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Abstract

The evolution of halos with masses around M;, ~ 10'" M., and M, ~ 10'> M., at redshifts z > 9 is examined using
constrained N-body simulations. The average specific mass accretion rates, M;,/Mj, exhibit minimal mass
dependence and generally agree with existing literature. Individual halo accretion histories, however, vary
substantially. About one-third of simulations reveal an increase in M, around z ~ 13. Comparing simulated halos
with observed galaxies having spectroscopic redshifts, we find that for galaxies at z = 9, the ratio between observed
star formation rate and M, is approximately 2%. This ratio remains consistent for the stellar-to-halo mass ratio
(SHMR) but only for z 2> 10. At z~9, the SHMR is notably lower by a factor of a few. At z 2 10, there is an
agreement between specific star formation rates (sSFRs) and M;/M,. However, at 7z~ 9, observed sSFRs exceed
simulated values by a factor of 2. It is argued that the mildly elevated SHMR in high-z halos with M, ~ 10''M_,
can be achieved by assuming the applicability of the local Kennicutt—Schmidt law and a reduced effectiveness of
stellar feedback due to deeper gravitational potential of high-z halos of a fixed mass.

Unified Astronomy Thesaurus concepts: High-redshift galaxies (734); Galaxies (573); Star formation (1569)

1. Introduction

The standard ACDM cosmological model, incorporating a
cosmological constant, A, and cold dark matter (DM), has been
remarkably successful in interpreting and predicting funda-
mental properties of the large-scale structure of the Universe.
Despite potential tensions (e.g., M. Asgari et al. 2021;
A. G. Riess et al. 2023), this success extends to temperature
anisotropies of the cosmic microwave background, clustering
of the distribution of galaxies, and deviations of galaxy motions
from a purely Hubble flow (e.g., S. Cole et al. 2005; D. J. Eis-
enstein et al. 2007; M. Davis et al. 2011; J. Carrick et al. 2015;
Planck Collaboration et al. 2020; R. Lilow et al. 2021). On
galactic scales, predicting the properties of the galaxy
population and its evolution with redshift has been less
straightforward. This complexity arises from the intricate
nature of baryonic physics involved in star formation
processes, including gas dynamics, heating and cooling
mechanisms, and notably, the energetic feedback from super-
novae (SNe) and active galactic nuclei (AGNs; e.g.,
R. B. Larson 1974; A. Dekel & J. Silk 1986; S. D. M. White
& C. S. Frenk 1991; J. Silk & M. J. Rees 1998; P. Okalidis
et al. 2021; M. R. Krumholz et al. 2018; A. Nusser &
J. Silk 2022).

Prior to the era of the James Webb Space Telescope JWST;
J. P. Gardner et al. 2023), significant efforts have been invested
in developing models of galaxy formation to adequately
describe observations at low and moderately high redshifts
(z<10; e.g., S. L. Finkelstein et al. 2022).

Observations obtained with the JWST have significantly
deepened our view of the Universe, revealing galaxies as far
back as a couple of hundred million years near the Big Bang.
However, the JWST has also detected an unexpected excess of
luminous galaxies at higher redshifts. While the initial findings
from the JWST appeared to pose serious challenges for the
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standard ACDM model of structure formation, the severity of
these discrepancies was significantly alleviated with more
precise calibration and the availability of spectroscopic
redshifts (e.g., L. Y. A. Yung et al. 2024, for an overview).

It should be emphasized that the star formation rates (SFRs)
in high-redshift JWST galaxies are not particularly unusual in
themselves (e.g., B. E. Robertson et al. 2023; Y. Harikane et al.
2024). These galaxies exhibit SFRs that can be adequately
sustained by cosmological gas accretion onto halos
(C. A. Mason et al. 2023). Matching the abundance of halos
to the observed distribution of UV magnitudes (used as proxies
for the SFRs) of galaxies at z 2 10 implies that these galaxies
should be hosted in halos of mass M~ 5 x 10'°-10"' M,
(M. Boylan-Kolchin 2023; C. A. Mason et al. 2023; Y. Chen
et al. 2023). For such halos, the star formation efficiency fsk (
i.e., the fraction of accreting gas turning into stars) needed to
account for the SFRs, is 20.13 (see Section 3.2.1 below). At
low redshifts (z <4), the stellar-to-halo mass ratio (SHMR)
inferred from abundance matching is in the range of
0.001-0.01 for M, ~ 10“M@ halos (e.g., B. P. Moster et al.
2013; A. Rodriguez-Puebla et al. 2017; G. Girelli et al. 2020;
H. Fu et al. 2022). Assuming a global gas fraction of f, = 0.157
in galaxies (Planck Collaboration et al. 2020), this implies an
average star formation efficiency, fsr & 0.06—-0.006, which is at
least a factor of 2 lower than the inferred value at z > 10.

An important aspect of star formation inside DM halos is
their mass accretion history (e.g., S. D. M. White &
C. S. Frenk 1991). Halo accretion is directly linked to the
availability of gas for star formation. Newly accreted gas
replenishes the reservoir, which is subsequently converted into
stars and may escape the galaxy through processes like SNe
and AGN feedback. In this paper, we assume that z 2> 10
galaxies indeed inhabit massive halos and aim to numerically
investigate the assembly history of these halos. Numerical
studies of individual objects typically rely on the methodology
of zoom-in simulations (e.g., N. Katz et al. 1993; R. J. J. Grand
et al. 2021; A. Pallottini & A. Ferrara 2023; G. Sun et al.
2023Db). In this type of simulation, high resolution is employed
only in a small region, allowing a detailed study of its small-
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scale dynamics while simultaneously capturing the interaction
within the larger cosmic environment. In this paper, we invoke
an alternative approach of constrained simulations (e.g.,
E. Romano-Diaz et al. 2005) to model the high-redshift z > 9
accretion history of halos above My, ~ 10" M. We utilize the
Y. Hoffman & E. Ribak (1991) method of constrained random
realizations to generate initial conditions that are guaranteed to
contain a halo in a specified mass range when evolved forward
to a specified redshift, z.

The technique of constrained simulations is very useful in
large-scale structure studies, especially for assessing uncertain-
ties in parameter estimations realistically and in mitigating
cosmic variance (W. A. Hellwing et al. 2017). This approach
has been used to derive simulation initial conditions from the
observed peculiar velocities (Y. Hoffman et al. 2015) and from
the 2MRS redshift survey (R. Lilow et al. 2021). Initial
conditions based on the galaxy distribution in the Sloan Digital
Sky Survey have also been generated to run a constrained
simulation to study the Local Universe (H. Wang et al. 2016).
The same simulation has also been utilized to study the z ~0
descendants of galaxies at z~ 8-9 galaxies (Y. Chen et al.
2023).

The structure of the paper is outlined as follows. In
Section 2, we assess the abundance of halos and compare it
with the luminosity function (LF) of galaxies at high redshifts.
We underscore the advantage of constrained simulations based
on the expected abundance of the host halos. The simulations
are detailed in Section 3, which includes the method for
generating suitable initial conditions. Additionally, this section
contrasts the accretion history of halos in the simulations with
observational data. In Section 4, a straightforward recipe for
star formation is introduced. The recipes produce a higher ratio
of stellar-to-halo mass at high redshifts compared to low
redshift. A summary and discussion are provided in Section 5.

We adopt the standard flat ACDM cosmological model
(Planck Collaboration et al. 2020) with a total mass density
parameter €2,,=0.311, baryonic density ), =0.049, Hubble
constant  Hy=67.7km s ! Mpc™ ! and  normalization
gg = 0.81.

2. Halo Abundance at High Redshift

We employ a halo definition in terms of a spherical
overdensity, where the halo virial radius r(f), at any given
time ¢ is determined such that the mean density within this
radius equals 200 times the critical density of the universe,
p(t) = 3H(t)* /87G. Therefore,

rn(t) = 0.1H (1)"'V,,
My(t) = 0.1G'H(1)~'V}, (1
where the circular velocity V. = \/GM,,/ry,. At high redshifts
where H ~ 1/1, these relations yield

1?2 ooy
rn(t) =13.1 kpc < s
n(0) P (l—l—z) 181km s

1 \” v, 3
M) = 10" M, ( G ) 2
h®) “(1+z) 181 km s @

Figure 1 displays the abundance of DM halos per
logarithmic mass bin per Mpc® at different redshifts. The plots
are generated using the widely used halo mass function (HMF)
outlined by J. Tinker et al. (2008; hereafter TinkerO8) for the
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Figure 1. Top: halo abundance vs. mass at different redshifts as denoted in the

figure. The solid lines are derived from the TinkerO8 expression for the mass

function in the Planck ACDM cosmology (see the main text). At the high mass

end, the curves are ~M,? and thus the cumulative number density
n (> My) =~ (1/4)dn/dlogM,. Bottom: ratio of Despalil6 to Tinker08 HMFs.

ACDM cosmological model, as incorporated within the
COLOSSUS cosmology Python package (B. Diemer 2018).
The curves corresponding to halos within the mass range
My, > 10" M., at redshifts z > 9 exhibit comparable abundance
to large groups and clusters at z=0. At the upper end of the
mass range, the dependence on mass steepens significantly at
such high redshifts. For instance, at z =09, the abundance of
halos with My, = 10'>M_, is 4 orders of magnitude lower than
halos with M, = 10"' M_. A reasonable approximation to the
HMF is given by

dn(z, My) _ 107> Mpc—3

d log My, m )2 m, V8 P
[(Ms(z)) Jr0'25(11475@) @

The approximation is valid in the redshift range 10 < z <20
with M_5(z) is defined as

log (M_s/10'' M) = 0.185(z — 10)!3, )

3)

and is equal to the halo mass where dn/dlogM = 10~ Mpc 3.
For M2ZM s5(z), we have the steep depend-
ence dn/dlogM ~ M4,

Various fitting formulae for the mass function are available
in the literature (e.g., W. H. Press & P. Schechter 1974;
R. K. Sheth & G. Tormen 1999; A. R. Jenkins et al. 2001;
R. E. Angulo et al. 2012; R. Seppi et al. 2021). Therefore, it is
important to investigate whether discrepancies among these
mass functions might be particularly notable when applied to
high redshifts. The bottom panel of Figure 1 compares
the TinkerO8 with another widely used HMF given in G. Des-
pali et al. (2016; hereafter Despalil6). The ratio between these
HMFs increases with mass and redshift but remains within a
factor of a few. Further, due to the steep dependence of the
number density on halo mass, we shall see in Figure 2 that
differences in the HMF lead to minor changes in the estimation
of halo masses by matching UV LF.
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Figure 2. Halo mass vs. UV magnitude obtained by abundance matching of
the TinkerO8 (dark shaded areas) and Despalil6 (light shades) HMF to the
double power-law fit of H24 to UV LF, ®yy. Each shaded area corresponds to
a single redshift and is bounded by M;, curves obtained using 5®yy (yielding
the lower boundary of the shaded area) and by 0.2®yy (leading to the upper
boundary). The numbers in each shaded area represent the log of the
cumulative halo abundance (in Mpc ) expected at the corresponding Myy.

2.1. Abundance Matching

Y. Harikane et al. (2024; hereafter H24) constrain the UV LF
of high-z galaxies using 25 galaxies with spectroscopic
redshifts spanning z ~ 8.61-13.20. Their constraints align with
various luminosity distributions derived from photometric
redshifts (e.g., C. T. Donnan et al. 2023; P. G. Pérez-Gonzilez
et al. 2023; R. J. Bouwens et al. 2023; Y. Harikane et al.
2023). H24 show that the observed UV LF can be effectively
modeled by a double power-law function, denoted as ®yy.

Using this double power-law fit, we conduct a straightfor-
ward abundance matching to associate galaxies with a UV
magnitude, Myy, to halos of mass M; The results are
summarized in Figure 2 for three redshift values and for the
HMFs of Tinker08 (dark shaded area) and Despalil6 (light
shaded). The width of each shaded area corresponds to
variation in the normalization of the double power-law fit,
spanning a factor between 0.2 and 5. While this should
provisionally reflect the uncertainty in the measured UV LF
of H24, it is important to note that the uncertainty in the
observed luminosity in a single bin of 1 UV magnitude width
could be as large as 2 orders of magnitude. The results for
the TinkerO8 and Despalil6 HMFs are remarkably consistent.
This consistency is due to the steep dependence of the mass
function on the mass of rare halos, approximately ~M;- -
which implies weak sensitivity of My, to the observed number
of galaxies in a given UV bin.

At Myy=—21, the halo mass is in the range of
My=6x10"-1.5x 10" M., at z=10, with a cumulative
halo abundance (indicated by log the number density in the
shaded areas) similar to massive groups and clusters at z=0.
Although galaxies with a fixed Myy correspond to lower M,, as
we move from low to high redshifts, the decrease in M, is
insufficient to maintain the same abundance. In fact, halos
corresponding to a fixed Myy become rarer.

At z~ 10, on average a single halo with M;, =2 x 10" M
is expected in a box a 100 Mpc. While it is possible to employ
zoom-in techniques for simulating massive halos at z = 10, this
necessitates significant computational resources. Instead, we
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adopt a computationally friendlier approach, utilizing con-
strained random realizations to generate initial conditions that
are guaranteed to contain a massive halo when evolved forward
to a specified redshift, z.

3. Simulations

In Section 3.1, we outline the method for generating
constrained initial conditions. Using these initial conditions,
simulations of DM particles were conducted in periodic boxes
using the SWIFT cosmological code (M. Schaller et al. 2024).
All simulations started at redshift z; =80 and concluded at
z=9. As we shall see below, the linear density contrast
corresponding to the constraint is 6. = 1.68 at z =9, and hence,
the corresponding density at the initial redshift z; is 0.02, well
within the linear regime. Furthermore, to capture any mild
deviations from linear evolution at z;, the initial conditions are
generated using the Zel’dovich approximation rather than
linear theory.

We performed nine simulations constrained to have halo
masses of approximately M,~ 10" M. in boxes of
L=17.1 Mpc, along with one unconstrained simulation in a
box of the same size. Additionally, two simulations were
conducted with initial conditions constrained to include a halo
mass of My~ 102 M. at z=09, positioned at the center of
cubic boxes of L =36.9 Mpc.

Each simulation consisted of 512° equal-mass particles,
resulting in particle masses of 10’ M., and 10° M, in the large
and small boxes, respectively. The maximum physical soft-
ening used in the simulations was 100 pc. Throughout each
simulation run, the output of positions and velocities of all
particles was retained at 18 different redshifts spanning from
z=20 to z=9. Halos were identified from the simulation
outputs utilizing the VELOCIRAPTOR halo finder (P. J. Elahi
et al. 2019). This halo finder provides halo masses according to
several definitions. Here, we use VELOCIRAPTOR masses that
match the definition in Equation (1).

3.1. Constrained Initial Conditions

We formulate the condition (constraint) for the presence of a
halo of a given mass as follows. Let §(x, z) be the linearly
evolved density at redshift z and dz(x, z) be its convolution with
a top-hat window of comoving radius R. We associate a halo of
mass M, with a comoving Lagrangian radius
R, = (3Mh/47rpm)1/ 3, where p,, is the background density in
comoving coordinates.

The formation of a halo of mass M, at redshift z, located at
position  x, is  determined by the  condition
Or—g, (X0, 2) = & = 1.68 (e.g., W. H. Press & P. Schechter
1974; P. J. E. Peebles 1980). Here, 6. is the critical threshold
indicative of the virialization of DM halos. At z= 10, halos
with masses M, = 10"' M, and M, = 10" M., correspond to
Lagrangian comoving radii of R, =0.84 Mpc and 1.82 Mpc,
respectively. In terms of the ratio 6,/og,, these are equal to 4.8
and 6.5, providing a measure of halo formation likelihood
under the specified conditions. This formulation is only
approximate as the superposition of generic fluctuations on
all scales and nonlinear evolution will lead to deviations from
the desired halo mass and position. Nonetheless, the prescrip-
tion is reasonable for massive (rare) halos (B. E. Robertson
et al. 2009; A. D. Ludlow et al. 2014), as is the case in the
current study.
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Figure 3. Projected 2D density field from one of the constrained simulations
with L = 17.1 Mpc at six distinct redshifts. Circles denote halos classified by
mass ranges: black (M,/ M., > 10'"), white (5 x 10'°-10'"), blue (10'°-
5 x 10", red (5 x 10°-10'°), and yellow (10°-5 x 10°), with size logarith-
mically scaled by mass. The color bar indicates density relative to the mean
density within the simulation box.

We adopt the methodology of Y. Hoffman & E. Ribak
(1991) to generate Gaussian random fields that satisfy the
aforementioned condition. This method expresses the con-
strained random field, denoted by ¢;, in terms of an
unconstrained random Gaussian field, 6", as follows:

61(x, 2) = 6"°(x, 2) — (6(x, D)I0k;) + (6(x, Do) . ()

where 03 is the value of the filtered unconstrained field at x.

The ensemble average of all § fields satisfying the constraint
g, (x0, ) = C is given by

(6)IC) = C(x — xoh—=-, ©)

ORL

where O'%L is the variance of the smoothed density, ég, .

3.2. Results

Figure 3 illustrates the projected (2D) density (in units of the
mean 2D density value) for one of the M,=10" M,
constrained simulations. The overlaid circles represent identi-
fied halos in different mass ranges, as described in the figure
caption. Only halos above 10° M., are marked.

The displayed region of the box is focused around the center.
As expected, the most massive halo (MMH) forms near the
center. Additional massive halos are associated with the growth
of the MMH, however, their masses are significantly lower than
the  MMH. Halos in the mass range  of
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Figure 4. Halo abundance computed from the output of the simulations at
z=9. The blue and orange histograms represent the constrained simulations
with halo masses of 10'" M. and 10'> M., respectively. The green curve
depicts the TinkerO8 mass function.

5% 10° < My/ M, < 10'° (red circles) are present at z 2~ 12.
These halos are not considered rare, as their expected
abundance is 107>~10>dex ' Mpc ™ (see Figure 1). There-
fore, we expect to identify a few such halos even in our
simulation box of L =17.1 Mpc.

Inspection of the panels at z= 11 and z = 10 reveals a major
mer%er event with the two halos marked by two blue circles
(10" < M/ M, <5 x 10") at z=11 merging to form the
larger  halo indicated by the white circle
(5 x 10" <My/ M, < 10') at z=10. There is a clear
tendency of increasing halo mass as we move nearer to the
MMH, particularly at the lowest redshifts.

Figure 4 shows the abundance of halos from the simulations
as a function of Mj. At the high mass end, the simulated
abundance significantly exceeds the predictions from
the TinkerO8 fitting formula (green curve). In both
My, = 10" M, and M, = 10> M, constrained simulations, the
MMH is accompanied by other relatively rare massive halos
with abundance well above the green curve. The initial
condition constraint ensures a massive halo in a small region,
making the simulation box atypical for its volume. Conse-
quently, the number density of massive halos in the simulation
significantly exceeds the expected mean, explaining the
enhanced abundance of high M), halos compared to TinkerO8.
One pathway for the formation of these massive halos is
through the accretion of smaller halos, leading to a modest
depletion in the low M, range. This explains why the simulated
halo abundance at low M,, falls slightly below the green curve,
typically by a factor of 3—4.

3.2.1. Halo Accretion History

Figure 5 displays the evolution of MMH properties in
simulations (continuous curves) and compares them with
observational data (individual symbols). The figure is divided
into three panels, each focusing on a different aspect of halo
growth. The data symbols are as follows.

1. Magenta symbols with error bars are based on stellar
masses and SFRs inferred via spectral energy distribution
(SED) fitting. The filled squares are taken from Table 3
in H24. The open squares refer to the galaxy GS-z12 for
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Figure 5. Accretion histories of main halos in unconstrained (dotted) and
constrained simulations with M), = 10"’ M., (solid) and IOIZM@ (dashed).
Observational data shown as magenta and cyan symbols. Top: halo mass vs.
time. Magenta: derived from SED-fitted M, in the literature, assuming
M, = 50M, (see Equation (7)). Cyan: from abundance matching of observed
Myy. Middle: Accretion rate M. Magenta: M, = 50M, from observed SED-
fitted M. Cyan: from UV-estimated M,. Bottom: curves of specific accretion
rate My /My, with the fit ~t 43 plotted in black, and observed sSFR M,./Mj
shown as magenta points. See text for details.

which different values of redshift, SFR, and M, are
reported in F. D’Eugenio et al. (2024) and H24. Both sets
of data are shown, with F. D’Eugenio et al. (2024) being
the point with the lower redshift (z = 12.43). The cross is
the galaxy GN-z11 (S. Tacchella et al. 2023). The two
highest redshift points represented by filled circles
correspond to the two galaxies reported in S. Carniani
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et al. (2024).

The observed stellar mass, M., and SFRs, M, are
used to estimate halo masses and mass accretion rates
assuming assuming

1o 0.13
My = ! fo My = 50 [—)M* )
SF

and similarly for the relation between M, and M. As
before, f;, is the global baryonic mass fraction, and the star
formation efficient fsr is a constant assigned a default
value fsg = 0.13, implying M;, = 50M,,

2. Cyan circles are based solely on the observed Myy
provided in Table 1 of H24. The dark cyan circles
correspond to the two highest redshift galaxies, with Myy
taken from S. Carniani et al. (2024). For these points,
halo masses are inferred from Myy via abundance
matching from the observed UV magnitudes. From
Figure 2, the relative uncertainty in these points is a
factor of ~2-3, but we do not attach the corresponding
error bars for the sake of clarity. The SFRs are deduced
directly using
MM yr") =115 x 10 3Lyy(erg s ' Hz !
assuming a Salpeter initial mass function (IMF). The halo
accretion rate is them estimated from Equation (7).

Top panel: halo mass versus time. The gray curves
correspond to My(f) of the simulated MMHs. The curves
reveal that half of the simulated MMHs, including the
unconstrained halo (dotted), have acquired 80% of their final
masses in the last 150 Myr. Only the dashed -curves,
corresponding to constrained simulations with My, ~ 10> M,
and one of the nine solid curves, have acquired a mass
>10"M,, by z = 15.

The cyan circles fall within the range of solid curves
corresponding to simulations constrained to contain a
M, ~ 10" halo. The result is not entirely trivial since M;, of
the MMHs been tuned to match the abundance at redshifts
7~ 9 and not at higher redshifts. Indeed, at higher redshifts, the
spread in halo masses between different simulations is becomes
large, ranging from M,~10'""M. to 10''M_. even at at
z=10, as indicated by the solid curves. This mass range is
associated with more than a 2 order-of-magnitude difference in
the abundance of halos, as shown in Figure 1.

The highest redshift data point represented by a magenta
circle is well above all solid curves except one (yellow curve).
Nonetheless, since we have only nine curves corresponding to
the My, = 10" M, simulations, we conclude that this data point
is consistent with simulated accretion history.

At z 2> 10, the estimates from Equation (7) (magenta) agree
with both the M, =10""M_. simulations and abundance
matching results (cyan circles). However, at z~9, these
estimates fall below both simulations and abundance matching.
This is in agreement with various models in the literature (e.g.,
P. S. Behroozi & J. Silk 2015; V. Mauerhofer & P. Dayal 2023;
L. Y. A. Yung et al. 2024; Y. Harikane et al. 2024) predicting
an LF consistent with the observations at z <9, but under-
estimating the observed abundances at z 2> 11.

Middle panel: mass accretion rate. As in the previous panel,
the curves correspond to the simulations. The M, curves reveal
significant variations between individual halos. Some halos
exhibit highly fluctuating M;, while others (e.g., those
represented by dashed and a few solid curves) show smoother
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evolution. However, even these smoother curves display
fluctuations on timescales <100 Myr.

The magenta and cyan points agree with each other, but are
not identical, as the SED fitting involves more detailed SFR
modeling than UV magnitudes alone. Accretion rate curves
from the M, =10"" M, simulations are consistent with
observations via Myy (cyan) and SED SFRs (magenta).

We emphasize that while both cyan and magenta points in
top and middle panels rely on Myy, their methodologies differ:
abundance matching for the top panel versus an empirical
SFR-Myy relationship for the middle panel.

Bottom panel: specific accretion rate. The specific halo
accretion rates, M, /M, from simulations cluster around a
simple fit denoted by a black line, represented by the equation
dInMy, / dt = 3156;/ > Gyr~!. This fit approximates the mean
accretion rate for halos of mass My, = 10'' M, as proposed by
O. Fakhouri et al. (2010).

The magenta points represent the specific star formation rate
(sSFR), M,/Mj, from observations. Cyan circles are absent
from this panel since only M, can be directly derived from
MUV-

At z> 10, there is a reasonable agreement between the
observed sSFRs and the halo accretion rates from the
simulations. This consistency corroborates the findings of
R. J. Bouwens et al. (2023), who noted that the sSFRs tend to
follow the scaling (1 +z)*° proposed by O. Fakhouri et al.
(2010) for the specific halo accretion rate at high redshift.
However, the normalization of the specific halo accretion rate
in R. J. Bouwens et al. (2023) is higher by a factor of a few
compared to the fit by O. Fakhouri et al. (2010).

At z7<9, the discrepancy between data and observations
seen on the top panel is also evident here. While reducing fsg
by a factor of ~5-10 (from fsr=0.13 to 0.01-0.025) would
reconcile the z >~ 9 with the M,, results in the top panel, it would
not effect the halo specific accretion rate (assuming a constant
fsp)- The is because, according to Equation (7), the specific
accretion rate is equal to the sSFR, i.e., M/ My, = My/Ms.,
independently of fsk.

Note that My o< My (v = const), then
My/M, = o My/My (P. S. Behroozi & J. Silk 2015). There-
fore, also for o= 1 curves of the sSFR and the specific halo
accretion rate should trace each other, with a constant ratio
between them. Thus, a mass-dependent fsg would not resolve
the discrepancy.

4. Boosting the Star Formation Efficiency at High-z

A boost in fsg to =0.13 at high-z yields reasonable
agreement between simulated halos and observations, repre-
senting a mild increase relative to low-z. We present a simple
recipe explaining this enhancement, suggesting that star
formation processes may not significantly differ across red-
shifts. We present a model explaining this enhancement,
arguing that star formation processes may not significantly
differ across redshifts. For a halo of mass My(z,) at redshift z,
we model M, and M, assuming star formation occurs in a
rotationally supported disk governed by the Schmidt—Kennicutt
(SK) law (M. Schmidt 1959; R. C. Kennicutt 1998):

where 2* is the SFR per unit disk area, n=1.54, and
A =10"% (R. C. Kennicutt & M. A. C. De Los Reyes 2021).
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Y4 and X, are in M, pc 2 Disk gas partially converts to stars
following the SK law, with stellar feedback expelling a
fraction. The disk gas reservoir is simultaneously replenished
and expanded through halo accretion.

The gas surface density evolution is described by

2g = Z.Jzu:c - E* - z.:ej’ (9)

where Y, is accretion, Yy is star formation, and Zej is
feedback-driven ejection. For halos with M; < 10'*M., AGN
feedback is subdominant (D. J. Croton et al. 2006; R. G. Bower
et al. 2006; E. Puchwein & V. Springel 2013).

Gas ejection is modeled via (S. D. M. White &
C. S. Frenk 1991; G. Kauffmann et al. 1993; P. D. Mitchell
et al. 2018; L. Y. A. Yung et al. 2019),

) v. Y.
EejZ(V ) 2k, (10)

SN

with Vegy = 240km s~! and v=2.8 (L. Y. A. Yung et al.
2019). This implies more effective stellar feedback in halos
with shallow gravitational potential (R. B. Larson 1974;
A. Dekel & J. Silk 1986).

The accreted gas mass in time ¢ is

SMaee = f, My 6. (11)

Due to short crossing times and efficient cooling (A. Dekel
et al. 2023; L. Y. A. Yung et al. 2024), we assume rapid
settling into an exponential disk:

Oace(t, R) = §8ge /RO, 12)

where Ry = 0.7 \gry, (H. J. Mo et al. 1998; H. Yang et al. 2023),
and Mg is the halo spin parameter (J. S. Bullock et al. 2001).
Therefore,

) fiMy,
Yace(t, R) = —2—T ¢~ R/Ra(0), (13)
e 27R2(f)

Motivated by our simulations, we assume M,/M, o t=4/3,
yielding

Mi (1) = My (t,)eA =), (14)

where A =—8.1, 5=1/3, and ¢ is in Gyr.

We numerically integrate Equations (8) and (13) from
t=1,<t, to t=t, Initial conditions are set as X.(,
R)=10""%,(, R), with X(#;, R) following an exponential
profile. Ry(#;) is determined by Ry = 0.7\gr, with r, = ry(2)).
The initial disk gas mass equals f,Mp(#;) minus the initial stellar
mass. We use A\g = 0.035 in all calculations.

In the top panel of Figure 6, the SHMR is plotted against
halo mass for four redshift values, z. The model agrees
reasonably well with the observed local SHMR as estimated
through abundance matching techniques (e.g., B. P. Moster
et al. 2013; A. Rodriguez-Puebla et al. 2017; B. P. Moster et al.
2020; G. Girelli et al. 2020; M. Shuntov et al. 2022).

The model SHMR acquires larger values at higher redshifts
for a given mass. This is due to the relation V.~ M/1,
indicating that a higher circular velocity V. occurs at earlier
times for a fixed M,, leading to less efficient SNe feedback and,
consequently, a larger gas reservoir for star formation. The
SHMR for My, ~ 10"" M_, increases by approximatelg a factor
of 5 at high-z compared to z=0, while for 10'° M., the
increase is about a factor of 25. In contrast, predictions from the
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Figure 6. The SHMR (top panel) and the sSFR (bottom panel) from the
simplified recipe in Section 4 at four different redshifts, as indicated in the
figure. The dotted gray horizontal line indicates the value corresponding to
M*/Mh :fSth obtained WithfSF =0.13.

UNIVERSEMACHINE (P. Behroozi et al. 2020) suggest that the
SHMR increases by about a factor of 10 from z=0 to z=12
for halos with 10'° M, (their Figure 12).

The SHMRs change very little between z = 10 and 14 with a
weak dependence on M;. For the relevant mass range
My ~5 x 10'°-10"' M, the SHMR is ~2% corresponding to
fsr~0.13, the value used in figure Figure 5.

For My, ~ 10" M., at z =3, the SHMR changes by a factor
of ~4-5 compared to z=0. This may seem at odds with
observational analyses in the literature, which generally suggest
a constant SHMR over this redshift range. We defer a detailed
discussion of this issue to Section 5.

The sSFRs plotted in the bottom panel are close to the
observed values at the corresponding redshifts (R. J. Bouwens
et al. 2023) and depends weakly on M,

These results suggest that the enhanced star formation
efficiency in high-z galaxies can be explained by the
fundamental physics of structure formation and feedback
processes, without invoking drastically different star formation
mechanisms compared to the local universe.

5. Summary and Discussion

We have presented a study of the accretion history of
massive halos at redshifts z 2, relevant to luminous galaxies
observed at such high redshifts. Our approach is based on
constrained simulations, which is highly beneficial for studying
rare cosmological structures. Here, we have only conducted
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simulations with constant resolution across the entire simula-
tion box. However, a combination of zoom-in techniques and
constrained initial conditions is most appropriate for resolving
rare structures as well as capturing the gravitational influence of
the large-scale environment.

Growing evidence suggests highly variable star formation
history at high redshifts (J. W. Cole et al. 2023; A. Dressler
et al. 2024), potentially due to mergers, interactions, and
environmental conditions. This variability could bias inferred
UV luminosity distributions (K. Ren et al. 2019; C. A. Mason
et al. 2023; G. Sun et al. 2023a, 2023b; X. Shen et al. 2023), as
galaxies in low-mass halos may be preferentially detected
during increased star formation phases. In the simulations,
individual halo accretion curves exhibit both long-term
fluctuations (100 Myr) and short-term variations. Examining
Figure 5 (middle panel) reveals a tendency for greater
variability in lower mass halos at z=9 compared to more
massive ones, potentially leading to enhanced stochasticity in
associated SFRs. However, our output times do not capture
variability at <10 Myr scales.

High-resolution simulations yield mixed results: SERRA
simulations do not produce sufficient SFR variability (A. Pall-
ottini & A. Ferrara 2023), while FIRE-2 simulations show
bursty star formation that explains the observed UV LF (G. Sun
et al. 2023b). However, stellar masses at z=> 10 in these
simulations (X. Ma et al. 2018) are lower than observed
estimates from spectroscopically confirmed galaxies (Y. Hari-
kane et al. 2024). Nonetheless, stochasticity is clearly an
important effect that should be considered.

In Figure 5 we have seen that dividing the observed SFRs by
a factor of fifsp=2% (i.e., fsr=0.13), leads to M, that are
consistent with the simulations constrained to include a halo of
mass My, ~ 10'" M. The agreement spans the entire considered
redshift range, z > 9. Interestingly, dividing the observed stellar
masses by the same factor yields a good match with the halo
masses in the simulations, but this is only true for z 2 10. For
galaxies at z~9, the factor required is smaller by a factor of
~5-10 (fsp~0.025-0.01), closer to what is seen in low-
redshift galaxies.

This peculiar behavior of the inferred M}, between z ~ 9 and
7z~ 10 may stem from challenges in accurately estimating the
stellar masses. Indeed, SFRs estimated from UV magnitudes
are generally more reliable than stellar mass estimates, which
require assumptions about the entire star formation history
(e.g., L. Whitler et al. 2023) and SED fitting (V. Mauerhofer &
P. Dayal 2023; A. Pallottini & A. Ferrara 2023; L. Whitler et al.
2023; C. Pacifici et al. 2023; B. Wang et al. 2023). A striking
example is the galaxy GS-z12 (z = 12.48). Its estimated mass
varies by an order of magnitude depending on the method used:
My = 4.373% x 108 M, using PROSPECTOR (B. D. Johnson
et al. 2021; Y. Harikane et al. 2024) and
M* =436"15, x 107 M., using BEAGLE (J. Chevallard &
S. Charlot 2016; F. D’Eugenio et al. 2024). Nonetheless, in
estimating the SFRs, the impact of potential uncertainties due
to potential dust attenuation needs to be assessed (e.g.,
R. C. Kennicutt et al. 2012). However, dust attenuation is
expected to be small in these high-redshift galaxies (e.g.,
R. J. Bouwens et al. 2023), suggesting that the observed
discrepancies could primarily be due to the complexities of
stellar mass estimation.

Another possibility for this behavior is an abrupt change in
the conditions for star formation at z~ 9-10, similar to the
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suggestion of J. Silk et al. (2024) although their model refers to
transition at z ~ 6.

Numerical simulations are computationally intensive for
tracing the accretion history of a large ensemble of halos. Semi-
analytic methods for generating constrained merger histories
(E. O. Nadler et al. 2023) offer a CPU-efficient alternative.
These could be valuable for exploring variations in past
accretion rates of rare halos at high redshifts. Currently, these
methods have been applied to trace the growth of rare halos
from 7z~ 12 to z =0, rather than tracing rare halos at z~ 10
backward in time.

Numerous models aim to understand the formation of
luminous high-z galaxies. Y. Harikane et al. (2023) suggested
that UV-inferred SFRs might be overestimated due to a top-
heavy IMF at high redshift, which could arise naturally in low-
metallicity environments. L. Y. A. Yung et al. (2024) noted this
could account for a factor of 4 boost in UV luminosities,
aligning their semi-analytic models with observations.
A. Dekel et al. (2023) propose conditions for feedback-free
star formation in ~10’ M. gas clouds at high redshifts,
satisfied in 10'' M, halos at z ~ 10. Conversely, J. Silk et al.
(2024) invoke AGN positive feedback, suggesting short-lived
AGN activity triggers vigorous star formation via momentum-
conserving outflows. They predict a transition to energy-
conserving flows at z~ 6, leading to gas depletion and
quenched star formation at lower redshifts. A. Ferrara et al.
(2023) propose that decreased dust attenuation at high redshifts
could explain the abundance of z 2 10 galaxies, compensating
for reduced host halo abundance. Modifications to the
primordial mass power spectrum have also been explored
(H. Padmanabhan & A. Loeb 2023; P. Parashari &
R. Laha 2023; N. Sabti et al. 2024; S. Hirano &
N. Yoshida 2024).

In the approximate star formation recipe outlined in
Section 4, we used the halo’s circular velocity, V., as the
parameter governing SNe feedback. Combined with the local
Kennicutt—Schmidt law, the recipe aims to demonstrate that
negative feedback at high-z is naturally expected to be less
efficient than at lower z.

According to Figure 6 the recipe implies an evolving SHMR
at moderate redshifts and a nonevolving one at z 2 10.
Observationally, within the uncertainties, a nonevolving
SHMR is generally consistent with galaxy luminosity distribu-
tions up to z < 5. However, for the redshift range z ~ 0-10,
studies in the literature show divergent results. Some find weak
to moderate redshift dependence (B. P. Moster et al.
2013, 2020; C. A. Mason et al. 2015; A. Rodriguez-Puebla
et al. 2017; M. Stefanon et al. 2021), while others report
significant evolution (P. S. Behroozi et al. 2013; G. Sun &
S. R. Furlanetto 2016; P. Behroozi et al. 2019). Notably,
substantial differences exist between various SHMR estimates
at similar redshifts and halo masses.

The evolution of the SHMR, inferred through abundance
matching techniques, is sensitive to various factors, including
the shape of the galaxy's stellar mass function (X. Yang et al.
2012). As highlighted by H. Fu et al. (2022), uncertainties in
observed stellar mass functions at redshifts z <4 can lead to
differing interpretations regarding the evolution of the SHMR
from z =0 to z =4. Depending on specific assumptions about
the stellar mass function, the SHMR could exhibit either a
decrease or an increase over this redshift range. Depending on
the assumptions, the SHMR for a halo with M, ~ 10" M,
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could vary by 2 orders of magnitude due to different
assumptions.

The recipe in Section 4 can be adapted to yield a nearly
nonvarying SHMR at z < 5 through several modifications. For
example, the adopted expression for My, (¢) is approximate and
neglects variations between halos, which can be significant
according to Figure 5. The expression motivated by our high-z
simulation results. A recipe with slower accretion at moderate
redshifts would yield a less varying SHMR at z < 5.

Furthermore, following L. Y. A. Yung et al. (2019), we have
adopted a gas ejection expression determined by V.. However,
the maximum circular velocity (the peak of the rotation curve),
Vinax» 18 likely more relevant since it better reflects the depth of
the gravitational potential of the halo.

In the regime of stable clustering, Vi« is expected to remain
constant over long cosmic epochs. Thus, employing Vpax
instead of V. in the model should result in a more constant
SHMR over extended periods. We have run the recipe with
Vinax instead of V. in Equation (10), where the dependence on
M,, and z follows the formula obtained by A. Rodriguez-Puebla
et al. (2016) by fitting the median growth of halos in MultiDark
N-body simulations. This has yielded closer curves for the
SHMR at z=0 and z =3, while leaving the curves at z= 10
and 14 virtually unchanged.
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