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ABSTRACT

Recent observations by JWST have uncovered galaxies in the very early Universe via the JADES and CEERS surveys.
These galaxies have been measured to have very high stellar masses with substantial star formation rates. There
are concerns that these observations are in tension with the ACDM model of the Universe, as the stellar masses of
the galaxies are relatively high for their respective redshifts. Recent studies have compared the JWST observations
with large-scale cosmological simulations. While they were successful in reproducing the galaxies seen in JADES and
CEERS, the mass and spatial resolution of these simulations were insufficient to fully capture the early assembly
history of the simulated galaxies. In this study, we use results from the Renaissance simulations, which are a suite of
high resolution simulations designed to model galaxy formation in the early Universe. We find that the most massive
galaxies in Renaissance have stellar masses and star formation rates that are consistent with the observations from
the JADES and CEERS surveys. The higher resolution afforded by Renaissance allows us to model the build-up of
early galaxies from stellar masses as low as 10* Mg up to a maximum stellar mass of a few times 107 M. Within this
galaxy formation paradigm, and after extrapolating forward in time the stellar masses in Renaissance where required,
we find overall agreement with JADES and CEERS. We find no tension between the ACDM model and current JWST
measurements. As JWST continues to explore the high redshift Universe, simulations, such as Renaissance, will

continue to be crucial in understanding the formation history of early embryonic galaxies.

Keywords: JWST, Galaxies, Cosmological Simulations, High-Redshift.

1. INTRODUCTION

With the launch, and now the first observations with
JWST, the high-redshift Universe is being unveiled with
unprecedented detail for the first time. As exquisitely
detailed measurements of distant early galaxies are now
within range of observations, it allows for the opportunity
to compare the results of these observations against high
resolution simulations of early galaxy formation which
was previously intractable.

The JADES survey (Bunker 2019) has provided mea-
surements on five galaxies with spectroscopically con-
firmed redshifts at z > 10. Three of these galaxies
are the most distant yet detected. Robertson et al.
(2022), Curtis-Lake et al. (2022) and Bunker et al. (2023)
have constrained physical properties of these five galax-
ies, finding that the galaxies lie at (mean) spectroscopic
redshifts of z = 10.38 (GS-z10-0), z = 11.58 (GS-z11-
0), z = 12.63 (GS-z12-0), z = 13.20 (GS-z13-0) and
z = 10.60 (GN-z11). Additionally the CEERS project
(Finkelstein et al. 2022a) has also provided measure-
ments for Maisie’s galaxy which has a redshift of 11.44
(Arrabal Haro et al. 2023). In total there are six spec-
troscopically confirmed galaxies against which we can di-
rectly compare.

The JADES survey, performed using the NIRCam in-
strument on JWST, targets a region, previously studied
by the Hubble Telescope (Beckwith et al. 2006), in nine
different wavelength ranges. JADES was conducted with
the aim of detecting faint galaxies using the dropout-
technique (Bunker 2019) allowing for fast identification
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of high redshift galaxy candidates. However, the pho-
tometry alone is not enough to confirm the candidates’
redshift and a follow-up spectrum, using an instrument
like NIRSpec, is needed to confidently quantify the red-
shift of the candidates as noted above.

Similar to JADES, CEERS aims to study the first
500 Myr of galaxy evolution again by using a combi-
nation of the NIRCam instrument for fast identification
followed by a longer duration follow-up using NIRSpec.
Initial photometric measurements of Maisie’s galaxy and
of CEERS-93316 placed them at photometric redshifts of
Zphot = 11.08 (Finkelstein et al. 2022b) and zpnot = 16.45
(Donnan et al. 2022), respectively. Spectroscopic follow-
up measurements of these galaxies confirmed their red-
shifts to be zgpec = 11.44 and zgpec = 4.912 (Arrabal
Haro et al. 2023), respectively. Due to the decrease in
redshift of CEERS-93316 to a much lower redshift, we do
not include it in the analysis in this paper and instead
only include the high redshift Maisie’s galaxy.

The spectra of the galaxies found in JADES and
CEERS were analysed using Beagle (Chevallard & Char-
lot 2016), to estimate the stellar mass and star formation
rate of each galaxy which we compare directly against
our simulations. More details on the modelling proce-
dure used to reduce the observational data can be found
in the detection papers (e.g. Bunker et al. 2023; Arrabal
Haro et al. 2023).

In a recent study (Keller et al. 2023, hereafter K23)
tested the capabilities of a variety of cosmological simu-
lations by investigating whether these simulations were
able to reproduce galaxies with properties similar to the
galaxies observed in the JADES and CEERS surveys.
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To do this, K23 utilised EAGLE (McAlpine et al. 2016),
Mlustris (Vogelsberger et al. 2014), TNG100 (Naiman
et al. 2018), RomulusC (Tremmel et al. 2018), OBELISK
(Trebitsch et al. 2021) and Simba (Davé et al. 2019).

K23 concluded that the cosmological simulations they
examined were able to reproduce galaxies with a similar
stellar mass and star formation rate (SFR) compared to
the galaxies observed in the JADES simulations and that
the observed galaxies are consistent with a flat ACDM
model. In this paper, we build-on the work of K23 by
comparing the JADES and CEERS results against high
resolution simulations that were designed to specifically
examine a high-redshift environment and to model the
early assembly history of the first galaxies. By consid-
ering simulation data from both the higher halo mass
regime of K23 and the lower halo mass data from this pa-
per, we strengthen the argument that there exists no ten-
sion between the measurements of JWST and the ACDM
model of the Universe.

This study accomplishes this using the Renaissance
simulation suite (Xu et al. 2013; Chen et al. 2014; O’Shea
et al. 2015). The Renaissance simulations model early
galaxy formation in three regions which differ from each
other by their level of overdensity (see O’Shea et al. 2015,
for details). Using a similar methodology to K23, we
compare the results from these simulations to the JADES
and CEERS galaxy property estimates, observationally
validating our simulation results and also determining
the likeliness of such massive galaxies forming early in a
ACDM cosmology.

There have been significant concerns that the early
measurements by JWST are in conflict with the ACDM
model of the Universe. In particular, there are claims
that the stellar masses of the galaxies observed by JWST
are simply too high to be explained in the context of a
ACDM cosmology (e.g. Haslbauer et al. 2022) and that
the masses of the JWST galaxies, as measured at red-
shifts between 7 and 10 by Labbe et al. (2022) in partic-
ular, are testing the upper limits on the available bary-
onic mass available according to ACDM (Boylan-Kolchin
2023). See also Lovell et al. (2023), Dekel et al. (2023),
Harikane et al. (2023), Steinhardt et al. (2023), Menci
et al. (2022), and Mason et al. (2023) for more discus-
sion and analysis on the proposed tension between the
JWST measurements and ACDM.

This paper addresses these concerns by showing that
simulations (based on a ACDM cosmology) are able to
reproduce galaxies consistent with the early findings of
JWST at least at the very highest redshifts explored by
it. If the Labbe et al. (2022) result holds under spectro-
scopic scrutiny and the galaxies are found to lie in typ-
ical regions of a ACDM Universe, then, as pointed out
by Boylan-Kolchin (2023), this represents a major chal-
lenge to standard cosmology. However, see also Prada
et al. (2023) which offers an alternative explanation to
the large stellar masses found by Labbe et al. (2022).

The paper is laid out as follows: §2 describes the
high-resolution Renaissance simulations as well as the
methodology and code used to run the suite, §3 discusses
the results of the analysis performed and in §4 we discuss
the implications of the results and the case for further
analysis of the high redshift Universe using cosmological
simulations.
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FiG. 1.— Mass-weighted density projection of the (40 comoving
Mpc)?3 exploratory dark matter simulations at redshift z = 8 used
in the Renaissance suite. The survey volumes of the Rarepeak,
Normal and Void regions are outlined. The Rarepeak region is
centered on the most massive halo at z = 6. Due to projection ef-
fects, the Normal region appears as dense as the Rarepeak region.
However, the average overdensity of the Normal region is only 9%
higher than the mean matter density. Visualisation originally pub-
lished in Xu et al. (2016).

2. METHODOLOGY
2.1. The Renaissance Simulations

The Renaissance simulations (Xu et al. 2013; Chen
et al. 2014; O’Shea et al. 2015; Smith et al. 2018;
Wise et al. 2019) were run using the massively parallel
adaptive mesh refinement Enzo code (Bryan et al. 2014;
Brummel-Smith et al. 2019). We briefly describe the
methods used here, but refer the interested reader to
the previous papers for a more complete discussion.
The Renaissance simulation suite is composed of three
zoom-in regions (see Figure 1) extracted from a parent
comoving volume of 40 Mpc on a side. The three
separate zoom-in regions were named the Rarepeak
(RP) region, the Normal region and the Void region.
The 3zoom—in volumes ranged from 200 to 430 comoving
Mpc®.

The RP region is centred on a 3 x 10! Mg halo
at z = 6 with an enclosing comoving volume of
(3.8 x 5.4 x 6.6) Mpc3. The Normal and Void volumes
have comoving volumes of (6.0 x 6.0 x 6.125) Mpc3. All
three regions have projected areas comparable to the
NIRCam field of view with the RP, Normal, and Void
regions respectively subtending (1.2' x 1.8’ x 2.2') at
z =15, (2.1 x2.1" x 2.1") at z = 11.6, (2.2" x 2.2’ x 2.3)
at z = 8. The Renaissance suite uses the cosmological
parameters from the 7-year WMAP ACDM+SZ-+LENS
best fit (Komatsu et al. 2011) with Qy = 0.266,Q =
0.734,Qp = 0.0449,h = 0.71,08 = 0.81 and n = 0.963.
The (dark matter) particle mass resolution of the
Renaissance suite is 2.9 x 10* Mg and the maximum
spatial resolution afforded by the adaptive mesh is 19
comoving pc. This allows the Renaissance suite to
resolve most of the minihaloes in which the first stars are
expected to form (e.g. Machacek et al. 2001; Kulkarni
et al. 2021; Chiaki et al. 2023).



In particular, Renaissance employs a model for
metal-free (Population III) and metal-poor (Population
IT) star formation (Wise & Cen 2009; Wise et al. 2012)
allowing for the stochastic sampling of the formation
of the first stars and galaxies, inspired by star forma-
tion simulations and observations rather than their
galactic counterparts because they resolve individual
star-forming clouds. Under the assumption that metal-
enriched star formation is insensitive to redshift, Wise
et al. (2012) used an efficiency of 7 per cent of the
cold gas within a dense cloud being converted into
Population II star particles, similar to what was found
in present-day star formation simulations (Krumholz &
McKee 2005), which were themselves consistent with ob-
servations (Tan et al. 2006) at the time of the method’s
formulation.  They calibrated the feedback models
against local dwarf galaxy properties, in particular the
metallicity distribution function, ensuring that they
avoided the “overcooling problem” that overestimates
the stellar mass and thus metallicities. The resulting
metal enrichment driven from the collapse of the first
stars results in the emergence of the second generation
of stars which ultimately lead to the birth of the first
massive galaxies - the galaxies which JWST is now
observing.

The computational complexity of the
Renaissance suite means that evolving these sim-
ulations to the present day is completely intractable.
As such the RP simulation was evolved to z = 15, the
Normal simulation evolved to z = 11.6 and the Void
region to z = 8. As some of the JADES and CEERS
results are at somewhat lower redshifts (compared to
the RP and Normal runs) we extrapolate our results to
the JADES and CEERS spectroscopic redshifts in some
cases.

As discussed in the Introduction, the comparison
study undertaken by K23 uses the simulation datasets
from EAGLE, Ilustris, TNG100, RomulusC, OBELISK
and Simba. In Table 1 we compare the simulation
datasets used in K23 versus that used here (i.e. against
Renaissance). The simulations used in K23 do not have
sufficient resolution to probe the formation of the first
stars and can resolve, at best, the formation of the first
atomic cooling haloes. The Renaissance suite allows
us to probe the assembly processes involved in forming
the haloes that appear in the simulations used in K23
as well as the building blocks of the galaxies now being
observed with JWST.

2.2. Extrapolating the Stellar Mass of the Simulated
Galazxies based on the Star Formation History

To properly compare the simulated galaxy conditions
against observations, we need to have simulated values
at the same redshift as the JADES and CEERS mea-
surements. However, as discussed, both the Normal and
RP regions of the Renaissance simulations only reach a
redshift of z = 11.6 and z = 15 respectively. Therefore,
the Normal region does not reach sufficiently low red-
shifts so as to be directly comparable against two of the
JADES and CEERS galaxies, while the RP region can-
not be directly compared, in terms of redshift, against
any of the JADES and CEERS galaxies. To rectify this,
we extrapolate the stellar masses of the most massive
galaxy in both the Normal and RP region based on their

TABLE 1
SIMULATION DOMAIN SIZES AND RESOLUTION

Simulation | Box size [cMpc| | Mpum [Me] | Azpm,« [pel
Simba 147.7 9.7 x 107 500
EAGLE 100 9.7 x 106 2660
TNG100 110.7 7.5 x 106 740
Nlustris 106.5 6.3 x 106 710
OBELISK 142.0 1.2 x 108 540
RomulusC 50 3.4 x 10° 250
Renaissance 40 2.4 x 10 19

Notes: The first column gives the simulation suite name, the
second column the comoving box size length of each simulation
used in K23, the third column gives the dark matter particle
resolution, Mpyr, and finally the fourth column gives the spatial
resolution, The spatial resolution was based on the gravitational
softening lengths for the SPH simulations and for the AMR
simulations it is based on the cell length. For the Renaissance
suite we give the parent box size (40 cMpc) but note that the
results we show here are for the zoom in regions which have box
lengths of approximately 6 cMpc.

respective specific Star Formation Rates (sSFR) forward

in time to connect with the observational redshifts.

The definition of the sSFR is
g
1

where ¥ is the SFR and M, is the stellar mass. We
use three values for Ug in our extrapolation method: A
maximum value of 10~7 yr~!, a nominal value of 1078
yr~!, and a minimum value of 1072 yr=!. These val-
ues were chosen from the range of sSFR values found
in Renaissance (see also Figure 4). The extrapolated

mass is dictated by the differential equation
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dM,
U= = WUgM,, 2
g 2)
where the solution of this equation is
M, (t) = Mye¥s(t=to), (3)

Here, My is the final simulated stellar mass of the halo
and to is the final simulated time. Using Equation (3)
we can then predict the stellar mass of the galaxy past
the final simulation time. We will discuss the impact of
this extrapolation method in more detail next.

3. RESULTS

We begin here by comparing the most massive galaxy
in each of the RP, Normal and Void regions against the
JADES and CEERS results. We then follow this by com-
paring the global galaxy assembly history of all of the
galaxies in the Renaissance suite against the JADES
and CEERS results.

3.1. Comparing the Most Massive Galazies in
Renaissance with the JADES and CEERS
measurements

In Figure 2 we plot the stellar masses of the most mas-
sive galaxy in each region in Renaissance against the
stellar masses of each of the JADES and CEERS survey
galaxies. As discussed in §2.2, we extrapolate the stellar
masses to the observed redshifts for the comparison.
From Figure 2 we can immediately see that the most
massive galaxy in the Normal region (blue line), which
evolves to a z = 11.6, has a stellar mass greater than GS-
z10-0 and is consistent with or within a factor of a few
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Fic. 2.— The most massive galaxy in each of the Rarepeak (RP, orange), Normal (blue) and Void (green) regions are shown. The

six star shaped symbols identify the JADES and CEERS galaxies giving both their stellar masses and the redshift at which they were
spectroscopically identified. The most massive galaxies in both the RP and the Normal regions are in excellent agreement with the JADES
and CEERS observations. The shaded region denotes the extrapolation of the stellar masses based on the SFR history of the respective
galaxy where the region is bounded from above by a specific star formation rate of 10=7 yr~! and from below by a sSFR of 10~ yr—1.
The dashed line represents an extrapolated mass based on a sSFR, of 1078 yr—!. Finally, we plot lines labelled by dn/dz the expectation
value for finding a galaxy of a given stellar mass at a given redshift in a field of view comparable to NIRCam. For this we assume a gas
mass corresponding to the baryon fraction and a star formation efficiency (SFE) of 0.1 using the Sheth-Tormen (Sheth & Tormen 1999)
halo mass function as the underlying framework. All of the JADES, CEERS and Renaissance haloes are consistent with ACDM predictions
of finding at least one halo with these stellar masses in this volume. See text for further details on the consistency with respect to ACDM

predictions.

compared to the stellar mass of the remaining five galax-
ies. The RP region, which does not overlap in redshift
with any of the JADES and CEERS galaxies, is consis-
tent in terms of stellar mass with each of the observed
galaxies once extrapolation (using the sSFR) is consid-
ered. The upper bounds of both shaded regions is based
on a constant sSFR value of 10~7 yr—!, the lower bounds
being 10~? yr—!, and the dashed lines show the extrap-
olated stellar masses based on an nominal sSFR value of
1078 yr~!. The dashed line belonging to the RP region
is overall consistent with each of the observed galaxies,
with GS-z11-0 and GN-z11 lying within the bounds of
the extrapolations. The Void region shows systemati-
cally lower stellar masses and does not achieve the same
stellar masses as those found in JADES and CEERS.
Large-scale overdensities are directly related to the
overabundances of galaxies through the halo mass func-
tion and the halo mass — stellar mass relation, shown
by Xu et al. (2016) for the Renaissance suite in partic-
ular. The observed stellar mass estimates suggest that
the CEERS and JADES fields are not likely underdense

regions. However, additional work would be needed to
statistically conclude that the JADES and CEERS were
observed in overdense regions.

To provide additional context and to quantify the rar-
ity of haloes at these masses and redshifts, we plot lines
in Figure 2 to represent the number of haloes of a cer-
tain (stellar) mass we expect JWST to see at a specific
redshift. These lines are based on the baryon fraction
obtained from WMAP7 and a star formation efficiency
(SFE) of fy = M*/[(Qb/QM)Mhalo] = 0.1,with the bary-
onic fraction being Qp/Qpr ~ 0.17. While this value for
the SFE may seem high (see e.g. Tacchella et al. 2018)
for this redshift regime, Renaissance shows an increas-
ing SFE value dependent on the halo mass (see Figure
5), for this reason a value of 0.1 seems appropriate for
the extrapolation. The value of dn(M,, z)/dz represents
the number of galaxies of stellar mass M, or greater we
expect to see at redshift z in the NIRCam field of view.
For example dn/dz = 1072 tells us that we expect to see
one galaxy with stellar mass M, or greater at redshift
z in every one thousand frames with the angular size of



NIRCam.

All of the galaxies are consistent with the dn/dz = 1
line except the GS-z11-0 galaxy whose error bars are
marginally above the dn/dz = 1 line. This means that
we should expect to observe at least one galaxy of that
stellar mass in the field of view of NIRCam. The lines
at dn/dz = 1072 and 10~° represent a mass scale that
would be increasingly unlikely to observe at that redshift.
The calculations used in the creation of these values is
described in Appendix A.

We can observe that the Normal region does not con-
tain a galaxy that exceeds the dn/dz = 1 line. This can,
however, be explained through cosmic variance (Chen
et al. 2023; Bhowmick et al. 2020) which would provide
an uncertainty in the expectation values of the stellar
mass of ~ £100% (e.g. Ucci et al. 2021). It may also be
explained by a variance in the halo mass function used
at high redshifts (Yung et al. 2023), which would provide
an additional uncertainty up to an order of magnitude in
the abundances of halos at fixed stellar mass. Combining
these two uncertainties can easily move the dn/dz = 1
lines up (or down) by a factor of a few.

In summary, the JWST observed galaxies are over-
all consistent with both the Normal and RP regions
once the extrapolation methods and cosmic variance are
taken into account. Both GN-z11 and GS-z11-0 are un-
usual galaxies and detailed hydrodynamic simulations
are clearly struggling to match their luminosities and
stellar masses perfectly. It may be that these galax-
ies contain star formation processes not currently cor-
rectly modelled by our subgrid recipes - by this we mean
that these JWST galaxies may contain stars born from
an extremely top heavy IMF including a population of
extremely massive stars (e.g. Charbonnel et al. 2023a;
Nagele & Umeda 2023) or unusually strong bursts of
star formation (e.g. Kobayashi & Ferrara 2023). In ad-
dition to this, GN-z11 shows signatures of AGN activity
(Maiolino et al. 2023a; Scholtz et al. 2023) which is not
currently modelled by Renaissance for example and the
processes responsible for seeding this massive black hole
may well be a factor in explaining its large luminosity.
Finally, we make no attempt here to analyse absolute
cosmic abundances of high mass galaxies. The galaxies
found thus far by JWST at these redshifts are at the ab-
solute limit of the Renaissance simulations and we are
not in a position to quantify such abundances. This is
due to the small volume of the Renaissance simulations
and thus the limitation in quantifying the statistics of
high mass haloes in this epoch of the Universe.

Figure 3 shows the SFR history of the most massive
galaxy in the RP, Normal and Void regions - the same
as Figure 2. Here and thereafter we consider the av-
erage SFR over the previous 20 Myr, i.e. the stellar
mass of star particles younger than 20 Myr divided by
20 Myr. Comparing the observed (coloured symbols)
and simulated galaxies (solid coloured lines), it is clear
that Renaissance is able to reproduce galaxies with star
formation rates generally consistent with the galaxies
observed in JADES and CEERS. This is achieved due
to the excellent mass and spatial resolution afforded by
Renaissance which gives Renaissance the unique ca-
pability to follow the formation of the galaxy stellar pop-
ulation(s) from approximately 10* Mg up to the final
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Fia. 3.— The star formation rates (SFRs) of the most massive
galaxy in each of the RP (orange), Normal (blue) and Void (green)
regions. The SFR of the JADES and CEERS galaxies are also
plotted as star symbols with associated error bars (Robertson et al.
2022; Arrabal Haro et al. 2023; Bunker et al. 2023). All of the
modelled galaxies show an initial burst of star formation at the
early stages of evolution with a leveling off as each halo continues
to evolve. In the cases where the observed galaxies overlap with the
modelled galaxies, the SFRs found are consistent with each other
within an order of magnitude. Both the Normal and RP regions
show SFRs, for their highest mass galaxies of between 0.5 and 1

Mg yr~!. The most massive galaxy in the Void region shows a

lower SFR as expected (e.g. Xu et al. 2016).

simulated stellar masses of a few times 107 M. What
we see is that the star formation rates start several orders
of magnitude below that observed but in very inefficient,
star forming, haloes. As the star formation efficiency in-
creases (see also Figure 4) the simulated values quickly
level off to the observed values ultimately reaching values
of approximately 1 Mg yr—1.

It is the higher mass resolution of Renaissance, af-
forded through the use of adaptive grids in a zoom-in
setup, that allows us to follow the build up of the galaxy
from initially very small stellar masses (~ 10* Mg) up to
a final stellar mass of more than > 107 Mg. Addition-
ally, the spatial resolution of 19 comoving pc allows for
the internal structure and dynamics of these early galax-
ies to be well resolved.

We observe an initial burst of star formation in the
Renaissance galaxies plotted in Figure 3 with a leveling
off in the SFR as the halo continues to evolve. This can
be explained via the following mechanisms. In the initial
stages of star formation in the haloes, the mass resolution
of Renaissance is sufficient to capture the early assem-
bly history. Once the halo mass exceeds the atomic cool-
ing threshold and gas can cool via atomic line emission,
the gas begins to collapse and form Population II stars
more readily and the star formation efficiency increases
rapidly. The feedback from the Population II star forma-
tion heats up the surrounding environment thus regulat-
ing further star formation. This results in an equilibrium
in the SFR of the halo and is represented by the leveling
off seen in Figure 3.

3.2. Comparing all Galaxies in Renaissance with
JADES Measurements and Simulation Results

We now expand our analysis to a larger set of high-
redshift simulated galaxies to determine how the ob-
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Fic. 4.— The star formation rates of the galaxies in the Re-
naissance simulations, which occupy lower masses in the plot and
shown in blue hexbins, and the galaxies in the K23 simulations,
which exist at higher masses and shown in orange hexbins, as a
function of stellar mass. The bin saturation depicts the number of
galaxies in a log-scale. The galaxies from the Renaissance simu-
lations (blue hexbins) exist at redshifts greater than 15, 11.6, and
8 for the RP, Normal, and Void region, respectively. The K23 sim-
ulations are in the range of z = 10 — 14 for four full-box and two
zoom-in simulations. We consider all outputs from the simulations
as a stack over all snapshots. Lines of constant sSFR are plotted
that are representative of the majority of the galaxies in the sim-
ulations. We plot the JADES and CEERS observations as stars,
consistent with the simulation data.

served galaxies compare. Figure 4 shows the SFR of each
galaxy as a function of the stellar mass of each galaxy in
Renaissance along with the galaxies from the simula-
tions included in K23. By including the data from our
simulations and the K23 simulations, we see how both
lower and higher mass galaxies compare to the JADES
and CEERS data that is plotted on Figure 4 as coloured
stars. The data on GS-z13-0, GS-z12-0, GS-z11-0 and
GS-z10-0 are taken from Robertson et al. (2022), GN-
z11 is taken from Bunker et al. (2023) while the data
on Maisie’s Galaxy is taken from Arrabal Haro et al.
(2023). In this comparison, we consider all galaxies in the
RP, Normal, and Void regions of the Renaissance sim-
ulations that extend to very low stellar masses, shown
starting from 10* M, (blue hexbins), while the K23 sim-
ulations (orange hexbins) provide insight into the higher
mass regime. As shown by Figure 4, the trends found in
the Renaissance simulations compliment the K23 sim-
ulations at higher masses that overlap the JADES and
CEERS observations, showing the cohesion between the
simulations and observed data.

We show lines of constant sSFRs that are representa-
tive of the majority of the data in Figure 4. The fig-
ure shows that most galaxies at high-redshift quickly
assemble, lying in the range 10=7 — 107° yr—! corre-
sponding to e-folding times of 10 Myr to 1 Gyr. While
it is difficult to see any definite trends in the heatmap
because of the differing simulations and zoom-in re-
gions, this figure demonstrates that early galaxy for-
mation progresses at a fairly rapid rate with the lower
mass galaxies having higher sSFR values. The plot
shows that the Renaissance simulation follows closely
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Fic. 5.— The stellar mass of each galaxy from the Renaissance
simulation plotted against the halo mass of each galaxy over time.
The green, yellow, orange, and purple dashed lines show the stellar
mass given a constant SFE of 0.01, 0.1, 1, and 10 per cent, respec-
tively. The blue solid line shows the median stellar mass while the
shaded blue region shows the standard deviation, each of them as
a function of the halo mass.

with the trend shown in the K23 simulations. For both
sets of data, we can see that the distribution of the
SFRs increases as stellar mass increases with a constant
slope. The Renaissance data connects smoothly to the
K23 and JADES data, showing how the galaxies in the
Renaissance simulations could evolve over 200 Myr to
become the JADES and CEERS galaxies. The consistent
progression of SFR in Figure 4 from the low-mass regime
(blue hexbins) to higher masses (orange hexbins) indi-
cates that these z > 10 galaxies detected by JADES and
CEERS are the most massive examples within a much
larger and still undetected population of young and low-
mass galaxies.

3.3. Simulated Stellar Mass — Halo Mass Relation

The growth of low-mass galaxies is ultimately con-
trolled by the host dark matter halo growth, thus we
turn our attention to the stellar mass - halo mass rela-
tionship of the galaxies in the Renaissance Simulations
to shed light on the origins of the galaxies observed in
CEERS and JADES. Figure 5 shows the stellar mass of
each galaxy in the Renaissance simulation against its
host halo mass from all zoom-in regions which shows the
linear relationship between the halo mass and the stel-
lar mass in the Renaissance galaxies until reaching the
atomic cooling limit. We plot data from all outputs in the
simulation suite. We can combine these datasets because
galaxy scaling relations do not vary greatly, though with
a large galaxy-to-galaxy scatter, with redshift at these
early times (see Figure 15 and Table 2 in Xu et al. 2016).
Here we focus on the trends between stellar mass and
halo mass in this low-mass regime. From the raw data
alone, there is a large scatter at all halo masses, culmi-
nating from highly variable SFRs that arise from periodic
gas expulsions from stellar feedback.

To better show any trends, we show the median value
(solid blue line) as a function of the halo mass for all



galaxies. We depict the standard deviation as the shaded
blue region, which remains fairly constant in log-space
throughout this mass range. We also show lines of con-
stant star formation efficiency (SFE) for convenience. As
demonstrated in Figure 3, galaxy growth does not pro-
ceed at a constant SFR and thus SFE, especially at these
low masses when star formation can be bursty. Each
galaxy makes its unique path through this parameter
space. When a population of bursty galaxies are consid-
ered, these variable tracks transform into a relationship
shown in the figure. Throughout most of the plot, the
slope of the median line is steeper than the slopes of the
constant SFE lines, meaning that the galaxies are, on
average, forming stars more efficiently as they grow.

This trend clearly shows an increase in the M, — My,
slope around the atomic cooling limit at ~ 108 Mg. Gas
cooling and thus star formation within these nascent
galaxies are inefficient below this limit with a median
SFE f, ~ 2 x 1072, Once the gas can cool through
atomic processes, star formation becomes more efficient,
depicted by the increase in the slope and associated SFE.
By the time haloes reach 10° M, the median SFEs are a
few per cent, similar to the more massive galaxies probed
by the simulations highlighted in K23. With this infor-
mation, we are able to justify our use for the SFE value
of SFE = 0.1 that we use for the mass extrapolation dis-
cussed in §2.2.

We note that the turnover to a negative slope is an
artefact of limited galaxy sample at these highest halo
masses in the Renaissance simulations. In principle,
the stellar mass should continue to grow as the halo
grows. These most massive haloes have lower stellar
masses than some of slightly less massive haloes. This
is not unexpected because of the large scatter in the stel-
lar mass - halo mass relation, caused by the stochastic
nature of early galaxy formation.

4. DISCUSSION AND CONCLUSIONS

The goal of this study is to investigate whether or not
the initial findings of JWST, via the JADES and CEERS
surveys, are consistent with state-of-the-art high resolu-
tion simulations. Additionally, the high (mass) resolu-
tion simulations allow us to study in detail the assem-
bly history of these galaxies and allow us to connect
the modelled galaxies with those observed in JADES
and CEERS. We find that, using the high spatial and
mass resolution Renaissance simulations, that excellent
agreement exists between observations and simulations.
There is a limitation in the fact that we are unable to
compare the simulations and measurements at similar
redshifts. To address this, an extrapolation method was
applied to the end masses of the most massive haloes
in the RP and Normal regions. We justify this caveat,
by extracting directly the range of sSFR values found
across all halo mass ranges in Renaissance (see Figure
4). These sSFR values were then used to put lower and
upper bounds on the mass of the most massive haloes in
both the Normal and RP regions.

We also address the fact that both the GN-z11 and GS-
z11-0 galaxies are above the (extrapolated) mass of the
most massive galaxy in the RP region (when a sSFR of
10~8 yr~!is used). GN-z11 was recently found to have an
anomalously high abundance of N/O (Charbonnel et al.
2023b) and likely hosts an active AGN (Maiolino et al.
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2023b; Scholtz et al. 2023), a characteristic that will be
missed by Renaissance. These outliers may also be ex-
plained by an uncertainty associated with cosmic vari-
ance, as discussed in §3.1 or an uncertainty associated
with the higher ends of the redshift ranges (Yung et al.
2023).

Our results are consistent with a similar study by
Keller et al. (2023) who compared a range of somewhat
larger scale simulations against the initial JADES and
CEERS results. The combination of the larger scale
study by K23 with the higher resolution simulations here,
which can accurately track the initial assembly history of
the galaxies subsequently found in the K23 simulations,
provides compelling evidence for excellent agreement be-
tween the JADES and CEERS results and the ACDM
model. It is the combination of the two regimes that is
crucial in this regard. Our overall findings can be broken
down as:

e The most massive haloes in Renaissance have
comparable stellar masses to the JADES and
CEERS galaxies after extrapolating the masses.
The Renaissance simulation suite does not evolve
in time to the same epoch as all of the observa-
tions and so we must extrapolate the (specific) star
formation rate forward in time for some galaxies -
but nonetheless the agreement is overall remark-
able. Comparing with the theoretical expectation
of galaxies within a field of view identical to NIR-
Cam, we find that the z > 10 galaxies detected in
JADES and CEERS are consistent with that ex-
pected from a ACDM cosmology.

e The star formation rates for the most massive
galaxies in Renaissance are overall consistent
with the JADES and CEERS measurements. The
star formation histories show specific star forma-
tion rates, as a function of stellar mass, generally
consistent with these latest z > 10 JWST observa-
tions. Finally, it is also possible that the observed
stellar masses may be affected by bursts of star for-
mation close to the epoch of observation which may
effect the derived results (Narayanan et al. 2023).

e The mass resolution of Renaissance allows us to
capture the rapid assembly of galaxies in the early
Universe. After inefficiently forming stars below
the atomic cooling threshold at a median SFE of
2 x 1073, star formation becomes more rigorous
yet feedback-regulated, reaching levels of a few per
cent at galaxy masses similar to the JADES and
CEERS measurements.

e We conclude that both lower and finer resolution
simulations agree that the JADES and CEERS
measurements and are not in tension with current
galaxy formation models.

JWST has for the first time enabled a detailed view of the
early Universe. Initial findings of massive early galaxies
has surprised many with some discussion in the literature
that the JWST results maybe in conflict with ACDM
(Haslbauer et al. 2022; Boylan-Kolchin 2023). However,
what we find is that in the context of a ACDM Universe
there is no tension between theory and observation at
the very highest redshifts that we can currently probe.



As more measurements are made with JWST and fu-
ture record breaking observatories, it comes with more
opportunity to utilise high-resolution simulations like
Renaissance and further stress test the ACDM model.
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APPENDIX
APPENDIX A: CALCULATING THE NUMBER OF HALOES EXPECTED TO BE SEEN BY JWST

In Figure 2 we present predictions for the number of haloes of a certain stellar mass, M, we expect to see in JWST’s
FoV, Q, at a certain redshift, z. To do this we use the hmf module (Murray et al. 2013) to supply a halo mass function
which we then use in our calculation. The halo mass function provides the number of haloes with a mass between M
and M + dm at z per comoving volume. The number of haloes we expect to see per comoving Mpc in JWST’s field
of view, with a mass greater than My, is calculated as follows:

A /Oo L2y dm (A1)

dr. M, dm
A(z), measured in Mpc?, is the comoving area at redshift z and is calculated from
A(z) = Qri(2) (A2)

where r.(2) is the comoving distance as a function of redshift. We can then convert it to the amount of haloes NIRCam

should observe per redshift with
dn _ dndr.

dz dr. dz

(A3)

It is noted that effects due to dust extinction and the angular resolution of JWST’s cameras are ignored for this
calculation. For the field of view calculation, we use the FoV of the NIRCam instrument (9.7 arcmin?).

This paper was built using the Open Journal of Astrophysics IATEX template. The OJA is a journal which provides
fast and easy peer review for new papers in the astro-ph section of the arXiv, making the reviewing process simpler
for authors and referees alike. Learn more at http://astro.theoj.org.
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