.1 pm could
be destroyed due to reverse shocks in SN remnants. If we consider
different dust model with larger grain sizes, the dust temperature
will decrease (e.g. Yajima et al. 2014b, 2017b).

The relation between Ljr/Lyy ratio (IRX) and the UV slope Buv
is often used to predict the dust properties of high-z galaxies (e.g.
Meurer, Heckman & Calzetti 1999). Recently, Capak et al. (2015)
and Bouwens et al. (2016) investigated the IRX—fByy relation of
galaxies at z ~ 6 with ALMA, and they found that most of the
galaxies had lower IRX for a specific Byy than that of local star-
forming galaxies and the SMC-type galaxies (e.g. Calzetti et al.
2000). Using the local analogues, Faisst et al. (2017) argued that
the typical dust temperature of high-z galaxies was higher than
the previous estimates of 7Ty ~ 30K (see also, Ouchi et al. 1999).
Our simulations support high dust temperature, which owes to the
compactness of dusty clouds and strong UV irradiation from nearby
star formation activities. Recently, Ma et al. (2019) investigated the
IRX-pByy relation of high-z galaxies in cosmological simulations.
They showed that the IRXs of high-z galaxies were consistent with
the LMC dust model, and that the typical peak wavelength of dust
thermal emission was shorter than the local or intermediate redshift
galaxies, which implied that the starburst efficiently heated the
compactly distributed dust (see also, Behrens et al. 2018). This trend
is consistent with our simulations. However, we note that Casey
et al. (2018) argued that the hot dust is not necessarily needed to
explain the observed dust characteristics of high-z galaxies; namely,
the tension between IRX—fByy relation for high-z galaxies and the
local relation can also be eased by a cool dust temperature and
a mid-IR power-law component. Future multiband observations
of dust continuum flux will be able to validate these theoretical
predictions.

3.6 Size evolution

In this subsection we investigate the time evolution of galaxy
sizes. In the classical picture, the disc size is proportional to the
angular momentum of accreted gas (Mo, Mao & White 1998).
However, Genel et al. (2015) showed that the galactic angular
momentum was redistributed due to stellar feedback in the Illustris
simulation (see also Scannapieco et al. 2008; Zavala, Okamoto &
Frenk 2008). They found that the feedback processes change the
galactic morphologies and reproduce the observational relation
(Fall & Romanowsky 2013) between the specific angular mo-
mentum and stellar mass at z = 0. Here we discuss how the
sizes of clumpy high-z galaxies change with time and affect the
detectability of galaxies. Our simulated galaxies have discs at z
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Figure 12. Redshift evolution of the half-light radius of the main galaxy
in Halo-10 (green dotted), 11 (red solid), and 12 (blue dashed), derived
from the UV surface brightness distribution. Red dot—dashed line shows the
half-light radius of Halo-11-lowSF. Black dashed line shows observational
fit which use bright galaxies of —21 < Myy < —20.15 (Kawamata et al.
2018).

< 10, and the sizes are affected by SN feedback as described in
Y17.

Fig. 12 shows the UV half-light radii (r.) of Halo-10, Halo-11,
and Halo-12 as a function of redshift. Here we define . (in physical
kpc) as the distance from the brightest pixel within which the inte-
grated brightness is half of total luminosity. In the case of merging
galaxies, companion galaxies may make 7. too large artificially.
Therefore we set the upper limit of 7. as 10 per cent of virial radius.
‘We observe that r,, fluctuates around 0.02-0.1 times the virial radius.
When the SFR becomes high, stars and gas are distributed at the
Galactic Centre compactly, resulting in smaller r.. Meanwhile, r,
reaches the upper limit (0.17;;) when the main galaxies interact with
satellite galaxies. In addition, r. gradually increases with the virial
radius (o M}:/ 3(1 + z)7") as redshift decreases. Finally, the galactic
size becomes ~1 kpc at z ~ 6, and more massive galaxy has a
larger size.

Understanding the size distribution of high-z galaxies is crucially
important for the incompleteness correction in deriving a luminosity
function (LF). Extended galaxies are more unlikely to be detected
for a given magnitude limit, or some fraction of their flux is lost due
to the limited sensitivity. This affects the estimation of faint-end
slope of UV LFs (Grazian et al. 2011).

Fig. 13 shows the size—luminosity (RL) relation of all satellite
galaxies in the zoom-in regions of Halo-11 and Halo-12 at z ~
6—10. Kawamata et al. (2018) conducted simultaneous maximum-
likelihood estimation of LF and RL relation for galaxies at z > 6,
and they found that the slope f for the RL relation r, oc L? is ~0.4.
For the bright galaxies (Myy < —15) at z ~ 6-8, our results match
the observational data well.

On the other hand, the faint galaxies (Myy = —15) have a larger
dispersion and their sizes are away from the observational fit. This
can be related to the intermittent star formation histories of low-
mass galaxies. Stellar feedback induces the angular momentum
redistribution of gas disc and make the stellar distribution extended
(see also, El-Badry et al. 2016). Another reason is the rapid change
of local gravitational potential due to feedback. If star clusters are
virialized with the local gravitational potential, they can spread
out with the gas outflow. In addition, the quenching time of star
formation becomes longer as the galaxy mass decreases, resulting
in larger size decided by extended residual stars (in contrast, when
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Figure 13. Size-luminosity relation of all galaxies within the zoom-in
region of Halo-11 (red circles) and Halo-12 (yellow triangles) at z ~
6, 7, 8, and 10. Black squares and error bars represent the medians and
the quantiles within each magnitude bin of AMyy = 2.0 mag. We compute
the slope 8 for the relation r, o< LP for the simulated galaxies with brighter
than Myy = —15. The red and blue lines show the fit to the observational
result by Kawamata et al. (2018), with and without the incompleteness
correction, respectively.

galaxies have star formation, the star-forming clump is main source
of UV light, resulting in smaller r.). These effects might turn the
RL relation up at the faint end (Myy = —13). Thus, we suggest that
some fraction of low-mass galaxies could be lost in observation due
to the extended stellar distribution and faint surface brightness. This
could change the faint-end slope of observed LFs. Note that Ma et al.
(2018a) also showed the large dispersion of galaxy sizes at the faint
end. They argued that if the sensitivity for surface brightness was
lower than ~ 25.5 mag arcsec 2, the size measurement was biased
by bright star-forming clumps, resulting in the underestimation of
sizes. To avoid picking up multiple clumps of low-mass galaxies
which could boost up the value of r., we did not include the galaxies
that are larger than 10 per cent of virial radii.

Note that, however, the galactic size or ‘compactness’ can
be affected by star formation model as described in Y17. In
addition, Wyithe & Loeb (2011) pointed out that the RL relation
is also affected by SN feedback model. We also present the size
evolution of Halo-11-lowSF to show the difference from that of
Halo-11. The inefficient star formation allows the formation of
very dense and compact gas clumps at Galactic Centres, which
efficiently traps UV photons. Thus r. stays at lower value for
most of the time. We discuss more details of model dependence in
Section 4.

4 DISCUSSION

We have studied the radiative properties of different haloes simu-
lated with the same star formation and feedback models. Here we in-
vestigate how the radiative properties change if we decrease the star
formation efficiency (Halo-11-lowSF) or turn-off the SN feedback
(Halo-11-noSN). Recent observations suggested that the amplitude
factor of Kennicutt—Schmidt law was much higher than the local
galaxies for merging galaxies (Genzel et al. 2010) or high-redshift
galaxies (Tacconi et al. 2013). Therefore Y17 used a high-amplitude
factor of A = 1.5 x 107> Mg yr~! kpc~! which was higher than
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Figure 14. Same as Fig. 4 but for the cases of Halo-11, Halo-11-lowSF,
and Halo-11-noSN.

that of the local galaxies by a factor 10 (see also Khochfar & Silk
2011; Silk 2013). Halo-11-lowSF uses the amplitude factor same
as the local galaxies, i.e. A = 1.5 x 107* Mg yr~! kpc™'.

Fig. 14 shows the star formation histories and radiative properties
of Halo-11, Halo-11-lowSF, and Halo-11-noSN. In the case of
Halo-11-lowSF, the star formation occurs continuously because the
central gas density is very high, which makes the SN feedback
inefficient due to the efficient radiative cooling (see the details in
Y 17). Therefore, the gas clouds are not completely disrupted and the
continuous star formation is allowed. The star-forming gas clouds
also efficiently absorb stellar UV radiation, resulting in the low
escape fraction as shown in the second panel of the figure. In the
case of Halo-11-noSN, most of the gas is rapidly converted into
stars, resulting in the lower gas density than that of Halo-11-lowSF.
Therefore £JY of Halo-11-noSN is higher than that of Halo-11-
lowSF. Also fUV does not change with time significantly due to
lack of feedback.

In Halo-11-lowSF and Halo-11-noSN, the SFR is higher than
Halo-11, and fYY is lower, resulting in higher sub-mm flux
than Halo-11. In addition, the difference between Halo-11-lowSF
and Halo-11-noSN clearly appears in the UV magnitude due to
different escape fraction. Thus we argue that the radiative properties
of first galaxies sensitively depend on the star formation and
feedback models.

5 SUMMARY

In this paper we have studied the radiative properties of first galaxies
at z = 6-15 by combining cosmological hydrodynamic simulations
and radiative transfer calculations. Using zoom-in initial conditions,
we follow the formation and evolution of three haloes: Halo-
10 (M, = 2.4 x 10" M), Halo-11 (M, = 1.6 x 10" M), and
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Halo-12 (M}, = 0.7 x 10'> My,) at z = 6. Our major findings are
as follows:

(i) In the first galaxies, the SN feedback ejects most gas and dust
from galaxies, resulting in the intermittent star formation history.
This causes the large fluctuation of escape fraction of UV photons.
The escape fraction of Halo-11 changes in the range of ~0.2-0.8
at z < 10. As the halo becomes more massive, the fluctuation
is suppressed, and the escape fraction remains low at <0.2. The
transition redshifts are ~8.5 for Halo-12 and ~7.5 for Halo-11.
In the case of Halo-10, the escape fraction keeps fluctuating down
toz =06.

(ii) Stellar UV radiation absorbed by dust is reprocessed into IR
thermal emission. Therefore, the IR flux from galaxies also change
with time as the UV escape fraction fluctuates. This fluctuation of
the IR flux affects the detectability in sub-mm observations. Using
all satellite galaxies within the zoom-in regions, we calculate the
detectability by ALMA telescope. If we set the detection threshold
to 0.1 mJy at 850 wm, the detectability are 0.5 for galaxies with
the halo mass of > 10'! Mg atz < 7.

(iii) We calculate the three-dimensional structure of dust temper-
ature, and derive SEDs. By using the peak wavelength of infrared
flux, we estimate the typical dust temperature of modelled galaxies.
The galaxies with Lig < 10! L have Ty ~ 60 K that is higher than
that of observed galaxies at z < 3 (Hwang et al. 2010). Since it is
difficult to measure the dust temperature of observed galaxies at z
> 6, the dust temperature of ~ 40K is frequently assumed in the
observations (e.g. Watson et al. 2015). Our simulation suggests that
the dust temperatures for high-z galaxies are somewhat higher than
the assumed ones, which will change the estimated dust masses and
SFRs.

(iv) The half-light radius (r.) at UV wavelength fluctuates in the
range of r./ryi; ~ 0.02-0.1, and it increases with time. At z ~ 6—
8, r. becomes ~ 1kpc (physical), and the bright galaxies in our
simulations (Myy < —15) has the relation r. o< L?, where B ~
0.4. These are consistent with the observations of Kawamata et al.
(2018). When the surface brightness of galaxies is extended, some
parts of UV flux can be lost below observational threshold due to
cosmological surface brightness dimming.

(v) We compare our fiducial model (Halo-11) with the different
models with a low star formation amplitude factor (Halo-11-lowSF)
and without the SN feedback (Halo-11-noSN). In cases of Halo-11-
lowSF and Halo-11-noSN, massive dusty gas accumulates at the
Galactic Centre due to the weak or no SN feedback. This causes
higher SFR and lower UV escape fraction than the fiducial model.
Therefore, the IR flux of Halo-11-lowSF and Halo-11-noSN is
higher than that of Halo-11. Thus we argue that the star formation
and feedback models for the first galaxies could be constrained by
future observations.

In this work, we investigated the time evolution of radiative
properties of the first galaxies, and suggested that the first galaxies
rapidly changed from UV-bright to IR-bright phases due to in-
termittent star formation and SN feedback. However, the sample
of simulated galaxies is not large enough to make a statistical
comparison to observations. We will obtain a larger galaxy sample
using larger scale and higher resolution cosmological simulations,
and present the statistical properties, e.g. the luminosity function
and cosmic SFR density, taking the detailed radiative processes into
account in our future paper. Furthermore, the radiative properties
of galaxies depend on the dust properties, e.g. size distribution
and compositions (e.g. Aoyama et al. 2017, 2018, 2019a; Hou et al.
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2017,2019; McKinnon et al. 2018; Aoyama, Hirashita & Nagamine
2019b), therefore we will implement a model of dust destruction
and production in cosmological simulations, coupled with radiative
transfer calculations.
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