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ABSTRACT

Context. Some models of the formation of first galaxies predict low masses and faint objects at extremely high redshifts, z ~ 9-15.
However, the first observations of this epoch indicate a higher-than-expected number of bright (sometimes massive) galaxies.

Aims. Numerical simulations can help to elucidate the mild evolution of the bright end of the UV luminosity function and they can
provide the link between the evolution of bright galaxies and variations of the galaxy formation efficiency across different redshifts.
Methods. We use the FirstLight database of 377 zoom-in cosmological simulations of a volume- and mass-complete sample of
galaxies. Mock luminosities are estimated by a dust model constrained by observations of the S—Myy relation at z = 6-9.

Results. FirstLight contains a high number of bright galaxies, Myy < —20, consistent with current data at z = 6—13. The evolution of
the UV cosmic density is driven by the evolution of the galaxy efficiency and the relation between Myy and halo mass. The efficiency
of galaxy formation increases significantly with mass and redshift. At a fixed mass, galactic halos at extremely high redshifts convert
gas into stars at a higher rate than at lower redshifts. The high gas densities in these galaxies enable high efficiencies. Our simulations
predict higher number densities of massive galaxies, M, ~ 10° M, than other models with constant efficiency.

Conclusions. Cosmological simulations of galaxy formation with detailed models of star formation and feedback can reproduce the

different regimes of galaxy formation across cosmic history.
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1. Introduction

The formation of the first galaxies marks the end of the cos-
mic dark ages and the beginning of cosmic dawn. The Uni-
verse during this first-light epoch was dense, mostly neutral
and pristine. The conditions for galaxy and star formation were
very different than at later times (Abel et al. 2002; Bromm et al.
2002; Yoshida et al. 2008; Klessen & Glover 2023). Thanks to
the brand new James Webb Space Telescope (JWST), we are now
getting a first glimpse of this epoch.

The most surprising result from JWST is the higher-
than-expected number of bright (sometimes massive) galax-
ies observed at extremely high redshifts, z = 9-15
(Naidu et al. 2022; Castellano et al. 2022; Adams et al. 2023;
Atek et al. 2023; Donnan et al. 2023; Harikane et al. 2023;
Pérez-Gonzélez et al. 2023; Leung et al. 2023; Hainline et al.
2024; Casey et al. 2024; Finkelstein et al. 2024; Yan et al. 2023).
These galaxies are bright in the rest-frame UV, Myy < —20, and
they are relatively massive, M, = 108-10° M,, for that early
epoch. As a result, both cosmic UV and mass density decrease
gently with redshift and this pushes the formation of first galax-
ies to even higher redshifts. These observations, although uncer-
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tain, challenge our understanding of the growth of galaxies at
these early times.

Several solutions have been proposed. For example, UV
variability due to bursts of star formation (SF) could impact
the bright-end of the UV luminosity function (UVLF) at these
high redshifts (Shen et al. 2023; Sun et al. 2023a; Gelli et al.
2024). However, it is not clear whether the necessary degree
of burstiness is consistent with the SF histories of these galax-
ies. Mason et al. (2023) similarly argue that current observations
are biased toward the most extreme star-forming galaxies for
a given halo mass. This highlights the need for deeper obser-
vations of galaxies at z > 9. If dust attenuation is negligi-
ble at high-z, UV bright galaxies can be more abundant than
expected (Ferrara et al. 2023; Tsuna et al. 2023). A related solu-
tion involves the evolution of the initial mass function (IMF).
A top-heavy IMF due to Pop III stars can boost the UV lumi-
nosities by a factor of a few (Yung et al. 2023, 2024). How-
ever, metallicity increases quickly after the first supernovae
(SN) explosions and these SN shells produce dust in short
time-scales (Le$niewska & Michatowski 2019). Therefore, the
relatively massive galaxies observed by JWST should also host
significant amounts of metals and dust. Some of these stel-
lar mass estimates show a 3-co tension with the ACDM sce-
nario, but this does not necessarily falsify the current paradigm
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(Lovell et al. 2023). Instead, better mass estimates from photom-
etry fitting are needed to constrain complex SF histories and total
stellar masses.

The intrinsic UV luminosities of these galaxies are related
to their star formation rates (SFRs) and galaxy growth. The
fuel for SF is provided mainly by gas accretion into galaxies
(Dekel et al. 2009). At a first approximation, this mass accretion
is regulated by the halo growth (Bouché et al. 2010; Lilly et al.
2013; Dekel et al. 2013). We can therefore define a galaxy for-
mation efficiency as the ratio between stellar and halo growth.
This definition excludes the growth of the gaseous component
(Dekel et al. 2013), as these UV luminosities mostly trace stellar
light. In principle this efficiency may vary with mass and red-
shift, depending on the particular conditions of the galaxy/halo
assembly. A higher efficiency at extremely high redshifts could
explain the excess of UV-bright galaxies at z > 9. Dekel et al.
(2023) propose a scenario in which stellar feedback from mas-
sive stars is not able to regulate the SF process in massive galax-
ies at high-z. In the Feedback Free Bursts (FFB) model, the SF
efficiency is higher than in starbursts at lower redshifts because
of the higher gas densities in star-forming regions. Li et al.
(2024) provides predictions that can be compared with current
observations.

Cosmological simulations that predict the efficiency of feed-
back need to resolve the small scales where mass, energy
and momentum are injected into the interstellar medium
(Ceverino & Klypin 2009; Fichtner et al. 2024). Only zoom-in
simulations resolve the expansion of over-pressured bubbles that
merge into galactic-scale outflows. However, most of these sim-
ulations only sample a few regions (O’Shea et al. 2015; Ma et al.
2018; Katz et al. 2019; Pallottini et al. 2019) and therefore it is
difficult to make predictions of the overall galaxy population.
The FirstLight database (Ceverino et al. 2017a, 2018) is a mass-
complete sample of zoom-in simulations that allows population-
averaged statistics with 10-20pc resolution in a (60 Mpc)?
comoving volume. For example, Ceverino et al. (2018) charac-
terize the typical SF bursts at these high redshifts, using more
than 1000 individual starbursts.

A subsample of the FirstLight simulations shows that the
stellar-to-halo mass relation evolves by a factor 3 between
z = 6 and z = 10 for a fixed halo mass around M; ~
10'°M,, (Ceverino et al. 2017a). This evolution is related to the
galaxy formation efficiency. In this paper we extend that rela-
tion to higher masses and redshifts. We investigate whether
the FirstLight simulations with a diverse feedback model (ther-
mal+radiative+kinetic) is able to reproduce the JWST obser-
vations of bright galaxies at z > 9 as well as previous HST
observations at lower redshifts, z =~ 6. This paper also links the
origin of the evolution of the UVLF with a redshift-dependent
galaxy formation efficiency. The outline of this paper is as fol-
lows. Section 2 summarizes the FirstLight simulations. Section 3
computes the UV luminosity, taking into account a redshift-
dependent dust attenuation model. Section 4 provides the main
findings, Section 5 discusses the results and Section 6 provides
a summary and a general conclusion.

2. The FirstLight simulations

The FirstLight simulations are multi-object, zoom-in cosmolog-
ical simulations of a mass-complete sample of galaxies. The
initial conditions are first described in Ceverino et al. (2017a).
The suite is composed by three cosmological boxes. The 10-
Mpc A~ and 20-Mpc 4~ samples contain all halos within these
volumes with a maximum circular velocity, Vi, > 50km 7!
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and Vi > 100kms™ respectively at z = 5. Similarly, the 40-
Mpc i~! box contains galaxies with Vie > 180kms™!. Overall,
the FirstLight database includes 377 galaxies.

The simulations are performed with the N-body+Hydro ART
code (Kravtsov et al. 1997; Kravtsov 2003; Ceverino & Klypin
2009; Ceverino et al. 2014, 2017a). Gravity and hydrodynam-
ics are solved by an Eulerian, adaptive mesh refinement (AMR)
approach. The code includes astrophysical processes relevant for
galaxy formation, such as gas cooling by hydrogen, helium and
metals. Photoionization heating uses a redshift-dependent cos-
mological UV background with partial self-shielding.

Star formation and feedback (thermal+kinetic+radiative)
models are described in Ceverino et al. (2017a). In short, star
formation is assumed to occur at densities above a threshold
of 1cm™ and at temperatures below 10* K. The code imple-
ments a stochastic star formation model that scales with the
gas free-fall time (Schmidt 1959; Kennicutt 1998). In addi-
tion to thermal energy feedback, the simulations use radiative
feedback, as a local approximation of radiation pressure. This
model adds non-thermal pressure to the total gas pressure in
regions where ionizing photons from massive stars are pro-
duced and trapped. The model of radiative feedback is named
RadPre_IR in Ceverino et al. (2014) and it uses a moderate
trapping of infrared photons. The kinetic feedback model also
includes the injection of momentum coming from the (unre-
solved) expansion of gaseous shells from supernovae and stel-
lar winds (Ostriker & Shetty 2011). More details can be found
in Ceverino et al. (2017a, 2014, 2010), and Ceverino & Klypin
(2009).

For the 10 and 20 Mpc boxes, the DM particle mass resolu-
tion is mpy = 10* My and the minimum mass of star particles is
10> M. The maximum spatial resolution is between 8.7 and 17
proper pc (a comoving resolution of 109 pc after z < 11). For the
40-Mpc box, the spatial and mass resolution are two and eight
times lower respectively.

Previous papers using this database predict rest-frame spec-
tral energy distributions (SEDs), and emission from visible
(Ceverino et al. 2019, 2021) and far-infrared (Nakazato et al.
2023) lines. In addition, FirstLight predicts a weak evolution
of the mass—metallicity relation at z > 5 (Langan et al. 2020),
consistent with current findings (Curti et al. 2023; Venturi et al.
2024).

3. Dust attenuation and evolution of the S—Myy
relation

The rest-frame UV luminosities can be affected by dust attenu-
ation. This reduces the observed flux but also modifies the UV
slope, 8. In order to compare to observations, we include a dust
attenuation model constrained by current observations that show
an evolution of B8 with redshift (Bouwens et al. 2014; Atek et al.
2023; Roberts-Borsani et al. 2024). They generally suggest that
dust attenuation is lower at higher redshifts.

The intrinsic SEDs of FirstLight galaxies are described in
Ceverino et al. (2019). The stellar spectrum from 1 to 100 000 A
coming from each star particle uses the templates of single stel-
lar populations (SSP) from the Binary Population and Spectral
Synthesis (BPASS) model (Eldridge et al. 2017) including neb-
ular emission (Xiao et al. 2018). BPASS v2.1 assumes a Kroupa-
like initial mass function with power slopes @« = -1.3 for
star masses m = 0.1-0.5Mg and a, = 2.35 for star masses
m = 0.5-100 Mg. From these SEDs, we compute the dust-free
values of Myvy and By. The UV absolute magnitude is defined
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Fig. 1. Constrained relations between the UV continuum slope, 8, and the absolute UV magnitude at z = 6 (left) and z = 9 (right). Small crosses
represent intrinsic values. Points represent dust-attenuated values. The solid black lines fit observations by Bouwens et al. (2014) at z = 6 and by
Atek et al. (2023) at z > 9. Grey dashed and dash-dotted lines show models by Vijayan et al. (2021) and Kannan et al. (2022) that fail to reproduce

these observations.

at 1500 A with a bandwidth of 300 A. The UV slope is computed
between 1700 and 2200 A (Bouwens et al. 2014).

In Ceverino et al. (2019), we compare these intrinsic values
with the observed relation at z ~ 6 by Bouwens et al. (2014).
At magnitudes brighter than Myyy = —19, there is a mismatch
between observed and intrinsic values due to dust attenuation.
We fit these observed values with a mean relation (8) = f(Myy)
following the observations at z ~ 6 by Bouwens et al. (2014) and
by Atek et al. (2023) at z > 9 (Figure 1).

For galaxies with Myyy < —19, we compute the (8, Myy)
pair needed to follow these observed relations, starting with
the intrinsic values (By, Myv,). First, we compute the aver-
age intrinsic slope, (Bp) = -2.37, for all galaxies brighter
than Myyvo = —19. For each galaxy, we compute the devia-
tion from this average, ABy = Bo — (Bo). This scatter is kept
invariant because it is due to the intrinsic differences in the age
of the stellar populations. Then, a first guess of the attenuated
value is

B =f(x)+ ABo, ey

where x = Myy, the intrinsic magnitude. The dust attenuation,
Ayy, is computed using the definition of the UV slope and the
relation between intrinsic and attenuated values:

B =po—C Ayv, 2

where C = —0.55 assuming a Calzetti attenuation law
(Calzetti et al. 2000). Therefore, the attenuated magnitude is
Myy = Muyv + Ayy. Using this value, we recompute 8 using
Eq. (1) with x = Myy. The new £ is now consistent with the dust
attenuated magnitude.

Figure 1 shows the S—Myy relations from FirstLight galax-
ies, constrained by observations. Other attempts to compute dust
attenuation using radiative transfer calculations (Vijayan et al.
2021; Kannan et al. 2022) are not able to reproduce relatively
red slopes, 5 > —1.8, which are very common in bright
sources, Myy < -20 at z ~ 6 (Bouwensetal. 2014). Our
approach to dust attenuation reproduces these red slopes by
construction. Future attempts using radiative transfer calcu-
lations will compute dust attenuation self-consistently from
galaxy properties. This requires high-resolution simulations that
resolve the dust-star mixture accurately (Mushtaq et al. 2023;

Esmerian & Gnedin 2024), as well as the holes and clumps in
the dust distribution.

At higher redshifts, z > 9, JWST observations indicate
lower attenuations at a fixed UV magnitude (Atek et al. 2023;
Franco et al. 2023; Heintz et al. 2024). This could be due to a
lower dust or metal content in these first galaxies. Our estima-
tion of dust attenuation is constrained by these observations but
larger samples of galaxies with accurately values of S atz > 9
are needed to confirm these trends.

4. Results
4.1. Evolution of the UV luminosity function

Using the dust-attenuated rest-frame UV absolute magnitudes
constrained by the observed evolution of the S—Myy relation
between z = 6 and z > 9, we can generate the UV luminos-
ity functions at different redshifts and compare with pre-JWST
and JWST observations (Figure 2). At z = 6, FirstLight galaxies
are consistent with the compilation of pre-JWST observations by
Bouwens et al. (2021), although the faint end falls slightly below
observations by about 0.1 dex.

At z = 9, The FirstLight simulations are consistent with
new JWST observations (Harikane et al. 2023; Finkelstein et al.
2024). The number densities for bright sources, Myy < —20, are
higher than in pre-JWST data. This trend continues at higher
redshifts, z = 11 and 13, where FirstLight number densi-
ties are remarkably similar to the observed JWST estimates
(Bouwens et al. 2022; Yan et al. 2023), although the uncertain-
ties are high for these relatively small samples. In particular,
FirstLight lacks statistics for very bright galaxies, Myy < —20
at the highest redshift bin, z = 13. Most probably this is due to
the relatively small volume of these simulations. On the other
hand, the two galaxies with spectroscopic redshifts at z = 13-14
are not exceptionally bright, Myy > —21 (Carniani et al. 2024).
More spectroscopic redshifts of high-z candidates are needed for
a better constrain of the high-luminosity end of the UVLF at
these extremely high redshifts.

FirstLight predictions are higher than recents models that
assume a constant galaxy efficiency (e.g. Yungetal. 2023;
Mauerhofer & Dayal 2023; Gelli et al. 2024), especially for
bright galaxies at z = 13. Other models, such as Ferrara et al.
(2023), overproduce fainter galaxies in comparison with

A244, page 3 of 10
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Fig. 2. Evolution of the UV luminosity function from z = 6 to z = 13. The cyan regions represent the FirstLight simulations with Poisson uncertain-
ties. JWST observations are marked by blue circles (Harikane et al. 2023), blue squares (Finkelstein et al. 2024), red circles (Bouwens et al. 2022),
and red squares (Yan et al. 2023). Pre-JWST observations are shown by black lines (Bouwens et al. 2021). The fiducial models by Ferrara et al.
(2023) (grey dash-dotted line), Yung et al. (2023) (brown dashed lines), Mauerhofer & Dayal (2023) (brown dash-dotted lines), and Gelli et al.
(2024) (gray dotted lines) fail to reproduce JWST observations at z > 9. FirstLight results lie in between FFB models with €,,, = 0.2 and 1 (gray

solid lines).

FirstLight and JWST results. The closest model is FFB with
€max = 0.2 (Dekel et al. 2023; Li et al. 2024).

Bright galaxies form earlier and faster than fainter galaxies
at z > 9 and therefore, their number density increases slowly
at later times. For example, the number density of galaxies

with Myy = —19 increases by two orders of magnitudes from
z = 13 to z = 6. During the same period of time, the num-
ber density of galaxies with Myy = —20 increases only by a

factor of 60. For a better understanding of this galaxy growth,
we need to link these UV magnitudes with the virial mass
of the halos hosting these galaxies. According to gas-regulator
models (Bouché et al. 2010; Lilly et al. 2013; Dekel et al. 2013;
Dekel & Mandelker 2014), the halo mass at a given redshift
sets the amount of gas accreted into the galaxy and regulates
the subsequent star formation at the central galaxy. Then, we
can look at the galaxy growth at different halo masses and
redshifts.

A244, page 4 of 10

4.2. Scaling relations: M;; vs. Myy

The relation between the UV magnitude and the stellar (or halo)
mass evolves with redshift (Ceverino et al. 2019). This is due to
the evolution of the specific star-formation rate (sSFR), partially
driven by the specific halo mass growth, M/ Myir o< (1 + 2)72
(Dekel et al. 2013; Dekel & Mandelker 2014; Ceverino et al.
2018). Figure 3 shows the evolution of the relation between
the UV magnitude and the virial mass, M, (Bryan & Norman
1998). A bright galaxy with Myy = —20 at z =~ 6, correspond-
ing to an Universe age of #y =~ 1 Gyr, typically lives in a halo of
mass log(Myi:/Mg) = 10.8 +£0.1. A second galaxy with the same
rest-frame UV magnitude but at z = 12 (fy =~ 0.4 Gyr) has a halo
of mass log(M,i;/My) =~ 10.4, a factor three lower than in the
first case. Galaxies with masses similar to the second halo are
therefore more abundant than galaxies with the first halo mass
at z = 12. As a result, the bright sources have higher number
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Fig. 3. Virial mass versus Myy at z =~ 6, 9 and 12 in FirstLight galax-
ies. The colored regions cover the 25 and 75% quantiles. As redshift
increases, the UV luminosity increases at a fixed virial mass.

densities at z = 12 than in the case of no evolution in the
MUV_MVir relation.

For brighter objects, Myy < —20, there is a change in the
slope of the relation due to dust attenuation at z = 6. This
increases the difference described above between galaxies with
Myv < -20 at different redshifts. Unfortunately, there are no
objects with Myy < —21 at higher redshifts within the simu-
lated volume and we cannot compare their virial masses at the
brightest end. Therefore, most of the evolution seen in Figure 3
is insensitive to the dust attenuation model.

For a fixed virial mass, a halo with log(My;;/Mg) = 10.6
at z = 6 typically hosts a relatively low luminosity galaxy with
Myy =~ —19. Another halo of the same mass at z ~ 12 contains
a galaxy two magnitudes brighter, Myy =~ —21. This evolution
at a given halo mass can also be due to a higher conversion of
accreted gas into stars for a given halo growth at higher redshifts.
We will explore this possibility in the next section.

4.3. Instantaneous galaxy formation efficiency

The instantaneous galaxy formation efficiency can be defined as
the ratio between the stellar and halo mass growth,
AZ;

M virf B '
normalized to the universal baryonic fraction, fg. This ratio
removes the explicit redshift dependence, (1 + z)*/2, described
above. It mainly depends on the ability of accreted baryons to
contribute to the galaxy stellar mass growth: the penetration of
gas streams into the halo center and the regulation of the gas-
stars cycle by feedback. These processes depend on halo mass.
For example, feedback regulates strongly the formation of stars
in low-mass halos with shallow potential wells (Dekel & Silk
1986). At a fixed halo mass, this efficiency may increase with
redshift due to an increase in the penetration factor or due
to a decrease in the mass-loading factor of galactic outflows
(Dekel & Mandelker 2014). In the FFB scenario, this is due to
an increase in the gas density (Dekel et al. 2023). The galaxy
efficiency can vary with redshift due to alterations in these
processes.

We compute the instantaneous efficiency using all snapshots
stored every 10 Myr. Mass variations, AM, and AM,;; between
consecutive snapshots of the same galaxy can be compared

€ =

3

100+

w 10_1—_

0—2_
10.00 10.25 10.50 10.75 11.00 11.25 11.50
log(M\ir//M o)

Fig. 4. Instantaneous galaxy formation efficiency, € = M. /(M f3), at
different redshifts. The colored regions cover the 25 and 75% quantiles.
The efficiency increases with mass and redshift.

100+
] e 7=6-7
] —— z=9-10
: — z=11-13
G107 14
02 T T T T T T
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log(Myir/M o)

Fig. 5. Integrated galaxy formation efficiency, €, = M. /(M. f3), at dif-
ferent redshifts. The lines are the same as in Fig. fig:epsilon. Blue points
represent the VELA-6 simulations (Ceverino et al. 2023) at z = 4 and
the blue star represents a z = 0 galaxy from Ceverino et al. (2017b). As
redshift increases, the efficiency increases at a fixed virial mass.

within a given redshift bin. Figure 4 shows the evolution of this
efficiency from z ~ 6 to 12. There is a significant increase of this
efficiency with redshift. At a fixed halo mass, M,;; =~ 10'! My,
the efficiency increases a factor 3 between 10% at z ~ 6 and
~30% at z ~ 12. They are similar to the values required for rec-
onciling UV and halo mass functions at z > 10 (Inayoshi et al.
2022). For more massive galaxies, My, = 103 Mo, the values
can be higher, although there is a flattening of the efficiency, with
maximum values of ~40% at z ~ 6 on average. These massive
galaxies are absent within the limited volume of these simula-
tions at redshift higher than 7 and we cannot constrain the evo-
lution at this massive end.

4.4. Integrated galaxy formation efficiency

The integrated galaxy formation efficiency differs from the
instantaneous efficiency because it involves time-integrated
values:

M

=" 4
MvirfB ( )

€
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Fig. 6. Evolution of the galaxy stellar mass function from z = 6 to z = 13. FirstLight is consistent with pre-JWST observations (Stefanon et al.
2021) at z = 6 but it shows higher numbers of massive galaxies at z = 9, in agreement with JWST results (Harvey et al. 2024; Weibel et al. 2024).
Gray solid lines represents FFB model with €,,,x = 0.2 and 1. Simulations by Lovell et al. (2021) and semi-analytical models by Yung et al. (2023)

and Mauerhofer & Dayal (2023) show lower values at high masses.

where M, is the stellar mass of the galaxy. Figure 5 shows
the evolution of this efficiency with redshift. It has a similar
dependence with virial mass than the instantaneous efficiency
although its redshift evolution is milder. At a fixed virial mass,
My = 10" M, the integrated efficiency doubles its value from
€ = 0.1latz ~ 6toe =~ 0.2 atz =~ 10. At higher redshifts,
z =~ 12, the apparent lack of evolution at this massive end is due
to a small number of galaxies in this bin. At lower masses, the
evolution is below a factor 2 and the efficiency remains at lower
values, €. < 0.1, because feedback regulates efficiently the SF
process at low masses. At a given redshift, the integrated effi-
ciency is slightly lower than the instantaneous efficiency, Eq. (3),
by a factor of about 2. This is because the integrated efficiency is
based on the time-integral of previous values of M, /M., which
are generally lower than the current value because of the galaxy
growth and the mass-dependence described in Figure 4.

This redshift dependency continues toward lower redshifts.
Other simulations with the same feedback model show lower
efficiencies at z < 5. This is especially relevant at low masses,
My < 10''"M,, where feedback is most efficient. For exam-
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ple, the VELA-6 simulations (Ceverino et al. 2023) have a fac-
tor 3—4 lower efficiency at z = 4 than FirstLight galaxies with
the same virial mass, M,; =~ IOIO‘SM@, at z = 12. On the other
hand, the AGORA galaxy at z ~ 0 (Ceverino et al. 2017b) has
a more massive halo, My;; ~ 10''2M,, and it reaches the same
efficiency, €, =~ 0.1, than FirstLight galaxies of similar mass at
z =~ 6. There are no counterparts at higher redshift and therefore
we cannot see if the efficiency is higher at the high-mass end but
the extrapolation from lower masses hints to that possibility. We
conclude that the integrated efficiency evolves with time, but this
evolution depends on halo mass. Ultimately, it is related to the
competition between the penetration of gas flows into galaxies
and the outflows driven by feedback.

4.5. Galaxy stellar mass function

The evolution in the integrated galaxy formation efficiency
drives a non-homogeneous evolution of the galaxy stellar mass
function (Figure 6). This is consistent with recent JWST results
at z =~ 9 (Harveyetal. 2024; Weibel et al. 2024) within
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observational uncertainties. Low-mass galaxies, M, = 1085 Mo,
grow in numbers by a factor 5 between z = 11 and z = 9.
Slightly more massive galaxies, M, = 10° Mg, grow by a fac-
tor 10 within the same period. As a result, they are more abun-
dant than in other models (Lovell et al. 2021; Yung et al. 2023;
Mauerhofer & Dayal 2023) with lower efficiencies at z > 10.
FFB models with €,,x = 0.2 show consistent results at z = 6 but
higher number densities than FirstLight at z > 9.

Galaxies more massive than 10° Mg at z > 11 are absent
within these cosmological volumes. Larger volumes are needed
to simulate these massive and relatively rare halos. FirstLight
also predicts higher number densities than pre-JWST observa-
tions (Stefanon et al. 2021) at z =~ 9, even after different assump-
tions on IMF and cosmology are corrected. However, this excess
almost disappears at z =~ 6, as the integrated efficiency decreases
with time.

The lower numbers found at low masses indicate some
incompleteness in the small and intermediate boxes at the low-
est redshifts, z ~ 6 (Ceverino et al. 2018). However, the agree-
ment between observations and FirstLight at high masses, M., >
10'9 My, is good within uncertainties. There are ways to correct
for incompleteness (Ma et al. 2018; Lovell et al. 2021) but they
are not used here, as we are focusing on high masses and red-
shifts, where FirstLight includes all halos available within the
simulated volumes.

5. Discussion

5.1. Comparison of integrated efficiency from observations
and other models

The integrated efficiency, Eq. (4), has been computed in different
works but there is no consensus on whether it is time dependent
or independent. Figure 7 shows a comparison between FirstLight
results and other works at two different redshifts. Stefanon et al.
(2021) use the deepest Spitzer and HST observations and show
that the integrated efficiency increases with mass but there is no
significant evolution from z =~ 10 to z =~ 6. FirstLight is con-
sistent with their results at z = 6 but it is significantly higher
at z ~ 9 by a factor 2-4. Their low values are mostly driven
by the accelerated evolution of the galaxy stellar mass func-
tion between z =~ 9 and z ~ 6 (Figure 6), inconsistent with the
FirstLight results. The semi-empirical model by Tacchella et al.
(2018) combine UVLF from HST observations at z = 5-10
and dark-matter halo accretion rates from N-body simulations.
They also conclude that the integrated efficiency is redshift-
independent in that redshift range. Therefore, they agree with
FirstLight at z = 6 but they are significantly lower at z = 9, in
agreement with the previous observations. A similar approach is
used in others abundance-matching models (e.g. Behroozi et al.
2019) that use pre-JWST observations to infer relatively low effi-
ciencies at high redshifts.

Other cosmological simulations, like SPHINX (Rosdahl
et al. 2018; Katz et al. 2023), have a high efficiency. It therefore
over-predicts the values at low redshifts, z = 6, where observa-
tional estimates are more robust. On the other hand, the FIRE-2
simulations (Ma et al. 2018) under-predict the efficiency at the
same redshift. Both simulations have roughly constant values
with time because feedback is either too strong (FIRE) or too
weak (SPHINX) to self-regulate the combined cycle of SF and
feedback.

Other models consider a redshift-dependent efficiency,
which is qualitatively consistent with FirstLight. For example,
Behroozi & Silk (2015) use a variable ratio between the sSFR
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Fig. 7. Comparison of the integrated efficiency at z = 6 (top) and z ~ 9
(bottom) between FirstLight (solid black lines, as in Figure 5), pre-
JWST observations by Stefanon et al. (2021) (points with error bars),
SPHINX (dashed) and FIRE-2 (solid) simulations, and semi-empirical
models by Behroozi & Silk (2015) (red contour), Tacchella et al. (2018)
(dot-dashed), Behroozi et al. (2019) (dotted), and Li et al. (2024) mod-
els of FFB with €,,x = 0.2 and 1 (solid grey lines).

and the halo specific mass accretion rate to predict the galaxy
efficiency to z = 15. Although their estimates are higher than in
previous redshift-independent models, they are consistent with
FirstLight at z = 6. At z =~ 10, their uncertainties are higher and
these predictions are also above FirstLight by a factor of a few.
In the FFB scenario (Dekel et al. 2023), the efficiency is
a function of mass and redshift, assuming a maximum value,
€max, above a mass threshold, My, b, that declines with redshift
(Li et al. 2024). For halo masses below that threshold, feedback
regulates the SF cycle and maintains a relatively low SF effi-
ciency. Their minimum model with €,,x = 0.2 is consistent with
FirstLight at z = 10. Order-unity efficiencies, €n.x =~ 1, are
excluded within the mass range explored by FirstLight. Atz = 6,
the maximum efficiency in FirstLight is close to €, ~ 0.3. This is
consistent with the cumulative values estimated using MIRI pho-
tometry of massive galaxies (Wang et al. 2024). This maximum
happens at M, ~ 10'' My, slightly below the FFB threshold,
My = 10175 Mg at z = 6. As a result, the FirstLight effi-
ciencies at z = 6 are higher than in the FFB scenario at lower
masses, My < 10'' My, a mass range in which the efficiencies
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Fig. 8. Evolution of the cosmic UV density for galaxies with My, <
—17. FirstLight values are above the models with redshift-independent
efficiency by Harikane et al. (2022) and Tacchella et al. (2018), as well
as other pre-JWST observations at z > 10 (Oesch et al. 2018). JWST
values (Harikane et al. 2023; McLeod et al. 2024; Chemerynska et al.
2024; Donnan et al. 2024) are consistent with FirstLight within the esti-
mated uncertainties.

in Li et al. (2024) get closer to the Behroozi et al. (2019) model,
which shows low values.

5.2. Evolution of the cosmic UV and stellar mass density

The integration of the UVLF (Figure 2) to Myy < —17 at differ-
ent redshifts gives an estimate of the comoving cosmic UV den-
sity (Figure 8), which can we compared with other works. Due
to the increase of the efficiency at z > 9, the values are above
the models with redshift-independent efficiency (Tacchella et al.
2018; Harikane et al. 2022). There is no sign of accelerated evo-
lution between z = 10 and z = 8, as seen in pre-JWST obser-
vations (Oesch et al. 2018). In fact, a gentle evolution, approxi-
mately fitted by log(pouyy) o« —0.7(1 + z), is consistent with most
JWST observations up to z = 13. FirstLight results are only
slightly below observations by 0.2-0.3dex at z > 11, still in
between the estimated uncertainties. Larger samples of galaxies
with robust redshift estimations are necessary for more accurate
constrains.

The comoving cosmic stellar mass density, for all galaxies
more massive than 108 My, provides another overall comparison
with previous works (Figure 9). At z = 6, FirstLight values are
slightly lower than other models. This is due to the slight incom-
pleteness at low masses discussed above. At higher redshifts,
z > 9, models that assume a constant efficiency (Tacchella et al.
2018) and pre-JWST observations (Stefanon et al. 2021) show
a much more drastic drop due to the lack of massive galaxies.
However, FirstLight values show a smooth evolution, log(p..) o«
—(1 +2), due to the high efficiency at these high redshifts. Future
JWST observations are needed to confirm the gentle rise of the
stellar mass density at these early times.

5.3. Drivers of galaxy efficiency

Different galaxy conditions determine different efficiencies in
the galaxy growth with respect to halo growth, Eq. (3). For
example, the baryonic inflow from the halo to the galaxy
depends on the cycle from the circumgalactic medium to the
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Fig. 9. Evolution of the cosmic stellar mass density for galaxies with
M, > 10%M,. FirstLight-derived densities are higher than pre-TWST
values at z > 9 (Stefanon etal. 2021) and previous models with a
redshift-independent efficiency (Tacchella et al. 2018).

star-forming interstellar medium. Variations in this cycle could
modify the rate of galaxy growth even at a fixed halo mass
growth (Dekel et al. 2013). Feedback regulates the SF process
by driving galactic outflows or by decreasing the fraction of
cold and dense, star-forming gas (Ceverino et al. 2014). How-
ever, feedback depends on gas conditions, particularly on its den-
sity (Dekel & Silk 1986; Dekel et al. 2023). Therefore, galaxy
efficiency can vary with redshift as gas within galaxies evolves
with time. A more in-depth study to identify the main driver of
this evolution is beyond the scope of this paper, but we can pro-
vide some hints.

In Figure 10 we compare two examples of galaxies with a
similar halo mass, Myi; =~ 10'' My, but different galaxy effi-
ciencies at different redshifts. The first galaxy at z = 9 has a
high efficiency, € ~ 0.3 and €. =~ 0.6. A significant fraction
of the galaxy, especially the center and off-center clumps, has
very high densities, n > 3000 cm~>. The corresponding free-fall
time is lower than 1 Myr and the effect of feedback drastically
decreases at these high densities, according to the FFB scenario
(Dekel et al. 2023). Therefore, the SFR surface density reaches
extreme values, Zgrpg > 10° Mg yr~! kpc‘z, similar to the obser-
vational estimates in a very dense star-forming environment of a
z = 12 galaxy (Calabro et al. 2024).

The second example at z = 6 has a lower efficiency, € ~ 0.1
and €, ~ 0.09. Both the gas density and the SFR surface den-
sity are much lower than in the previous example, although con-
sistent with observations that spatially resolve the Kennicutt—
Schmidt relation at z = 7 (Vallini et al. 2024). This galaxy has
the same amount of gas within the virial radius as in the previ-
ous case (Mg halo = 2 X 10'°M,), but only 7% of this mass is
forming stars. This fraction increases to 30% in the first galaxy
at z = 9. As a result, the star-formation rate of this highly
efficient galaxy is ten times higher than the other example at
lower redshift. This also translates into a factor-of-two shorter
gas depletion time, tp = Mgy galaxy/SFR = 60 Myr. This value
is close to the average at z = 10 (Ceverino et al. 2018), but it
is a factor 30 shorter than in local galaxies (Leroy et al. 2008;
Saintonge & Catinella 2022; Sun et al. 2023b). We conclude that
the gas densities in SF bursts at extremely high redshifts, z > 9,
facilitates very high galaxy efficiencies, €,.x ~ 0.3—0.4, at mod-
erate halo masses, M,;; ~ 10'' M. Future simulations of bigger
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Fig. 10. Example of a highly efficient galaxy at z = 9 (top) and a galaxy
at z = 6 with the same halo mass of M,;; ~ 10!! M, but lower efficiency
(bottom). Left panels show the star formation rate surface density and
right panels depict the gas density, averaged along the line of sight.

volumes will explore higher masses and possible higher efficien-
cies in more extreme and rare halos at high redshifts.

6. Conclusions

We use the FirstLight database of 377 zoom-in cosmological

simulations of a mass-complete sample of galaxies with a spatial

resolution of 10-20 parsecs in a (60 Mpc)? comoving volume, to

understand galaxy growth at extremely high redshifts, z = 9—-13.
The main highlights of this paper are the following:

1. FirstLight contains a high number of bright galaxies, Myy =~
—20, consistent with JWST data.

2. The relation between Myy and halo mass evolves with red-
shift. It is mostly independent of the dust attenuation model
and it is due to higher mass accretion and SF efficiency at
higher redshifts.

3. The galaxy formation efficiency, Egs. (3) and (4), increases
significantly with mass and redshift. At a fixed mass, galactic
halos at extremely high redshifts convert gas into stars at a
higher rate than at lower redshifts.

4. The number density of massive galaxies, M, ~ 10° M, at
z > 9, are higher than in other models with a constant star-
formation efficiency.

5. The high gas densities in these SF bursts at z > 9 enable
these high efficiencies (Figure 10), in qualitative agreement
with the scenario of Feedback Free Starbursts (FFB) at high
redshifts.

In spite of this success in reproducing current JWST obser-
vations, FirstLight simulations also have some caveats. For
example, they do not include the radiative transfer of ioniz-
ing photons, instead assuming that these photons are mostly

absorbed in the immediate vicinity of the massive stars produc-
ing them. Therefore, radiative feedback only affects gas close
to massive stars; the effects of the leakage of this radiation
into the interstellar medium is not included. This could modify
the gas conditions further away from the star-forming regions
(Emerick et al. 2019). Future simulations should include these
radiative-transfer effects.

The maximum resolution achieved in FirstLight (10-20 pc)
also imposes some limitations. This is not enough to prop-
erly resolve the star forming clouds that are predicted to
have comparable sizes of ~10pc. The feedback-free starbursts
with order-unity SF efficiency are predicted to occur in these
clouds because of their high gas densities. High-resolution
simulations of the formation of individual massive clusters
find these high SF efficiencies in high-density clouds. (e.g.
Kim et al. 2016; Fukushima & Yajima 2021; Calura et al. 2022;
Polak et al. 2024). In the FirstLight simulations, similar high
densities happen on larger scales at higher redshifts (Figure 10)
because of the compact nature of these galaxies. Therefore, the
efficiency increases with redshift but its maximum value, €y, =
0.2-0.3, is far away from the order-unity efficiency expected
within feedback-free starbursts. Still, this galaxy-averaged effi-
ciency is consistent with the fiducial FFB model that best agree
with JWST observations (Li et al. 2024).

Other cosmological simulations (Rosdahletal. 2018;
Maetal. 2018) do not show this evolution of the efficiency
because their feedback is either too weak or too strong to
self-regulate the combined cycle of SF and feedback at high-z.
The model included in FirstLight has the combined effect of
thermal, kinetic and radiative feedback. At high densities, both
thermal and kinetic modes are quickly dissipated by shocks and
radiative cooling. This reduces the effect of feedback in high
densities conditions at high redshifts.

We conclude that FirstLight simulations can reproduce dif-
ferent conditions of galaxy formation across cosmic history.
Relatively massive galaxies at extremely high redshifts have
a low efficiency of feedback and therefore star formation and
galaxy growth can proceed faster than at later times. Other
modern cosmological simulations with phenomenological feed-
back models (Pillepich et al. 2018; Davé et al. 2019) include a
decrease of the mass in galactic outflows with increasing galaxy
mass. However, these models are calibrated on observations at
lower redshifts and they may fail at much early times, when gas
densities are much higher. Future observations by JWST will uti-
lize multi-line diagnostics to infer the gas density in star-forming
regions at these high-z and they can validate the redshift evolu-
tion advocated here.

The next generation of cosmological simulations must repro-
duce the galaxy conditions across different redshifts, from the
local Universe at z = 0 well into the dark epoch, z = 10-20,
before the reionization of the Universe. Parsec scale resolution is
probably required in order to properly resolve star formation and
self-regulation of stellar birth at this epoch, including key pro-
cesses such as the turbulence in the dense interstellar medium,
feedback from black holes and AGN, as well as magnetic fields
and cosmic rays.
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