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1 INTRODUCTION

ABSTRACT

We investigate high-redshift galaxy sizes using a semi-analytic model constructed for the Dark-
ages Reionization And Galaxy-formation Observables from Numerical Simulation project. Our
fiducial model, including strong feedback from supernovae and photoionization background,
accurately reproduces the evolution of the stellar mass function and ultraviolet (UV) luminosity
function. Using this model, we study the size—luminosity relation of galaxies and find that the
effective radius scales with UV luminosity as R. oc L% at z ~ 5-9. We show that recently
discovered very luminous galaxies at z ~ 7 and 11 lie on our predicted size—luminosity
relations. We find that a significant fraction of galaxies at z > 8 will not be resolved by
James Webb Space Telescope, but Giant Magellan Telescope will have the ability to resolve all
galaxies in haloes above the atomic cooling limit. We show that our fiducial model successfully
reproduces the redshift evolution of average galaxy sizes at z > 5. We also explore galaxy
sizes in models without supernova feedback. The no-supernova feedback models produce
galaxy sizes that are smaller than observations. We therefore confirm that supernova feedback
plays an important role in determining the size—luminosity relation of galaxies and its redshift
evolution during reionization.

Key words: galaxies: evolution —galaxies: formation — galaxies: fundamental parameters—
galaxies: high-redshift — galaxies: structure.

where myq4 and jy are the fractions of mass and angular momentum
in the disc relative to the halo and A is the spin parameter of the

The evolution of galaxy size during the Epoch of Reionization (EoR)
provides an additional probe for understanding galaxy formation in
the early Universe. In the hierarchical structure formation scenario
(White & Rees 1978), dark matter haloes form first, then baryonic
gas cools and falls into their potential wells to form galaxies. Within
this scheme, Fall & Efstathiou (1980) studied the formation of
galaxy discs. In this model, the spin of a rotationally supported
galaxy disc originates from the conservation of angular momentum
during the collapse of cooling gas. Further analytic modelling by
Mo, Mao & White (1998) provided a relation between the disc
scalelength of a galaxy, R4, and the virial radius of its dark matter
halo, R; for infinitesimally thin discs with exponential surface
density profiles. The disc size can be written as

L
Ry= (’—d) R, )

my
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halo, which is a dimensionless measure of the angular momentum
of the system.

The virial radius of a dark matter halo scales with redshift and
virial velocity, V., or virial mass, M,;, as

GM,;, \'"° Vii
Rvir — vir — vir , (2)
100H2(z) 10H(2)

where H(z) is the Hubble parameter, and H(z) o« (1 + 2)¥? at
high redshifts (Carroll, Press & Turner 1992). Therefore, from
equation (1), the proportionality of Ry with R, predicts that the
sizes of discs scale with redshift as (1 + z)~3/? at fixed circular
velocity or (1 + z)~! at fixed halo mass.

Observations of Lyman break galaxies (LBGs) show that galaxies
are more compact at higher redshift, and that average sizes evolve
with redshift as (1 + z)™" withm ~ 1-1.5 (e.g. Bouwens et al. 2004;
Ferguson et al. 2004; Oesch et al. 2010; Grazian et al. 2012; Ono
et al. 2013; Holwerda et al. 2015; Kawamata et al. 2015; Shibuya,
Ouchi & Harikane 2015). Some recent observations of the redshift
evolution of galaxy sizes are summarized in Table 1.
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Table 1. Observed evolution of galaxy sizes, R. o< (1 + z)™
from literature, where L?_; corresponds to UV magnitude
Myy = —21.0.

z m Sources

L=(03-1)L!_,

2-6 1.05 £0.21 Bouwens et al. (2004)
2-8 1.12+0.17 Oesch et al. (2010)
2-12 1.30 £ 0.13 Ono et al. (2013)
2.5-12 1.24 £ 0.10 Kawamata et al. (2015)
0.5-10 1.10 £ 0.06 Shibuya et al. (2015)
5-10 1.32+0.43 Holwerda et al. (2015)

L =(0.12-0.3)L}_,

2-8 1.32 £0.52 Oesch et al. (2010)
2-12 1.30 £ 0.13 Ono et al. (2013)
0.5-10 1.22 +0.05 Shibuya et al. (2015)
5-10 0.76 £ 0.12 Holwerda et al. (2015)

Semi-analytic models have had considerable success studying
the formation and evolution of galaxies in the past two decades
(e.g. White & Frenk 1991; Kauffmann, White & Guiderdoni 1993;
Cole et al. 2000; Bower et al. 2006; Croton et al. 2006; Lacey
et al. 2011, 2016). Galaxy sizes are important for semi-analytic
models since the cold gas is assumed to settle in discs where star
formation occurs at a rate depending on the surface density (e.g.
Croton et al. 2006). Reproducing the evolution of galaxy sizes in
the early and dense Universe is therefore important for semi-analytic
models of reionization. On the other hand, feedback mechanisms
are already known to play an important role in suppressing star
formation in galaxies.

Using the observed size evolution and the luminosity function
of galaxies, Wyithe & Loeb (2011) presented a simple model to
constrain the feedback mechanism using galaxy sizes:

Re o< LT (1 + 7). )

Here L is the galaxy luminosity, and a and m are free parame-
ters which can be constrained using both the slope of the galaxy-
luminosity function and galaxy-size evolution. Feedback arising
from energy release and momentum outflow could affect the lumi-
nosity at fixed disc sizes. Based on the observed relation between
size, luminosity and redshift, Wyithe & Loeb (2011) ruled out the
no-supernova feedback model with high confidence, and suggested
a supernova feedback model through the transfer of momentum.
Here we improve on this analysis using a more realistic semi-
analytic model. Investigation of galaxy sizes using semi-analytic
models have previously been made using galaxies in both the lo-
cal and high-redshift Universe (e.g. Cole et al. 2000; Gonzélez
et al. 2009; Shankar et al. 2010; Xie et al. 2015; Stevens, Croton
& Mutch 2016; Tonini et al. 2016). Our purpose-designed semi-
analytic model provides a tool to study galaxy sizes during the
EoR.

The semi-analytic model, MERAxEs (described in Mutch
et al. 2016a, hereafter Paper-III), is a new purpose-built galaxy-
formation model designed for studying galaxy evolution during the
EoR.! MERAXES includes a temporally and spatially coupled treat-
ment of reionization, and is built upon the high-resolution and high

! The MERAXES model is a part of the Dark-ages Reionization And Galaxy-
formation Observables from Numerical Simulation (DRAGONS) project,
http://dragons.ph.unimelb.edu.au.
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snapshot-cadence N-body simulation Tiamat (Poole et al. 2016,
hereafter Paper-I). MERAXES successfully reproduces a series of
high-redshift galaxy observables including the stellar mass function
(Paper-11I) and ultraviolet (UV) luminosity function (Liu et al. 2016,
hereafter Paper-IV). In this paper, we run simulations to investigate
the size—luminosity relation, the size—stellar mass relation and the
redshift evolution of galaxy sizes at 5 < z < 10. We aim to use the
evolution of galaxy sizes to probe the physics of galaxy formation
during the EoR. In particular, we study how sensitive galaxy sizes
are to feedback, especially from supernovae feedback during the
EoR.

This paper is organized as follows. In Section 2, we briefly intro-
duce the semi-analytic model and N-body simulation used in this
work. In Section 3, we study the relation between sizes and UV
luminosities of galaxies. In Section 4, we discuss the probability
of resolving galaxies using Hubble Space Telescope (HST), James
Webb Space Telescope (JWST) and Giant Magellan Telescope
(GMT). In Section 5, we study the size—stellar mass relation of
model galaxies. In Section 6, we present the redshift evolution
of galaxy sizes and compare this with observations. In Section 7,
we discuss the interpretation of our model sizes in the context
of recent high-redshift observations. In Section 8, we present our
conclusions. Throughout this work, we employ a standard spa-
tially flat A cold dark matter cosmology based on Planck 2015
data (Planck Collaboration 2015): (h, Qu, Qp, 24, 03, 1s) =
(0.678, 0.308, 0.0484, 0.692, 0.815, 0.968). All magnitudes in this
paper are presented in the AB system (Oke & Gunn 1983). The unit
of luminosity, L?_s, is the characteristic luminosity at z ~ 3, which
corresponds to Me00 = —21.0 (Steidel et al. 1999).

2 SIMULATION AND MODELLING

The galaxy-formation model used in this work is MERAXES
(Paper-11I). MERAXES is implemented upon dark matter halo merger
trees generated from the cosmological N-body simulation Tiamat
(Paper-1). Tiamat and MERAXES have special features designed for
the study of reionization.

2.1 N-body simulation

The collisionless N-body simulation, Tiamat, was run using a mod-
ified version of GADGET-2 (Springel 2005) and the Planck 2015 cos-
mology (Planck Collaboration 2015). It includes 2160 particles in
a comoving 100 Mpc cube box. The mass of each particle is 2.64 x
109 4~! Mg, which allows us to identify the low-mass dark matter
haloes close to the hydrogen cooling limit across the redshifts rele-
vant to reionization. Dark matter halo finding was carried out using
SUBFIND code (Springel et al. 2001). This code first identifies dark
matter collapsed regions by a friends-of-friends (FoF) algorithm
using a link length criterion of 0.2 times of the mean interparticle
separation. The self-bound substructures are subsequently identi-
fied within these FoF groups as locally overdense collections of
dark matter particles, removing unbound particles through an un-
binding procedure. An FoF group typically contains a central halo
holding most of the virial mass and a group of lower mass subhaloes
which trace the undigested parts of merger events.

Tiamat outputs include 100 snapshots from z = 35 to 5 with
a temporal resolution of 11 Myr per snapshot. This high cadence
resolves the dynamical time of galaxy discs at high redshift, and
is comparable to the lifetime of massive stars. Dark matter halo
merger trees constructed from Tiamat are stored and processed in a
‘horizontal’ form. This allows the semi-analytic model to implement
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a self-consistent calculation of feedback from reionization on low-
mass galaxy formation. This is achieved by incorporating the semi-
numerical reionization algorithm 21cMFAST (Mesinger, Furlanetto
& Cen 2011) at each snapshot.

2.2 Semi-analytic model

MERAXES is a new semi-analytic model based on Croton et al. (2006)
with updated physics for application to z > 6. It consists of bary-
onic infall, gas cooling, star formation, stellar mass recycling, metal
enrichment, galaxy mergers, gas stripping and feedback from both
supernova and reionization. To model the formation and evolution
of galaxies during the EoR, MERAXES incorporates several improve-
ments in the feedback scheme. First, it considers a delayed super-
nova feedback mechanism. In an instantaneous feedback scheme, a
massive star instantly produces a supernova and so releases energy
and mass within the same snapshot that the progenitor star formed.
This is appropriate at low redshift, where the stellar lifetime is
short compared to the galaxy dynamical time. However, our Tia-
mat merger trees have a much higher time resolution of ~11 Myr,
which is shorter than the lifetime of the least massive Type II su-
pernova progenitor stars (e.g. ~40 Myr for 8 M, stars). Therefore,
MERAXES implements a delayed supernova feedback scheme, where
a supernova may explode several snapshots after the progenitor star
formed. MERAXES also includes feedback from a spatially and tem-
porarily variable ultraviolet background (UVB). The UVB radiation
heats the intergalactic medium and reduces baryonic infall within
small dark matter haloes suppressing both gas cooling and star
formation. To achieve this, MERAXES integrates the seminumerical
code 21cMFAST (Mesinger et al. 2011) to construct the reionization
structure.

We assume a standard Salpeter (1955) initial mass function with
stellar mass in the range of 0.1 < m, < 120My:
¢(m.) o m > @)

% .

The free parameters in MERAXES were calibrated to replicate the
observed stellar mass functions at z ~ 5-7 (Gonzélez et al. 2011;
Duncan et al. 2014; Grazian et al. 2015; Song et al. 2016) and the
Planck optical depth to electron scattering measurements (Planck
Collaboration 2015). For a more detailed description of MERAXES,
see Paper-II1.

2.3 Disc sizes and star formation

In our semi-analytic model, we adopt the disc scale radius from Mo
et al. (1998) as shown in equation (1), and the standard assumption
Ja/mg = 1 (Fall & Efstathiou 1980), for which the specific angular
momentum of the material forming the disc is the same as that of
the host halo.

The spin parameter, A, is calculated from the N-body simulation
using the definition (Bullock et al. 2001):

Jvir
B \/inir Vvierir '

where M,;; and J,;; are the mass and angular momentum enclosed
within the virial radius, R.;;, and Vyi; = /G Myi;/ R, is the circular

)

2R\,~ir is defined as that within which the mean density is A =
1872 4-82(2,,(2) — 1)—39(Q2m(z)—1)? times the critical density, p. (Bryan
& Norman 1998).

MNRAS 465, 3134-3142 (2017)

velocity at Ry (see Angel et al. 2016, for a discussion of spin
parameters for haloes in Tiamat).

Equation (1) was obtained assuming a simple model in which dark
matter haloes have singular spherical isothermal density profiles
and the gravitational effects of baryonic discs are neglected. It is
therefore important to note that inclusion of gravity from the disc
may alter the size and rotation curve of galaxies and modify the
dark matter concentration in the inner region of the halo. However,
Mo et al. (1998) showed that a more realistic model with NFW halo
profiles (Navarro, Frenk & White 1997) and self-gravitating discs
results in only minor modifications to equation (1).

Simulations also show that inclusion of the self-gravity of discs
will lead to instabilities of gas and stars, which drives disc material
towards the centre of galaxies and results in instability-driven star
bursts and bulge growth in galaxies. This will have an impact on the
distribution of disc sizes (e.g. Cole et al. 2000; Bower et al. 2006;
Stevens et al. 2016; Tonini et al. 2016). Another significant assump-
tion in the model is j4 /mqy = 1, since lots of angular momentum in the
gas component lost during galaxy assembly would lead to a smaller
disc. On the other hand, strong feedback mechanisms which release
the energy and angular momentum to the interstellar medium will
suppress the formation of small discs.

To quantify these effects in semi-analytic models, Guo et al.
(2016) compared galaxy sizes from semi-analytic models L-
GALAXIES and GALFORM at z < 2. GALFORM includes the self-gravity
of discs while L-GaLAXIES ignores it. Guo et al. (2016) showed that
self-gravity does not significantly affect the sizes of galaxies with
M, < 10°3 My. However, for galaxies with M, > 10°° M, self-
gravity of discs in GaLFORM reduces galaxy sizes and results in a
decreasing size—mass relation. In this work, which considers the
small galaxies that drive reionization, we do not have a large num-
ber of galaxies with M, > M°> Mg, at z > 6. Thus, we utilize the
simple model of Mo et al. (1998) in this study, as has been com-
mon in semi-analytic models (e.g. Croton et al. 2006; De Lucia &
Blaizot 2007).

From equations (1) and (5), we see that the disc sizes of galaxies
are determined by the properties of dark matter haloes. We assume
that star formation and feedback processes do not directly modify
the disc sizes. On the other hand, the size of the disc does play
a fundamental role in the buildup of stellar mass. In our model,
freshly accreted baryonic matter in dark matter haloes is initially in
the form of hot gas, and is assumed to follow a singular isothermal
sphere density profile. The cold gas, which cools from the hot gas
reservoir of the host FoF group, is assumed to fall on to the galaxy
hosted by the central halo. MERAXES assumes that the cold gas settles
in a rotationally supported disc with an exponential surface density
profile. Based on the observational work of Kennicutt (1998), the
global star formation rate of spiral galaxies can be related to the
surface density of cold gas above a given threshold. In our model,
we adopt a critical surface density for the disc, above which gas
cannot maintain stability and will start forming stars. The critical
density at a radius r is adopted from Kauffmann (1996),

‘/\r'ir r - )
2crit(r) = Enorm 1 M@ pc -, (6)
kms kpc

where X ,m = 0.2 is a free parameter in MERAXES. Stars are assumed
to form within a maximum radius set to Rg;sc = 3Ry based on the
properties of the Milky Way (van den Bergh 2000). By integrating
Y it t0 Rgisc = Ry, we obtain the critical mass of the disc,

Vi Ryi
Meit = 27 Xnorm (km Slr—l ) (ﬁ) 106 Mg. @)




If the mass of cold gas in the disc, mqq, €xceeds this threshold
mass, the stars will form with a star formation rate given by

Meold — Mcrit

; ®

Il = Ak tdisc
dyn
where asr = 0.03 is a free parameter describing the star formation
efficiency and tél;f = R4/ Vi is the dynamical time of the disc.
Galaxy mergers can also trigger a strong burst of star formation.
We assume a fraction of the total cold gas of the newly formed
system is consumed during such a burst (Somerville, Primack &

Faber 2001)

M gmall Vourst
€burst = Upurst ) (9)

Mpig

where migmay/myig is the mass ratio of merging galaxies, and
Apurst = 0.56 and y e = 0.7 are chosen to fit the numerical re-
sults of Cox et al. (2004) and Mihos & Hernquist (1994, 1996)
for merger mass ratio in the range 0.1-1.0 (Croton et al. 2006).
For simplicity, we assume the merger-driven burst occurs within a
single snapshot, which is comparable to the disc dynamical time of
the majority of galaxies. We do not consider irregular morpholo-
gies during galaxy mergers and the sizes of remnants are calculated
using equation (1).

Through the star formation process, disc size affects a number of
galaxy properties, including UV luminosities. The size-luminosity
relation therefore becomes an important predictor from galaxy-
formation models. We note that the star-forming process is rather
complicated. It is not only determined by the galaxy sizes but also
by other effects including cooling, mergers and feedback. To study
the role of supernova feedback in the buildup of the size-luminosity
(stellar mass) relation, we also run a simulation with the supernova
feedback switched off. This no-supernova model cannot reproduce
the stellar mass function in detail, but is recalibrated to provide the
observed stellar mass density at z = 5 (see Paper-11I).

In this paper, to compare with observations, we present the sizes
of model galaxies using the physical effective radius (i.e. half-light
radius), R., within which half of the galaxy’s luminosity originates.
Here R. is estimated using R. = 1.678Ry4, where the constant orig-
inates from the assumed exponential surface density profile and
constant mass-to-light ratio.

2.4 UV luminosities

Luminosity is the most direct observable of high-redshift galaxies.
We calculate the UV luminosities using stellar population synthe-
sis. For each galaxy, we obtain the stellar population components
by tracking its star formation and merger history. We integrate the
stellar populations with model spectral energy distributions calcu-
lated using STARBURST99 (Leitherer et al. 1999; Vazquez & Lei-
therer 2005; Leitherer et al. 2010, 2014) with a constant metallicity
of Z = 0.05Z. We do not include nebular components as they
would not affect the UV luminosities of our model galaxies at these
redshifts.

To obtain the observed luminosities, we apply a dust extinction
model to each galaxy. We adopt a luminosity-dependent dust model
(e.g. Smit et al. 2012; Bouwens et al. 2015), which is based on
the IRX-g relation from Meurer, Heckman & Calzetti (1999) and
the observed luminosity-8 relation from Bouwens et al. (2014).
This dust model is empirical and is calibrated to reproduce the
observed properties of galaxies. For more details about the galaxy
photometric modelling see Paper-1V.
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3 SIZE-LUMINOSITY RELATION

We first investigate the relationship between the physical size and
UV luminosity of model galaxies. Fig. 1 shows the relation between
the effective radius and UV magnitude Myy for model galaxies
at z ~ 5-10, where the UV magnitude Myy is the dust-extincted
luminosity at the rest frame 1600 A. We see that at Myy < —14,
galaxies with brighter UV luminosity tend to have larger sizes.

We note that the effective radius does not significantly change
with luminosity for the galaxies with luminosities Myy > —14. This
is because galaxies fainter than Myy ~ —14 are located in the dark
matter haloes of the minimum gas cooling mass. This is similar to
the turnover at Myy ~ —14 in the relation between UV luminosity
and the mass of dark haloes found in Paper-IV. We see that at fixed
luminosity, the size of galaxies grows from z ~ 10 to 5. We discuss
the redshift evolution of galaxy sizes further in Section 6.

For comparison with our simulations, we show the observed R.—
Myy relations from Huang et al. (2013) at z ~ 5 and Shibuya et al.
(2015) at z ~ 5-8, where the latter is calculated by us using the sizes
data from Shibuya et al. (2015). Our results are in close agreement
with the observations.

Recently, Oesch et al. (2016) found an unexpectedly luminous
galaxy (GN-z11) at z ~ 11, which has Myy = —22.1 £ 0.2 and
R. = 0.6 & 0.3 kpc. In Mutch et al. (2016b), we demonstrated that
the properties of GN-z11 are in good agreement with the results
of our model in terms of stellar mass, star formation rate and UV
luminosities. We show the measured size of GN-z11 in Fig. 1 and we
find that it is in agreement with our fitted size—luminosity relation
atz ~ 10.

The relation between the galaxy size and luminosity is commonly
fitted by

L B
R. = Ry (%) : (10)

0

where Ry is the effective radius at Ly, and  is the slope. We set
Lo = L?_;, which corresponds to My = —21 (Steidel et al. 1999).
This equation can be rewritten as

log,y Re = —0.4 x B(Myy + 21) +log,,(Ry). (11)

We linearly fit the logo(R.)-Myy relation for galaxies brighter than
Myy = —14.5 at each redshift. The best-fitting values for Ry and 8
at z ~ 5-10 are shown in Table 2.

We see that the slope of the size—luminosity relation, 8, does
not significantly change at z ~ 5-9 and has a median value of
B ~ 0.25 for galaxies with UV luminosity brighter than Myy ~
—14. This value agrees with observational studies for both local
and high-redshift galaxies. For example, de Jong & Lacey (2000)
found B = 0.253 = 0.020 for local spiral galaxies. Shen et al. (2003)
derived a slope of B ~ 0.26 for the late-type galaxies from SDSS.
Courteau et al. (2007) obtained g = 0.321 £ 0.010 from local field
and cluster spiral galaxies. Grazian et al. (2012) found g = 0.3-0.5
for LBGs at z ~ 7, while Holwerda et al. (2015) derived 8 = 0.24 £+
0.06 using the Grazian et al. (2012) data. In addition, Huang et al.
(2013) found B = 0.22 and 0.25 for the galaxies in GOODS and
HUDF fields at z ~ 4 and z ~ 5, respectively. Finally, Shibuya et al.
(2015) investigated the galaxy effective radius from a large HST
sample and obtained 8 = 0.27 £ 0.01 at z ~ 0-8. They also showed
that 8 does not significantly evolve over this redshift range.

Due to limitations in sample volumes and selection biases, ob-
served values of B often have large uncertainties and vary be-
tween studies. For example, observations are generally biased to-
wards galaxies with high surface brightness and are not sensitive to

MNRAS 465, 3134-3142 (2017)
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Figure 1. Effective radius of galaxies as a function of UV luminosity at z ~ 5-10. The colour profile shows the logarithm density of the distribution. The black
squares and error bars represent the median and 16th to 84th percentiles of the R distribution in bins which contain at least 10 galaxies. The black solid lines
are the linear best fits for galaxies with Moo < —14.5, and are extended to brighter luminosities. The pink and orange lines and associated shaded regions
show the observed relations from Huang et al. (2013) and Shibuya et al. (2015). The blue and yellow diamonds show the observations at z ~ 7 from Bowler
etal. (2016). The blue star shows luminous galaxy GN-z11 found by Oesch et al. (2016). For model comparison, the red circles and error bars show the median
and distribution of size-luminosity from the model with supernova feedback turned off. The dash—dotted lines represent the minimum measurable effective

radii of HST, JWST and GMT.

Table 2. The best-fitting parameters Ry and B (equation 10)
for the model galaxies with UV magnitudes Myy < —14 at

z~ 5-10.

z Ro/kpe B

5 1.17 £0.05 0.25 +£0.02
6 0.80 £+ 0.05 0.23 +£0.02
7 0.61 +0.07 0.25 £ 0.04
8 0.53 £0.07 0.28 +0.04
9 0.42 £ 0.06 0.30 = 0.04
10 0.45 +£0.04 0.36 +0.03

measured properties of fainter, more spatially extended galaxies.
Because a model does not suffer from these selection effects and
can have a large sample of both bright and faint galaxies, we are
able to investigate the true scatter of the size-luminosity relation.

The size-luminosity relation fitted to the model predictions is
also consistent with the analytic prediction (equation 3) of Wyithe
& Loeb (2011). In that work they considered a supernova feedback
model where supernova-driven winds conserve momentum in the
interaction with the galactic gas. The model results in a luminosity
scaling of a = 1/3, which corresponds to R, oc L2°. While the model
without supernova feedback yields @ = 0, which corresponds to
R, o 1933,

To study the role of supernova feedback on the buildup of galaxy
sizes, we show the size—luminosity relation for the no-supernova
feedback model in Fig. 1 (red circles). The size—luminosity relation
for the no-supernova feedback model is also flat at Myy > —14.
This is because the minimum size is set by the mass scale of efficient
cooling in both models. There is no clear difference between the
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fiducial and no-supernova feedback model at Myy > —17, where
the accumulated effect from supernova feedback on star formation
histories is not significant enough to be observed. However, at Myy
< —17, the median size of galaxies from the no-supernova feedback
model is notably smaller than the fiducial model. In other words,
for the same size galaxy, the no-supernova feedback model results
in a much brighter luminosity. We note that removing supernova
feedback allows more stars to form, and so the model has been
recalibrated to produce the correct stellar mass density at z = 5. The
luminosity difference is ~2-3 mag at z = 5-7, which is larger than
the ~1 mag difference at z = 8-10. This is also due to the correct
galaxy mass only being achieved at z =5 in this recalibrated model.

The different size—luminosity relations from these two models
arise because the supernova feedback in the fiducial model sup-
presses star formation resulting in a more gradual star formation
history. In contrast, galaxies without supernova feedback have much
burstier star formation histories and contain more young stellar pop-
ulations which are UV bright. These effects are more significant at
lower redshift due to the longer star formation histories. We also
ran a simulation with both supernova and reionization feedback
mechanisms switched off. However, we found the result to be al-
most identical to the no-supernova feedback model, with only a tiny
difference at lower redshifts (z ~ 5-6).

4 RESOLVING GALAXIES WITH HST, JWST
AND GMT

The spatial resolution of a telescope with effective diameter Dy is

1.22
Al = A0d, =

da, (12)

tel
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Figure 2. Size—mass relation of model galaxies atz =35, 6, 8, 10. The colour
profile shows the logarithm density of the distribution. The black squares
and red circles show the median relation in bins which contain at least 10
galaxies. The error bars represent the median and 16th to 84th percentiles
of the intrinsic scatter. The orange diamonds show the observations from
Mosleh et al. (2012).

where A0 is the angular resolution determined by the Rayleigh
criterion, A = 1600(1 + z) A is the observed wavelength of UV
photons and dj is the angular diameter distance. In equation (12),
the observed wavelength is scaled by a factor of (1 + z) at fixed
intrinsic wavelength, the angular diameter distance decreases at a
similar rate at z 2 1. Thus, the spatial resolution does not rapidly
change with redshift. Galaxy sizes are usually measured through
light profile fitting (e.g. Peng et al. 2002). As a result, one can trace
the galaxy outskirt light, and obtain an effective radius below the
spatial resolution of the telescope. The minimum observable size of
a disc depends on many galaxy properties such as the light profile
and the image depth. The comparison between the observed R. and
the spatial resolution limits of the HST indicates that values of R.
can be measured which are smaller than the resolution limit of the
telescope by roughly a factor of ~2 (e.g. Ono et al. 2013; Shibuya
et al. 2015).

In Fig. 1, we show the minimum observable disc size R, of
HST, JWST and the GMT, where we adopt the relation Ry, ~ Al/2
as discussed above. We see that HST (D = 2.4 m) can resolve the
Rpmin of observed galaxies at z ~ 5-7, and the structures of typical
z > 8 galaxies cannot be resolved. The larger diameter JWST (D
= 6.5m) will resolve the R, for galaxies brighter than Myy =
(—14, —16, —18) at z = (6, 8, 10). However, with an exposure time
lexp = 10° s, JWST will observe galaxies to Myy = (—15.0, —15.8,
—16.3) with signal-to-noise ratio S/N = 10 at these redshifts, hence
a significant fraction of z > 8 galaxies will be still unresolved.
Due to the large mirror size, GMT (D, = 25m) will have the
ability to resolve all galaxies in haloes above the atomic cooling
limit.

5 MASS-SIZE RELATION

Fig. 2 shows the relation between the effective radius and stel-
lar mass of galaxies at z ~ 5, 6, 8 and 10 for both fiducial and
no-supernova feedback models. Observed data from Mosleh et al.
(2012) are also shown. The model size-mass relation is in good
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Figure 3. The redshift evolution of the mean effective radius for galaxies
in the luminosity range (0.3—1)L?_; (upper panel) and (0.12—0.3)L}_;
(lower panel). The blue line shows the mean effective radius from the fiducial
model and the green line shows the mean effective radius from the model
without supernova feedback. The shaded regions show the associated lo
uncertainties of the means. The grey solid lines show the power-law fit to
our model. For comparison, we show the observed mean sizes from Bouwens
etal. (2004), Oesch et al. (2010), Ono et al. (2013), Kawamata et al. (2015),
Holwerda et al. (2015) and Shibuya et al. (2015). We see that our fiducial
model agrees with observations, while the no-supernova model significantly
underestimates the galaxy sizes.

agreement with these observations. We see that for galaxies with
stellar masses above 10%° M, more massive galaxies tend to have
larger sizes. The galaxies from the fiducial model have larger sizes
than the galaxies from no-supernova feedback model at fixed stellar
mass. However, the difference in the size-mass relation between
the fiducial and no-supernova feedback model is much smaller
than in the size-luminosity relation. This is expected because we
have tuned both models to produce the galaxy stellar mass den-
sity. However, star formation histories including supernovae lead
to less variable UV luminosities resulting in larger difference seen
in Fig. 1. For galaxies with M, < 10%> Mg, our two models show
similar galaxy sizes due to the inefficient star formation in the min-
imum cooling mass, as was the case in the size—luminosity relation
in Fig. 1.

6 REDSHIFT EVOLUTION OF SIZES

The redshift evolution of galaxy sizes provides another impor-
tant measurement in addition to the luminosity dependence (e.g.
Bouwens et al. 2004; Ferguson et al. 2004; Oesch et al. 2010;
Grazian et al. 2012; Ono et al. 2013; Holwerda et al. 2015; Kawa-
mata et al. 2015; Shibuya et al. 2015). Fig. 3 shows the redshift
evolution of the effective radius predicted by our model. To com-
pare with observations of size evolution, galaxies were selected us-
ing their luminosity in ranges of (0.3—1)L}_; and (0.12—0.3)L}_,.
These luminosity ranges correspond to UV magnitudes from —21.0
to —19.7 and from —19.7 to —18.7, respectively. Both fiducial and
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no-supernova feedback models are shown in the figure. For compar-
ison, the observed galaxy sizes from Bouwens et al. (2004), Oesch
et al. (2010), Ono et al. (2013), Kawamata et al. (2015), Holwerda
et al. (2015) and Shibuya et al. (2015) are also shown.

We see that the evolution of galaxy sizes from our fiducial model
is in good agreement with observations. However, the galaxy sizes
in the no-supernova feedback model are underestimated at each
redshift. For example, sizes at fixed luminosity in the no-supernova
feedback model are ~60 (70) per cent of those in the fiducial model
at z ~ 5 (10). This corresponds to surface brightness densities
which are ~3 (2) times larger than the fiducial model prediction.
These are distinguishable differences. To investigate the influence
of parameter calibration in the no-supernova model, we have also
run an uncalibrated no-supernova feedback simulation and found a
qualitatively similar result. Therefore, we conclude that the galaxy-
size evolution provides an additional observable for determining
the importance of supernova feedback in early galaxy formation.

We fit the model size evolution at z ~ 5-10 using R, o< (1 + z)™"
and find m = 2.00 & 0.07 with R.(z = 7) = 0.61 £ 0.01 kpc for
galaxies with luminosity in the range (0.3—1)L_; and m = 2.02 &
0.04 with R.(z = 7) = 0.50 £ 0.01 kpc for galaxies with luminosity
in the range (0.12 — 0.3)L}_,. The fitted relations are shown as grey
solid lines in Fig. 3. We also show Ax? = 1 confidence intervals
using the observations from Bouwens et al. (2004), Oesch et al.
(2010) and Ono et al. (2013), as well as combined observations from
all data shown in Fig. 4. Here we only include the observational data
at z > 5 and do not include more precise measurements at z < 5
which could dominate the fit.

We see that the fitted m from our model is comparable to ob-
servations. For example, m = 1.64 £+ 0.30 and 1.82 £ 0.51 are
derived using the combined observations shown in Fig. 4 with
luminosities in the ranges (0.3—1)L}_; and (0.12—0.3)L}_;, re-
spectively. We note that the fits from our model as well as z > 5
observations give larger values for m compared to observations that
include z < 5 data as shown in Table 1. This may suggest that galaxy
sizes undergo faster evolution at z > 5 compared to the evolution at
lower redshift.

The normalization R.(z = 7) for model galaxies with luminosity
in the range (0.12—0.3)L}_; is slightly larger than the combined ob-
servations. However, these z > 5 observations are also inconsistent
with each other due to the large uncertainties from the small sample.
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We find that R.(z = 7) is in agreement with combined observations
with 30 uncertainty.

7 MEASURE OF GALAXY SIZE

Before concluding, we discuss the applicability of Ry as a mea-
sure of galaxy size. In observations, morphologies of LBGs are
often found to be irregular and clumpy, sometimes showing multi-
ple components (e.g. Giavalisco, Steidel & Macchetto 1996; Ravin-
dranath et al. 2006; Guo et al. 2015; Bowler et al. 2016; Curtis-Lake
et al. 2016; Shibuya et al. 2016). This could be due to two different
formation mechanisms: (i) galaxy interactions, such as mergers (e.g.
Lotz et al. 2006; Overzier et al. 2008); (ii) distributed and clumpy
star formation regions within the same collapsing cloud due to in-
stabilities (e.g. Goldader et al. 2002; Law et al. 2007; Dekel, Sari
& Ceverino 2009; Oesch et al. 2010; Jiang et al. 2013; Behrendt,
Burkert & Schartmann 2016).

Morphological studies at very high redshift are more challenging.
Shibuya et al. (2016) investigated the evolution of clumpy galaxies
with large HST samples and found that the clumpy fraction increases
from z ~ 0 to 1 but subsequently decreases from z ~ 1-3 to 8. On
the other hand, high-resolution cosmological simulations show that
galaxies at z 2> 6 are dominated by disc morphologies (e.g. Paw-
lik, Milosavljevi¢ & Bromm 2011; Romano-Diaz et al. 2011; Feng
et al. 2015). For example, using the large-volume BLUETIDE simula-
tion, Feng et al. (2015) found that at z = 8-10, up to 70 per cent of
the galaxy population more massive than 10'® M, are disc galaxies.
Detailed measurement of more compact and clumpy galaxies are
limited by the angular resolution of instruments, and the origin of
observed clumpy morphologies at high redshift is still under debate.

Bowler et al. (2016) recently published size measurements for
a sample of extremely luminous galaxies at z ~ 7. Bowler et al.
(2016) divided the sample into two groups (single and multicom-
ponent) according to their morphologies. The size measurements
are shown as the yellow (all galaxies) and blue (single component)
diamonds in Fig. 1. We see that the size—luminosity relation for the
single morphology galaxies is in good agreement with our model,
while including clumpy morphology galaxies leads to larger sizes.
This may suggest that the multicomponent galaxies are merging
systems (Bowler et al. 2016). However, we are not able to rule
out the clumpy-formation scenario due to the simplification of our



semi-analytic model. Also, limited by the volume and mass resolu-
tion of our N-body simulation, the bright multicomponent galaxies
which undergo mergers will not be resolved by our model.

8 CONCLUSIONS

We have used the semi-analytic model MERAXES to study the depen-
dence of galaxy size on UV luminosity, stellar mass and redshift at
z ~ 5-10. We also studied the effect of supernova feedback on the
evolution of galaxy sizes. We show that the rotationally supported
disc model generally adopted in semi-analytic models can be used
to study the sizes of high-redshift galaxies. Our primary findings
are as follows.

(i) The effective radius scales with UV luminosity as R, o< L%%

for galaxies with luminosity Myy < —14. Galaxies with the same
disc size in the no-supernova feedback model have brighter UV
magnitudes than in the fiducial model.

(ii) Our fiducial model with strong supernova feedback success-
fully reproduces the redshift evolution of average galaxy sizes at
z > 5, which is slightly steeper than z < 5 observations. The model
with no-supernova feedback produces a significantly smaller radius
at fixed luminosity than the fiducial model.

(iii) The recently identified luminous galaxy GN-z11 at z ~ 11
(Oeschetal. 2016) lies on our model-fitted size—luminosity relation.
The fitted relation is also in agreement with the size measurements
of very luminous galaxies containing single components and with
individual components of luminous multicomponent systems at z ~
7 (Bowler et al. 2016).

(iv) A significant fraction of z > § galaxies will not be resolved
by JWST. However, GMT will have the ability to resolve all galaxies
in haloes above the atomic cooling limit.

We conclude that galaxy sizes provide an important additional
constraint on galaxy-formation physics during reionization, and
that current observations of galaxy size and evolution reinforce
the importance of supernova feedback. These findings are in agree-
ment with results based on the stellar mass function and luminosity
function.
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