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ABSTRACT

We investigate the clustering of Lyman-break galaxies at redshifts of 3 < z < 5 within the COSMOS field by measuring the
angular two-point correlation function. Our robust sample of ~60 000 bright (myy < 27) Lyman-break galaxies was selected
based on spectral energy distribution fitting across 14 photometric bands spanning optical and near-infrared wavelengths. We
constrained both the 1- and 2-halo terms at separations up to 300 arcsec, finding an excess in the correlation function at scales
corresponding to <20 kpc, consistent with enhancement due to clumps in the same galaxy or interactions on this scale. We then
performed Bayesian model fits on the correlation functions to infer the Halo Occupation Distribution parameters, star formation
duty cycle, and galaxy bias in three redshift bins. We examined several cases where different combinations of parameters were
varied, showing that our data can constrain the slope of the satellite occupation function, which previous studies have fixed. For
an Myy-limited sub-sample, we found galaxy bias values of b, = 3187014 at z ~ 3, by = 3.5817034 at z ~ 4, b, = 4274032
at z = 5. The duty cycle values are 0.627)32, 0.407033, and 0.39703), respectively. These results suggest that, as the redshift

increases, there is a slight decrease in the host halo masses and a shorter time-scale for star formation in bright galaxies, at a

fixed rest-frame UV luminosity threshold.
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1 INTRODUCTION

The redshift range from z = 3-5 represents a period of rapid
fractional increase in the volume-averaged star formation rate density
(P. Madau & M. Dickinson 2014), and is therefore a crucial epoch
for understanding galaxy evolution. Observing galaxies during this
epoch can be challenging as the rest-frame UV light from the galaxies
is redshifted into the red optical, making NIR bands increasingly
important for galaxy selection. High-redshift studies to date have
covered survey areas of ~1-30 square degrees; examples include
the James Webb Space Telescope Advanced Deep Extragalactic
Survey (JADES; D. J. Eisenstein et al. 2023), the COSMOS field
(J. R. Weaver et al. 2022; M. Shuntov et al. 2025b), the the
CFHT large area U-band deep survey (CLAUDS; M. Sawicki et al.
2019) and the Hyper-Suprime Cam Subaru Strategic Programme
(HSC-SSP) survey (H. Aihara et al. 2018a). On the other hand,
the largest cosmological galaxy surveys such as the Dark Energy
Survey (DES) and Dark Energy Spectroscopic Instrument (DESI),
covering ~10 000 deg?, have primarily focused on z < 2 (e.g. Dark
Energy Survey Collaboration 2016; DESI Collaboration 2022). With
upcoming wide-area survey telescopes like Euclid and Rubin/LSST,
detailed studies of galaxy populations and their environments are
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now becoming feasible at higher redshifts (Z. Ivezié et al. 2019;
Euclid Collaboration 2025).

Two-point correlation functions are a fundamental statistical tool
in large-scale structure cosmology for measuring the clustering of
galaxies (e.g. P. J. E. Peebles & M. G. Hauser 1974; M. Davis &
P. J. E. Peebles 1983; A. S. Szalay & D. N. Schramm 1985; N. A.
Bahcall & M. J. West 1992; Y. Wang, R. J. Brunner & J. C. Dolence
2013). They quantify how galaxies are distributed across different
scales, and can be linked to the distribution and properties of host
dark matter haloes where the galaxies likely reside (e.g. S. D. M.
White & M. J. Rees 1978; Q. Guo et al. 2010; R. H. Wechsler & J.
L. Tinker 2018). They are typically denoted by &(r) or w(#), which
describe the probability of finding a pair of galaxies at a comoving
separation of r or angular separation 6.

On large scales, perturbations in the matter density are approx-
imately linear: |§| < 1, where the density contrast § describes the
fractional excess of matter density in a given region relative to the
mean density of the Universe. In this regime, linear perturbation
theory can be used to accurately describe the evolution and statistics
of the density field. Physical features such as the Baryon Acoustic
Oscillations (e.g. D. J. Eisenstein & W. Hu 1998; H.-J. Seo & D.
J. Eisenstein 2003), which can be used to reconstruct the cosmic
expansion history H(z) (E. V. Linder 2005), can be observed in the
clustering of galaxies (e.g. C.-H. Chuang & Y. Wang 2013; J. S.
Alcaniz et al. 2017).
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On smaller scales, in the non-linear regime (§ > 1), typically on the
order of a few Mpc (~10Mpc at z =~ 0; S. Tassev & M. Zaldarriaga
2012), linear perturbation theory breaks down however. Non-linear
gravitational collapse leads to the formation of virialized dark matter
haloes (e.g. D. E. Mota & C. Bruck 2004; M. LoVerde 2014). The
distribution of (invisible) dark matter haloes and the observed galaxy
distribution can be linked through a ‘halo model’, which predicts
how galaxies of different types are expected to populate haloes as
a function of halo mass. The key components of a halo model are
the halo mass function (the number density of haloes as a function
of mass), the halo bias (how haloes are clustered relative to the
overall matter distribution), and the dark matter density profile (the
internal matter distribution within a halo). Based on models of how
dark matter is distributed inside haloes, the halo model can also
incorporate a model of the galaxy ‘halo occupation distribution’
(HOD; A. Cooray & R. Sheth 2002), which describes the probability
distribution of the number of galaxies residing in a dark matter halo
as a function of halo mass (e.g. M. Asgari, A. J. Mead & C. Heymans
2023).

By fitting a halo model to the observed galaxy correlation function,
we can infer how galaxies are spatially distributed within dark
matter haloes. The model can be split into two main contributions.
The 2-halo term models correlations between different haloes and
concerns larger scales, allowing us to measure the galaxy bias (e.g.
J. A. Peacock & R. E. Smith 2000; V. Desjacques, D. Jeong & F.
Schmidt 2018), which quantifies how galaxies cluster relative to the
underlying dark matter distribution. The bias is defined on linear
scales as by = 8,/8, where §, is the galaxy overdensity, § is the dark
matter overdensity, and b, is the galaxy bias. On smaller scales,
the 1-halo term probes the internal conditions of individual haloes,
particularly how different types of galaxies are distributed within
them, allowing insight into galaxy formation and feedback processes
(e.g. P. W. Hatfield et al. 2016; P. W. Hatfield & M. J. Jarvis 2017).
The clustering model can also be used to constrain quantities such
as the stellar-to-halo mass relation (SHMR; e.g. A. Leauthaud et al.
2011; R. H. Wechsler & J. L. Tinker 2018).

Several studies have measured the clustering of Lyman-break
galaxies (LBGs) at 3 < z < 5 from different data sets. LBGs are
effective tracers for identifying large numbers of galaxies at high
redshifts due to their characteristic spectral drop-off at the Lyman
limit, which allows for their detection in photometric surveys. Early
work made simple estimates of the correlation length ry by fitting
the spatial two-point correlation function £(r) with a power-law
form &(r) = (ro/r)”. M. Ouchi et al. (2004) studied LBGs in the
Subaru Deep Field and the Subaru XMM-Newton Deep Field and
found correlation lengths of ry ~ 4-6 h~! Mpc for LBGs at 7 ~ 4-5,
and showed that brighter galaxies exhibit stronger clustering. N.
Kashikawa et al. (2006) also measured the clustering of LBGs at
z >~ 4-5 in the Subaru Deep Field, obtaining angular correlation
functions w(#) of comparable amplitude to these earlier results. They
found large bias factors consistent with LBGs residing in dark matter
haloes of ~10''-10'> M.

Similar trends were confirmed by K.-S. Lee et al. (2006) using
the GOODS fields, and by H. Hildebrandt et al. (2009) with the
CFHTLS-Deep survey (~4 deg?), who also employed careful colour
selection to limit low-z interloper contamination. They found that
both correlation length and inferred halo mass decrease with de-
creasing rest-frame UV luminosity. Likewise, J. Cooke, Y. Omori &
E. V.Ryan-Weber (2013) using the CFHTLS Deep Fields, and F. Bian
et al. (2013) studying LBGs selected in the NOAO Bodtes field, both
measured the the angular correlation function (ACF) at z = 3. Both
reported correlation lengths of ry ~ 4-6 h~! Mpc, comparable with
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the with earlier measurements by M. Ouchi et al. (2004), and reported
the same luminosity-dependent clustering trends using power-law fits
to their data.

Larger spectroscopic samples, such as the VLT VIMOS LBG
Survey (R. M. Bielby et al. 2011) and the VIMOS Ultra Deep
Survey (A. Durkalec et al. 2015), reported ry ~ 3—4 h~! Mpcatz ~ 3
and inferred a galaxy bias of b >~ 2 — 3. A. Durkalec et al. (2015)
estimated halo masses of a few times 10'' M®. More recent studies,
including Y. Harikane et al. (2016, 2022) and S. Ishikawa et al.
(2017), used large optical surveys from HSC and employed HOD
models to constrain parameters such as the minimum halo mass My,
required to host a central galaxy, finding that typical LBGs reside in
haloes of ~10''-10'> M. While clustering measurements have now
extended to z 2 6 (e.g. P. W. Hatfield et al. 2018, N. Dalmasso et al.
2024b; L. Paquereau et al. 2025; M. Shuntov et al. 2025a), current
samples at these redshifts are generally too small for robust HOD
modelling.

The ACF studies at z = 3-5 to date have relied on samples
extracted from optical photometry (or in some cases spectroscopic
follow-up of small samples), typically selected via colour—colour
cuts to identify the Lyman break. However in the search for z = 4-5
sources in optical imaging, there is a smaller number of detection
bands into the red optical (e.g. only i, z and y available at z = 5)
making samples more vulnerable to contamination (e.g. from brown
dwarfs; R. A. A. Bowler et al. 2015). Furthermore, simple colour-
cuts have been shown to be incomplete (N. J. Adams et al. 2023)
in comparison to photometric fitting that includes additional filters.
In particular the addition of NIR filters in the selection process has
many benefits at z = 3-5, providing a reduction in contamination,
and the ability to derive physical properties like stellar masses from
rest-frame optical imaging.

Future surveys like the Legacy Survey of Space and Time (LSST;
Z. Ivezié et al. 2019) will cover large areas of the sky at z = 3-5.
The LSST’s wide-deep-fast survey will observe in the ugrizy bands,
reaching a 5o depth of 24.0 in the r band with a single exposure.
The coadded r-band image depth will reach 26.9 after 10 yrs, over a
vast area of approximately 18 000 square degrees (The LSST Dark
Energy Science Collaboration 2018). This final coadded depth is
comparable to the survey data we use here, but achieved across a
significantly larger area.

In this work we measure ACF in the Cosmic Evolution Survey field
(COSMOS; N. Scoville et al. 2007). Our catalogue is a sample of high
redshift galaxies covering the redshift range z = 2.75-5.2. It includes
multiwavelength photometry across 14 bands (optical and near-
infrared) with robust selection criteria to minimize contamination.
The photometric redshifts of the galaxies are obtained through
SED template fitting by N. J. Adams et al. (2023). We apply
the halo model with a HOD parametrization to fit the observed
angular correlation functions, estimating the HOD parameters such
as halo mass, and fitting for the galaxy bias using a Bayesian
Markov chain Monte Carlo (MCMC) approach. We also compare
different sets of free and fixed parameters within the halo model
to see how each parameter affects the shape of the correlation
function.

The paper is structured as follows. Section 2 describes the data we
used and how we sample the redshift bins. Section 3 describes the
methodology used to measure the angular correlation function and
presents the main results. Section 4 presents the results of halo model
fits to the observed ACF. We conclude in Section 5. We adopt the
Planck Collaboration VI (2020) values for the cosmological parame-
ters: Q. = 0.261, Q5 = 0.0490, h = 0.677, 03 = 0.811, ny = 0.965,
Negr = 3.046.
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2 DATA AND SAMPLE

In this section, we describe the COSMOS field data set, including the
available multiwavelength imaging, photometric redshift estimation
methods, and criteria for galaxy selection across the three redshift
ranges used. We then present the specifics of the data set, such as
filter depths and galaxy counts, along with the redshift distribution
of selected galaxies.

2.1 The COSMOS field

The COSMOS field data used in this study is a multiwavelength data
set that spans optical and near-infrared photometry. The sample we
begin with is identical to the data set used in N. J. Adams et al.
(2023). Photometric observations include up to 14 bands, spanning
effective wavelengths from 0.375 to 2.19 um. This deep imaging
enables the detection of faint galaxies with absolute UV magnitudes
down to Myy &~ —20.5 at redshifts around z = 5. The field covers
an area of 1.51 deg? and includes observations from several surveys.
Optical data comes from the HyperSuprimeCam Strategic Survey
Programme (HSC DR2; H. Aihara et al. 2018b, 2019), and also the
Canada—France-Hawaii-Telescope Legacy Survey (CFHTLS; J.-C.
J. Cuillandre et al. 2012). The near-infrared data are sourced from the
UltraVISTA survey (UltraVISTA DR4; H. J. McCracken et al. 2012).
Furthermore, the overlapping data sets from HSC and UltraVISTA
are leveraged for accurate photometric redshift estimates obtained
through a spectral energy distribution (SED) fitting process, which
we describe in Section 2.2. Table 1 provides the filters used for the
selection of galaxies in N. J. Adams et al. (2023), their So depths in
AB magnitudes, and the corresponding data sources (CFHT, HSC,
and VISTA).

2.2 Sample and tomographic bin selection

Galaxies were selected using SED fitting with LEPHARE (S. Arnouts
et al. 1999; O. Ilbert et al. 2006), a template-fitting code that
minimizes x 2 values across various SED templates to compute best-
fitting photometric redshifts and physical parameters. For galaxies
in the redshift ranges 2.75 < z < 3.5 and 3.5 < z < 4.5, sources
were selected with a >5¢ detection in the band corresponding to the

Table 1. Filters and 5o depths (AB magnitudes) for the COSMOS field.
These filters span from optical to near-infrared wavelengths, utilizing data
from CFHT, HSC, and VISTA, which enables photometric measurements
across a wide range of effective wavelengths (0.375-2.19 pum). The depths
are calculated using circular 2 arcsec diameter apertures.

Filter Depth (50, AB mag) Origin
u* 27.1 CFHT
g* 27.3 CFHT
r* 26.9 CFHT
i* 26.6 CFHT
z* 255 CFHT
g 27.4 HSC
r 27.1 HSC
i 26.9 HSC
z 26.5 HSC
y 25.7 HSC
Y 25.4 VISTA
J 25.3 VISTA
H 25.1 VISTA
K 25.0 VISTA
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Figure 1. The redshift distribution of galaxies in the COSMOS field across
our three photometric z bins selected in N. J. Adams et al. (2023). The total
galaxy counts for the full samples are 44 132 (z ~ 3), 13407 (z ~ 4), and
7861 (z >~ 5). The galaxy counts for the Myy-limited samples are 16033
(z ~3),13118 (z >~ 4), and 7800 (z >~ 5).

rest-frame ultraviolet continuum emission (HSC r band for z >~ 3
and i band for z >~ 4). These sources were required to have a best-
fitting SED template corresponding to a galaxy or QSO within the
respective redshift ranges, and have a maximum x? value of 100
to filter out potential artefacts. For 4.5 < z < 5.2, the initial sample
consisted of objects with a best-fitting SED template corresponding
to a galaxy or QSO, and have a 5¢ detection in the HSC-z band.
Additionally, a <30 detection in the CFHT-u* band was required to
minimize lower redshift contaminants.

Photometry was extracted using SEXTRACTOR (E. Bertin & S.
Arnouts 1996) in dual image mode. For each subfield, the deepest
r, i, z bands are used to capture the rest-frame ultraviolet emission for
7z =~ 3,4, and 5, respectively. Details of the catalogue creation can be
found in R. A. A. Bowler et al. (2020). The broad wavelength range
of the data set and depth in NIR ensures robust photometric redshift
estimates. The uncertainties in photometric redshifts of galaxies are
described in detail in N. J. Adams et al. (2023). They reported the
normalized median absolute deviation (NMAD) of the photometric
redshifts compared to a compilation of spectroscopic redshifts to be
0.029, with an outlier rate of 3.1 percent for the COSMOS field.
Even at the faint limit of our sample (Myy >~ —20 at z =~ 5), sources
have detected breaks of 2> 1.5 mag, which can be safely considered a
robust Lyman break detection and suggests that contamination from
low-redshift interlopers should be minimal.

The 2.5 < z < 2.75 galaxies were excluded due to the issues
related to the visibility of the Lyman break in this redshift range
with the available filters (N. J. Adams et al. 2023). Additionally,
the shallow u*-band resulted in degeneracies with lower redshift
(z < 0.4) Balmer break features, increasing contamination of other
sources. The sample also excludes data at redshifts z > 5.2 due to
the difficulty in separating galaxies from Milky Way brown dwarfs,
particularly M-class dwarfs, whose colours in the optical and near-
infrared bands become comparable with those of redshift z > 5.2
galaxies (e.g. D. Stern et al. 2007; R. A. A. Bowler et al. 2015; L.
Vledder et al. 2016). Fig. 1 shows the number of galaxies in our
sample as a function of redshift for the COSMOS field across the
three redshift bins.

3 ANGULAR CORRELATION FUNCTION

In this section, we review the angular two-point correlation function
and the estimators we use to measure it and the associated mea-
surement errors (covariance matrices). We then present the results of



the two-point correlation functions measured from the LBG sample,
including the covariance matrices for the three redshift bins that are
needed for the HOD model inference discussed in Section 4.

3.1 Correlation function estimator
The galaxy overdensity in a pixel i of a redshift bin is defined as

0 _ n(g’) — g
W= 1
where ng) is the observed number density of galaxies in the pixel,
and 7, is the mean number density across the redshift bin. The
angular correlation function w(|@|) quantifies the excess probability
of finding a pair of galaxies with angular separation 6 compared with

an uncorrelated Poisson random field. It is defined as
w(|0]) = (35(0 + 0.:)5,(0.)). )

The angle brackets (. ..) denote an average over all pairs of galaxies
separated by |0|, where this quantity is independent of the reference
position 6. under the assumption of statistical isotropy and homo-
geneity. The average can be calculated by performing pair counts in
discrete angular bins,
o = Sea?B005,

Zm O
where the summation is performed over all unique pairs of sources
labelled by p and ¢. ©;, is a function that equals 1 if the angular
separation between the sources is within a angular bin labelled
by «, and O otherwise. In what follows, we used 18 bins, with
separation values @ ranging from 1 to 103 arcsec on a logarithmic
scale. The bins are mostly evenly spaced, with deviations from
perfectly uniform (logarithmic) spacing mostly within 2 per cent and
often below 1 per cent (the bin edges are chosen by the TREECORR
code; see below). For reference, an angular separation of 1° corre-
sponds to a comoving separation of 114 Mpc at z >~ 3, 128 Mpc
at z~4, and 139Mpc at z >~ 5, assuming our fiducial Planck
cosmology.

Survey data typically contain a number of imperfections, such as
missing regions due to masking (e.g. around bright stars) and variable
depth due to differing integration times, seeing conditions, and survey
irregularities. In practice, w(f) can be measured using a statistical
estimator that takes into account these imperfections by referencing
the measured galaxy pair counts to the pair counts for a catalogue of
randomly generated positions with the same masking/depth pattern.
In this work, we use the Landy—Szalay estimator (S. D. Landy & A.
S. Szalay 1993),

UJ(0)= Ndd_ZNdr‘i'Nrr’ (4)
Nrr
where N,; is the normalized number of pairs of galaxies in the
observed data with an angular separation 6, N,, is the same quantity
but for the catalogue of randomly generated positions, and N, is the
normalized number of galaxy-random pairs, i.e. a cross-correlation
between the two catalogues. Note that the two catalogues do not need
to have the same number of entries; in fact, it is possible to reduce the
variance of the estimator by using a random catalogue with several
times more entries than the observed catalogue. This estimator is
widely used due to its reduced bias and variance compared to simpler
alternatives and has been shown to be better at handling edge effects
compared to the Peebles estimator (P. J. E. Peebles & M. G. Hauser
1974) (e.g. S. D. Landy & A. S. Szalay 1993; M. Kerscher, 1.

(3)
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Szapudi & A. S. Szalay 2000; M. Vargas-Magaifia et al. 2013; M.
Kerscher 2022).

For the random catalogue, we generate mock galaxies that are
Poisson distributed across the survey footprint. This results in a
random distribution of galaxies that are not clustered but do follow
the survey geometry, i.e. we exclude any mock galaxies that fall
within the masked areas of the data. This provides a reference to
handle the effects of masking and the non-uniform survey geometry,
although in our case, we note that the COSMOS field is relatively
uniform in depth. We set the number of random galaxies to be ten
times the number of observed galaxies, following Y. Wang et al.
(2013) and D. J. Farrow et al. (2013).

3.2 Covariance of the ACF

In order to accurately estimate the halo model parameters, we also
need to estimate the covariance matrix, C, of the binned angular
correlation function. There are various approaches for this, including
using large ensembles of simulations, or empirical methods like
bootstrap and jackknife.

Jackknife and bootstrap error estimates account for fluctuations
such as shot noise — the random fluctuations in galaxy number density
due to the discrete and finite size of the sample. Since these methods
estimate the variance in galaxy number density, the shot noise is then
naturally included. However, these methods do not include other
sources of variance, such as super-sample covariance (SSC; A. E.
Bayer et al. 2023) and cosmic variance. SSC comes from the large-
scale density fluctuations in the Universe. As we are sampling only
a finite region of the Universe, the measured two-point function is
affected by modes that are associated with fluctuations on scales
larger than the survey volume. Future experiments covering much
larger areas are expected to mitigate this issue. The cosmic variance
arises because we can observe only a single and finite region of the
Universe, which may not fully represent the cosmic average. In our
analysis, we use only the jackknife method to estimate covariance,
and do not include these other sources of variance in our estimates.

The jackknife method estimates the covariance matrix C by
breaking up the survey area into multiple patches, then excluding one
patch at a time from the input catalogue, computing the correlation
function for the galaxies across all the remaining patches, and finally
using the variation across these estimates to calculate C:

N, patch — 1

N patch

C= D (wi —w) (w; — ), )
1

where Nyyen is the total number of patches, and w; is the correlation

function estimate with the ith patch excluded. w is the mean

correlation function over all patches.

For comparison, we also used the bootstrap method, which esti-
mates the covariance matrix by resampling the data with replacement.
The process involves randomly selecting Npycn patches from the full
list [0, ..., Npaen — 1] with replacement. The correlation function
is then computed for all galaxies in the selected patches. This
resampling is repeated Npooisirap times, generating a set of resampled
correlation functions, {w;}. The covariance matrix is estimated as
the sample variance of these resampled results:

1
C= > w; =) (w; — w). (©6)

N bootstrap — 1 f

When selecting Npqen, the patch size should be larger than the
maximum scale of the correlation function being measured. This
condition suggests Npyen ~ 20 for our maximum separation of
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Figure 2. Angular correlation function for all galaxies in our sample of LBGs (left) and with an absolute magnitude cut of Myy < —20.0 (right), shown at

three redshift bins. The data points for higher redshifts are shifted slightly to the right for clarity.

1000 arcsec, but such a choice results in poorly structured (noisy)
correlation matrices for both estimators. From the clustering mea-
surement, the last three data points have larger error bars and low
signal-to-noise, and have little impact on the model fits we perform
below, and so we focus on the points below 300 arcsec. This translates
to dividing the full survey field into 2300 patches. We verified that
covariance matrices computed with Nyyen = 200, 300, and 400 yield
consistent results, with variations of about 7 per cent. Therefore, we
opted to use Npyen = 300 to construct the covariance matrices for
the redshift bins z >~ 3, z >~ 4, and 7 >~ 5.

Previous work has evaluated the performance of different error
estimation techniques. P. Norberg et al. (2009) compared the two
error estimators, jackknife and bootstrap, on 1-25 h~! Mpc scales,
finding that the bootstrap method overestimated the variance of the
two-point correlation function by ~40 per cent across all scales. In
contrast, the jackknife method provided an accurate variance on large
scales, but overestimated it on small scales. Overall, the jackknife
estimator was found to be biased to a lesser extent.

In our analysis, we observe that the bootstrap error is larger than
the jackknife error on smaller scales (6 < 4 arcsec) but becomes
smaller than the jackknife error for & > 4 arcsec. At scales of 6 >
100 arcsec, the bootstrap error is significantly smaller, potentially
underestimating the error at the largest scales. As C. L. Hale et al.
(2023) points out, bootstrap resampling randomly removes sources
and therefore cannot account for systematic trends or variations in
source density across the field, which may lead to an underestimation
of errors in the correlation function. Considering these factors, we
use only the jackknife error results in this paper.

We use TREECORR (M. Jarvis 2015) to calculate the correlation
functions, but compute our own covariance matrices to have better
control, while using the jackknife sky patches defined by TREECORR.

3.3 ACF measurements at 7z ~ 3-5

In Fig. 2 (left), we present the angular correlation functions w(6)
measured for all galaxies in our three tomographic redshift bins
within the COSMOS fields. Fig. 3 shows the correlation matrices for
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the full sample ACF in the three different redshift bins, for the same
separation bins as in Fig. 2. At all redshifts, the correlation function
shows an approximately power-law decline as 6 increases, indicating
a weakening of clustering at larger separations, as expected. As we
move to higher redshifts, z >~ 4 and z =~ 5, the overall amplitude of
w(#) increases. This is largely due to the fact that we are observing
only the brightest galaxies at these redshifts. These luminous galaxies
tend to reside in more massive haloes (A. Vale & J. P. Ostriker 2004),
which are linked to a higher galaxy bias (J. L. Tinker et al. 2010).
Hence, they are more clustered. The covariance matrices show mostly
only mild correlations between nearby angular separation bins, with
the z >~ 5 sample showing a more significant pattern of correlation
on separations of tens of arcsec.

‘We show the full ACFs (i.e. with no Myy cut) as a demonstration
of the maximum SNR we can obtain. The relative uncertainties tend
to increase with 6 and become larger at higher redshifts as expected.
For angular separations ranging from 6 ~ 1-300 arcsec, the signal-
to-noise ratios (SNRs) are high enough to yield useful information on
clustering. However, at larger separations of 6 ~ 300-1000 arcsec,
the SNRs are low, resulting in reduced statistical significance of the
observed correlations. Also notable is the apparent steepening of
the correlation function at the smallest separations; we discuss this
further in Section 4.3.

Since the luminosity cuts in different redshift bins are not the same,
it is hard to interpret any evolution from the measured amplitude of
the galaxy clustering from these ACFs. Hence, we applied a uniform
Myy cut to the sample and then re-measured the angular correlation
functions to facilitate comparison across redshifts. The right panel of
Fig. 2 shows the resulting correlation functions of the three galaxy
samples with an absolute magnitude cut of Myy < —20.0. After
applying the cut, a large portion of the faint-end galaxies at z >~ 3
were removed. For z >~ 4 and z >~ 5, the distributions are similar
and mostly unaffected, with only a small fraction of the faint-end
tail below the completeness limit being excluded. The correlation
functions of the resulting samples are generally consistent, but
show a slight evolution with redshift, most clearly seen around
6 < 60 arcsec.
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Figure 3. Measured correlation matrices for our z 2~ 3, z ~ 4, and z 2 5 full sample respectively, illustrating the correlation coefficients between different
angular bins. The colour scale represents the strength of correlation, with values ranging from —1 to 1. Each matrix is structured with axes representing angular

separations @ in a logarithmic scale from 1 to 103 arcsec. The correlation coefficients are computed from the covariance matrix using p; i =Cij/

where C is the covariance matrix, and i, j are the angular bin indices.

4 HALO MODEL FITTING

This section describes the halo model fitting process using CCL!(N.
E. Chisari et al. 2019), including the implementation of the 1-
halo and 2-halo terms using HOD parameters for constructing the
model angular two-point correlation function. We use a Bayesian
MCMC approach to determine the posterior distribution of the
HOD parameters. Various parameter combinations are tested, and
we discuss the influence of specific parameters on fit quality. The
MCMC posteriors are presented for different redshifts for both the
full and magnitude-limited galaxy samples. Finally, we discuss the
result of the inferred galaxies bias and duty cycle.

4.1 The halo model

In the halo model, the power spectrum is modelled as the sum of
terms that separately treat correlations between galaxies within each
dark matter halo (the 1-halo term), and between pairs of haloes (the
2-halo term),

Prun(k) = Prpaio(k) + Prhato(k). @)
For the galaxy—galaxy halo power spectrum (A. Nicola et al. 2020):

1 d _ _ _
Praan®) = — / AN [N 2R )], ®)
g

1 dn _ _ 2
Paaio(k) = <ﬁ— / T3 WM (MDA [fc+1vsus<k>]> Pin(k).
g

)
dn

Here, M is the halo mass, 337 is the halo mass function, which is
the number density of dark matter haloes per unit mass interval, and
us(k) is the Fourier transform of the normalized density profile of
satellite galaxies. f, is a parameter explained later in equation (11).
We use the J. Tinker et al. (2008) model as our halo mass function
and the J. L. Tinker et al. (2010) result for the halo bias b, (M). i1g is
the total mean galaxy density. The galaxy bias bé(k, 7) is defined as

Pray (k)

Wik, 7) = ,
(kD=3 ®

(10)

Thttps://github.com/LSSTDESC/CCL

Cii - Cjj

where Pj,(k) is the linear matter power spectrum. In the large-scale
limit where k& — 0, the full power spectrum Py is represented by
the 2-halo term power spectrum P; p,j0(k) only.

The HOD (A. Cooray & R. Sheth 2002) is a key component of the
halo model power spectrum calculation. In CCL, the mean observed
galaxy density profile within a halo of mass M is modelled as

(ng(NIM) = Ne(M) [ fo + No(M)uy(r|M)] , 1)

where f, is the observed fraction of central galaxies (between 0 and
1). N.(M) is the mean number of central galaxies as a function of
halo mass M, defined as

N(M) = ! {1 +erf (Mﬂ , (12)

2 OinM

where erf is the error function, My;, is the minimum mass threshold
for hosting one central galaxy, and oy,  is the scatter in the logarithm
of the halo mass.

Similarly, the mean number of satellite galaxies (with one central
galaxy), Ny(M), is given by

M—M0>°’

M 13)

Ny(M) = O(M — M) (
where O(x) is the Heaviside step function, which ensures that only
haloes with mass greater than M, have satellite galaxies. Here, M,
is a normalization mass scale, and « is the slope of the relation.

The normalized distribution of satellites, denoted as ug(r|M),
depends on the radial distance r from the center of the halo. In
this work we assume it follows the Navarro, Frenk, & White (NFW)
profile (J. F. Navarro, C. S. Frenk & S. D. M. White 1997)

r/rg
(1 +r/rg)2> ’ (14)

Here, ®(rmax — 1) ensures that the profile is defined only within
a maximum radius ry,. The free parameters in our model are
log o Mmin, log,y M1, c, fc, and Bg.

The volume integral of the satellite distribution us is 1. The
characteristic radius r, is linked to the NFW scale radius r, by the
relation ry = B,rs, where B is a proportionality constant, which is
one of the free parameters in our halo model fitting. The radius
T'max 18 connected to the overdensity radius r, through the expression
T'max = Pmax?a. The scale radius itself is related to the comoving over-

Ms(r‘M) o8 ®(rmax - r) (
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density halo radius by the concentration—mass relation, expressed as
ra(M) = c(M)r, where c(M) is the concentration parameter as a
function of mass. In our analysis, we use the concentration—mass
relation result from S. Bhattacharya et al. (2013).

One can use the halo model power spectrum and a tracer Al (k) to
construct the angular power spectrum Cy:

Cl =4x /Do %Pd)(km;(kmg(k), (15)
0

where, in our case, Aj;(k) = Ai(k) = ANC where ANC is the galaxy
number counts tracer. Galaxies form in the haloes where there is an
overdensity of dark matter. Therefore, the number count of galaxies
serves as a biased tracer of the underlying matter density field. The
number count transfer function A?C(k) describes how primordial
fluctuations in k, Pg(k), are transferred into the observed fluctuation
in number counts at multiple /:

AYC(k) = / dz p.(2)by(k, 2)Ts(k, 2) je(kx(2)). (16)

Here, Tj is the matter density transfer function. b,(k, z) is the galaxy
bias (equation 10). p.(z) is the normalized redshift distribution of
sources. j,(x) is the ¢th order spherical Bessel function, which
projects the 3D fluctuations on to the celestial sphere. x(z) is the
comoving distance to redshift z.

To obtain the angular correlation function w from Cy, the equa-
tion shows the w’/ for two bins i and j as a sum over all multiple
moments £:

wi@)=>" %(—D“C?ng_m(a) an
¢

w” = w"N denotes the correlation function related to the angular
power spectra for two galaxy number density fields that are denoted
by the Ns. di,SN () is the Wigner-d matrices (K.-W. Ng & G.-C.
Liu 1999; G. Chon et al. 2004), which describe the projection of the
3D fluctuations on to the celestial sphere. sy = 0 is the spin of the
galaxy number density field.

4.2 MCMC fitting method

In this study, we fit an HOD model to the measured angular two-point
correlation function using the MCMC method. We use the EMCEE
package from D. Foreman-Mackey et al. (2013). The likelihood
function for this fit is expressed as:

1
logl = -3 Z] [Wobs (6:) — w(0;: P Ci;' [wons(8)) — w(B;: p)]

2
[log nfghe"r(p) —log ngbs]
+

; 18)

2
UlOE"g(F)

where wops(6;) represents the observed angular correlation function
at angular separation ¢;, with i, j denoting angular bins. C;; is the
full covariance matrix of the observed ACF. The model correlation
function w(6;; p) and the theoretical number density ng‘e"r(p) are
functions of the HOD parameters, where p is a vector of HOD
parameter values. ngbs is the observed galaxy number density of
our data, and Ologny is the standard deviation in logn,, which we
choose to be a conservative value of 10 per cent of log ngbs, following
Y. Harikane et al. (2022). We use the logarithm of n, because
otherwise the fitting tends to overly prioritize matching the number
density, resulting in poor fits to the ACF and poorly constrained
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posterior distributions. Given the number of galaxies N within the
comoving volume Vc, the number density ng is: ng = N/Vc. The
model correlation function is defined as:

w(b;; p) = Weheor(6;; p) — IC + % (19)
where wyeor 1S the theoretical prediction of the correlation function
from the halo model, as described in Section 4.1. As the effects of
shot noise and the finite survey volume through the integral constraint
(IC) are present in the observed correlation function but not in the
theoretical correlation function, we accounted for them in the fitting.
The shot noise term is given by 1/N, where N is the total number
of galaxies per radian-squared within the redshift bin. Since the
correlation function must satisfy the condition that its integral over
the survey volume vanishes, the IC applies a constant correction to
the modelled correlation function (e.g. E. J. Groth & P. J. E. Peebles
1977; N. Roche & S. A. Eales 1999; W. Riquelme et al. 2023). To
meet the condition, we calculate the IC as follows:

Z,‘ Nrr wobs(ei)
Nrr ’

IC = (20)

We have five free parameters from the HOD model: log;, Muin,
the logarithm of the minimum mass of a halo that can host a central
galaxy; log,, M;, the logarithm of the characteristic halo mass at
which on average one satellite galaxy is found per halo; «, the slope
of the power law describing the number of satellite galaxies as a
function of halo mass; f., the observed fraction of central galaxies;
and f,, which is related to the spatial distribution of satellite galaxies
within their host haloes. We set oy, = 0.2, which controls the
scatter between the halo mass and the minimum mass for galaxy
occupation. This is a characteristic transition width, and its specific
value is not critical as long as it remains relatively small. Additionally,
we set log;y My = log;y Mmin + 0.5, for setting a baseline for the
satellite galaxies, assuming that log,q M, should be slightly larger
than log,, Mmin. Both values are based on Y. Harikane et al. (2022)
with slight modification. The parameters are assumed constant in
redshift within each of our redshift bins, but are fitted separately for
each bin.

The priors for the parameters in this study are all specified as
uniform distributions, defined as follows. The parameter log,, Mmin
is constrained to be within the range of 0.0 to 15.0, while log,, M, has
a slightly larger range, from 0.0 to 17.0, with the additional condition
that log,, M| must be greater than log,, Mmi,. The parameter « is
constrained to values greater than or equal to 0.0, f. is bounded
between 0.0 and 1.0, and B, is bounded between 0.0 and 4.0. We
choose very wide priors, except for restricting f. to be a fraction
between 0 and 1. We use 64 walkers for the MCMC process, and run
the chains for 3000 steps. We tested discarding the first 10 per cent
and 20 per cent of the chain as burn-in and found that the mean values
changes by <0.050, and inspected some of the chains visually to
ensure reasonable convergence. We kept the final 80 per cent of each
chain for our analysis.

4.3 Testing different combinations of model parameters

To test the behaviour of the halo model parameter inference pro-
cedure, we experimented with different combinations of the free
parameters log,q Myin, log;y M1, Be, fe, @ from the HOD model in
CCL over the redshift range from z = 2.75 to z = 3.5, alternately
fixing some and allowing others to vary.

On very small scales within dark matter haloes, M. Masjedi et al.
(20006) reported steep clustering that deviates from predictions of the



standard HOD model, and that is likely driven by physical processes.
While they mentioned that modifying HOD models by allowing
a galaxy distribution more concentrated than dark matter could
potentially explain such enhanced clustering, our HOD model has
the free parameter f,, a dimensionless scaling constant relating the
galaxy distribution radii to the dark matter halo radii (see Section4.1).
While adjusting the B, parameter could effectively reproduce the
steep clustering at very small scales and provide good fits, we
intentionally exclude the smallest scale data points to minimize
potential bias from this effect.

Recent observations by Q. Duan et al. (2024) presented obser-
vational evidence of enhanced star formation in galaxy pairs with
separations smaller than approximately 20kpc at high redshifts
(z = 4.5-8.5). This scale of ~20kpc is chosen as a cut-off in this
study, as this is approximately the scale at which the galaxy—galaxy
interactions could begin to affect the observed number of LBGs,
particularly by boosting star formation rates and hence observed
UV magnitude, which is not captured by the simple HOD model
(see Appendix A for further discussion). We calculate the angular
separations corresponding to a physical distance of 20 kpc at our
redshifts of interest, and subsequently exclude data points measuring
separations smaller than these angular scales from our fitting analysis.
We apply a minimum angular separation cut of 2.57,2.81, 3.07 arcsec
at z >~ 3, 4, 5 respectively. This criterion results in omitting exactly
the first three data points at each redshift.

To illustrate the impact of this cut, we perform a test in which
all data points are included in the fit for the z >~ 3 full sample. Five
parameters are available to be varied: log,, Mmin, log,, M1, o, f,
Bg. The parameters log,, M, and log,, M; are always varied; any
parameter not varied is fixed to 1. The purpose of these tests is to
identify the combination of free parameters that provides the best
fit. Recall that the fit is constrained by both the observed angular
correlation function and the observed galaxy number density (see
equation 18). Fig. 4 shows the results of the MCMC halo model
fitting applied to the ACFs for the full sample under these conditions.
We present the one-dimensional posterior distributions of the model
parameters for the full and magnitude-limited samples at redshift
z ~ 3 in Table 2, with variations in the choice of free parameters.

Testing on the full sample is motivated by the desire to understand
how well the model can reproduce the ACF without omitting any
data points. Among the tested models, the best-fitting one includes
all five free parameters. This model has the lowest reduced x> value
x2, reflecting the best overall agreement with both the measured
ACF and the observed number density nfg’bs. The second best-fitting
model, which includes the parameters log,, Mpin, log,, M, B, also
performs relatively well, though it yields a higher x?2 value. The
higher x2 arises from a worse match to both the ACF and the
number density. The remaining models, which do not include S,
as a free parameter (i.e. with B, = 1), perform much worse in the
fit.

If B, is fixed to 1 (as in the remaining cases), the satellite galaxy
distribution has a profile with a scale radius at the dark matter halo’s
scale radius ry (equation 14). Note that when B, is set as free and
fitted for all observed ACF data points, the fitted results are very
small (B, ~ 0.01) for the three redshift bins. This indicates that the
satellite galaxies are modelled as being extremely close to the central
of the halo.

The third-best case is the one where « is the only additional free
parameter to log,, M, and log;, M;. It controls how rapidly the
number of satellite galaxies increases with halo mass. Allowing «
to vary mainly affects smaller angular scales, where the contribution
from satellite galaxies is significant. However, with 8, = 1, we can

ACF of Lyman-break galaxies at3 < 7 < 5

3203

1 10910 Mmin, 10910 M1, By, fe, @
109+ —t— 10910 Mmin, 10910 M1, By
] —t— 10910 Mmin, 10910 M1, @
] —t— 10910 Mmin, 10910 M1, fe
1 —+— 10910 Mmin, 10910 M1
1 { z=3
§ 10714
=
].0_2*E
© 3 : %
5 g i
Sl 1 o e M H l
o E T
g -3 357 w T * H T T T
100 101! 102 103

6 (arcsec)

Figure 4. Halo model fitting results for the angular correlation function
w(f) at z ~ 3, comparing the observational data (dots with error bars)
to several theoretical models (solid lines) with different combinations of
free parameters. The different colours correspond to different sets of free
parameters used in the fits. If the parameter is not free, it is fixed to 1. The
solid lines represent the model fits, and the shaded regions and error bars
correspond to the 1o uncertainties in the model predictions. We apply small
horizontal shifts in the lower panel for clarity. The lower panel shows the z-
score, defined as the difference between the model and the data, normalized by
the error bars. The horizontal dashed lines indicate the 1o and 3¢ significance
levels, with the triangular markers indicating data points that exceed a 3o
deviation.

tell from the figure that varying the number of satellite galaxies alone
cannot fully compensate for the fit.

The inclusion of f, while keeping « = 1 makes only a marginal
difference in the fits. It represents the observed fraction of central
galaxies and is in fact a very close concept to the duty cycle. The
duty cycle is the fraction of time that the galaxies are observable
in our data. Some LBGs may only be detectable during temporarily
luminous phases (e.g. a starburst), as they are detected based on a
rest-frame UV light. We can treat this factor as the duty cycle by
slightly modifying equation (11), taking the f. as a multiplicative
factor. The value of f. remains the same, but leads to a redefinition
of M, as

1
Ml g M]fca. (21)

In the main results of this work, we omit the first three data points
at the smallest angular scales, as discussed earlier in this section.
To ensure a consistent analysis, we repeat the same parameter
tests for the magnitude-limited subsample (Myy < —20.0) with the
first three ACF data points excluded from the fitting (Fig. 5). The
lower portion of Table 2 shows the corresponding one-dimensional
posterior distributions of the model parameters.

After excluding the first three data points, the inclusion or
exclusion of individual parameters no longer significantly affects the
fit quality (as seen in the lower panels of Figs 4 and 5). The model
with all five parameters free still provides the best agreement with the
data, but the differences in fit quality between models are very small,
as all predicted curves closely follow the measured clustering signal.
This also indicates that fixing or freeing parameters can yield the
same goodness of fit, while resulting in different model parameter
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Table 2. Halo model MCMC fitting posteriors for varying free parameters at z 2~ 3. It presents median values and 1o uncertainties obtained from MCMC fitting
of a halo model to galaxy data at z >~ 3. The upper section of the table shows results from fitting to the full galaxy sample (Fig. 4), and the lower section shows

the results obtained from fitting to the he Myy-limited galaxy sample (Fig. 5). For each fit, the predicted number density n

g

theor

and the galaxy bias (bias) derived

from the model are provided, along with the observed galaxy number density ngbs for reference. The reduced chi-square x,, = x?2/d.o.f., where the number of
degrees of freedom v is calculated as the number of correlation function data points plus one (for the measured ng), minus the number of free parameters in the
model. Parameters shown as dashes in the table are fixed to a value of 1.

2 logio(Mmin/Me)  log;o(M1/Mg) o fe Be ndeor (1073 Mpe3) - g™ (103 Mpe ) 7 v Bias
Full sample
3 11.227507 12.227519 - - 0.077304 42370 3.11 421 16 2.8575%8
3 1102755 12127533 - 0.541022 - 4.287207 3.11 1035 16 2.687007
3 11.26750% 12.63%% 0.337931 - - 3.84704 3.11 919 16 2.84700
3 11067508 11.92%041 - - - 7.26%1 % 3.11 9.80 17 2.71%0%8
3 11137507 12.827039 2.3570% 0707020 0.017908 3.147]38 3.11 170 14 2677019
Myy-limited sample
3 11.50759 12,5451 - - 1.847137 174755 1.13 034 13 3237083
3 11.467519 12,7475 - 0.597937 - 1117943 113 031 13 31801
3 11.5375% 12,6855 0.86104 - - 1.5879% 1.13 031 13 3267013
3 11.50+0:5% 12.541013 - - - 174404 1.13 032 14 3237003
3 11.487519 12.83757 098704 0.627032 1767130 1127939 1.13 014 11 31801
T 4.4 Results of halo model fits
{ ¢ o 10910 Mmin, 10g10M1, By, fe, @
1 —f— 10910 Mmin, 10910 M1, By The solid lines in Fig. 6 show the halo model predictions for the
1004 ¢ —t= 10910 Mmin, l0g10M1, @ galaxy ACF across the three different redshifts when excluding the
1 10910 Mmin. 10910M3., fe first three observed data points for fitting. The solid line reflects
1 T lzozlg M- 10910 M1 the combined contributions of the 1-halo and 2-halo terms. The
3 1 halo model predictions are extended beyond the fitted solid points
$10714 at the smallest scales for reference, showing the level of clustering
1 amplitude expected. Table 3 presents the one-dimensional posterior
] distributions of the model parameters for the three different redshift
] bins and two sample selections (full and Myy-limited samples).
1072+ Corner plots for these parameters are shown in Figs B1, B2, and B3 in
‘ Appendix B, illustrating the two-dimensional posterior distributions
© 3 for the z >~ 3, z >~ 4, and z =~ 5 full sample fits, respectively.
3 s o1 . T The halo model provides good fits to the ACFs at z >~ 3 and
1 g 0 lm Hﬁ ﬁH +H+ HH»%T %#%%%Hﬁ% z =~ 4 for both the full and Myy-limited samples. At z =~ 5, the fits
% v-1 Il HH are less robust, particularly for the Myy-limited sample, where the
gl -3+ ——— e — model underpredicts the clustering amplitude at the 1-halo regime.
10° 10! 102 103 For both samples, the halo mass threshold scales My, are on the

6 (arcsec)

Figure 5. The same as Fig. 4, but excluding the first three data points
(displayed as open squares) at the smallest angular scales for the Myy-limited
sample at z > 3.

values for z ~ 3. For cases where B, is freed, the fitted values no
longer hits the B, > 0 prior, further suggesting that the signal is well
described by the halo model.

It is worth noting that, although the fitted values of « and B,
are consistent with the fiducial values of 1, the inclusion of these
parameters impacts the fitting results. For example, when « is fixed
to 1, the constraints on log,, M; are much smaller than the case
where « varies. Furthermore, as we show later in Section 4.4, for
other redshift bins, the fitted values of « can deviate from 1 with
high statistical significance. Additionally, the x?2 values are all very
small, which suggests an over fitting issue. Nevertheless, since there
is no physical justification for fixing any of the parameters and we
are able to constrain all five parameters with the available data (see
Section 4.4), we adopt the five-parameter model for the final fit.
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order of 10" Mg, and the satellite halo masses M, are on the order
of 10'2 Mg. The M,,;, values are well constrained, as they heavily
control the galaxy number density n‘ghe"r. Although M, is degenerate
with o, it is nevertheless reasonably constrained.

The full galaxy samples do not share the same absolute magnitude
cut, so interpretations of redshift evolution in the fitted parameters
should be treated with caution. For the Myy-limited samples, the
evolution of galaxy bias and f. is discussed in Section 4.4.1 and
Section 4.4.2. The fitted values of the B, values are within a physically
reasonable range but are weakly constrained. This is because the
satellite galaxies have only a minor influence on the fit due to the
first three data points at the smallest scales being excluded.

Using the halo model parameters, we can reconstruct the the-
oretical number densities ng‘e"’, which we use for matching the
galaxy abundance as discussed in Section 4.2. As shown in Table 3,
the posterior of ng‘“" gives a large error bar which is intended by

our abundance matching formalism. The wide posterior of n‘ghe"r
suggests that most of our constraining power comes from the angular
correlation function, instead of a strict matching of galaxy number

density.
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Figure 6. Angular correlation functions for luminous LBGs at redshifts z o~ 3, z =~ 4, and z =~ 5. The left column shows the measurements for the full galaxy
sample, the right column corresponds to magnitude limited subsample with Myy < —20.0. The data points with error bars represent the measured correlation
functions, with the first three data points at the smallest angular scales displayed as open squares and excluded from the fitting. The solid, dashed, and dash-dotted
lines correspond to the theoretical predictions from the full halo model, the 2-halo term, and the 1-halo term, respectively. The halo model terms are extended
to the smallest angular scale for reference based on the fit to the solid data points. The shaded regions around the solid lines indicate the uncertainty in the halo
model predictions: the solid lines represent the 50th percentile of the MCMC posterior, and the shaded regions mark the 16th and 84th percentiles. The full
halo model describes the clustering of galaxies by accounting for both the 1-halo term (galaxies within the same halo) and the 2-halo term (galaxies in separate
haloes). In our analysis, the halo model for fitting includes the shot noise present in the measured angular correlation function and the subtraction of the IC, see
Section 4.2 for details. All axes are displayed on a logarithmic scale.
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Table 3. Halo model MCMC fitting posteriors for z >~ 3, z >~ 4, and z ~ 5 measurements with the first three data points at the smallest scale omitted,
corresponding to the results shown in Fig. 6. We present median values and 1o uncertainties obtained from MCMC fitting of halo model to galaxy data. The
upper section of the table (above the horizontal line) shows results from fitting to the full galaxy sample, the lower section shows the results obtained from fitting

to the Myy-limited galaxy sample. The fits are illustrated in Fig. 6. The number densities 4
The redshift bins use different magnitude cuts: z >~ 3 (m > 27.1), z ~4 (m > 26.9), and z ~ 5 (m > 26.5).

obs

theor and ng

, reduced chi-square, Xf, are defined as in Table 2. *

2 log;p(Mmin/Mg)  log;o(Mi/Mo) a fe Be neor (103 Mpe)  ad*(103Mpe ) x2 v Bias
3 10.97%01 12.43%0%9 L58¥0 0467030 1797130 3.89M32 3.11 023 11 2.60%0%
4 11.25%02 1270105 242709 048703 174115 0.9610% 0.759 023 11 370%0%
5 10.897513 12.397032 261103 037104 077108 108758 0.704 047 11 4.247024
3 11.487519 12.83757° 0.98%04  0.6210% 176113 1127929 1.13 014 11 318701

1119751 12.89793¢ 318738 0407035 1.39119] 0.9779%2 0.750 034 11 3.587027

10.91+012 12.40+0:% 2.65T092 0391030 0.8710 7 1.05+0:78 0.698 049 11 4270%

Overall, the model successfully captures the clustering signals 18 N
across all scales at all three redshift bins. The intermediate scale @ COSMOS, full sample ) 107 Mo
region is particularly well fitted at z >~ 3 and 4. However, the low x> 16| % COSMOS, M<-20 /
. . o ¥ GOODS, Full field M<-19.8 e %
values suggested a possible overfitting of all the redshift bins. 141 & GOODS, Deeper region M<-19.8 // e
{  XDF, full sample i 7
124 & Harikane+2022 M<-20 L 10M5M o
4.4.1 Galaxy bias © 6 Harikane+2016 M<-19.9 L A »
_Q _ /' // e

From each step of the MCMC fitting posterior, we obtain a set of ;10 : ’ ~Aouopy,
halo model parameters that can be used to calculate the galaxy bias T‘g
according to equation (10). From that, we construct the inferred U]
posterior of the galaxy bias and therefore constrain the redshift
evolution of it at 3 < z < 5. For the magnitude cut sample, we
observe a slight increase in galaxy bias with redshift: b, = 3. 18f8:}1
at z~3, by =3.5802 at z~4, b, =427 at z~5. The
inferred galaxy bias values are tightly constrained.

In Fig. 7, we show the redshift evolution of galaxy bias from the
measurements in this work. The same plot also includes results from
the GOODS and XDF fields (N. Dalmasso et al. 2024a), reaching
z = 8, as well as results from Y. Harikane et al. (2016, 2022). The
bias values from this study and previous work with approximately
the same magnitude cut at 3 < z < 5 lie within a close range, with
higher bias observed at higher redshift. In the XDF field, which
shows an unusually low bias at z ~ 5, this is because of the very low
clustering amplitude measured. Note that we use a different method
to calculate the galaxy bias than these studies. N. Dalmasso et al.
(2024a) fits the ACF with a power-law, converting it to a real-space
correlation length, and then derived the bias as the ratio of the galaxy
correlation amplitude to the dark matter correlation amplitude at a
fixed scale of 8 Mpc h~!. Y. Harikane et al. (2016, 2022) calculated
the effective galaxy bias from the halo model by weighting each halo
mass by the abundance (described by the halo mass function), the
average galaxy occupation in halo and the halo bias of that mass.
The result is then integrated over all halo masses and normalized by
total galaxy number density.

We also present the evolution of halo bias for fixed halo masses
with redshift in Fig. 7. Comparing the measured galaxy bias to the
halo biases at different halo masses, we can infer the effective halo
mass of the galaxy sample. We can see that for the magnitude cut
sample, the bias at z ~~ 3 corresponds to a halo mass of approximately
10"2Mg, at z ~ 4 to approximately 10''> Mg, and at z >~ 5 to
approximately 10'' M. This trend is consistent with the trend we
see in the My, across this redshift range. The bias values correspond
to progressively lower halo masses with increasing redshift.

The semi-analytic model GALFORM (P. D. Mitchell et al. 2016)
predicts weak evolution in the SHMR over z = 0—4. Assuming Myy
and stellar mass are correlated at these redshifts, as shownine.g.J. S.
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Figure 7. Galaxy bias as a function of redshifts. The hexagon- and plus-
sized points are measurements from this work in the COSMOS field for the
full galaxy samples and magnitude-limited samples, respectively. These are
compared with previous results from GOODS and XDF fields (N. Dalmasso,
M. Trenti & N. Leethochawalit 2024a), and from Y. Harikane et al. (2016,
2022). The blue dashed lines are the expected dark matter halo bias from the
J. L. Tinker et al. (2010) model for fixed halo masses. Data points are slightly
shifted to the right for clarity, except for the Harikane et al. data, where no
shift was necessary. Error bars represent the 1o uncertainty from the posterior
distributions obtained via MCMC fitting. For the magnitude-limited samples,
the galaxy bias increases with redshift and corresponds to progressively lower
halo masses as redshift increases.

Speagle et al. (2014), the model from UNIVERSEMACHINE simulation
(P. Behroozi et al. 2019) similarly suggests that at fixed stellar mass,
the corresponding halo mass is slightly lower at higher redshifts. At
our inferred halo mass range (10''-10'> M), COSMOS2020 (M.
Shuntov et al. 2022) and the COSMOS-Web survey (L. Paquereau
et al. 2025), both of which compare directly to simulations such
as IllustrisTNG (e.g. V. Springel et al. 2018) finds only modest
evolution in the SMHR from z = 3-5. In addition, models of halo
star formation history (e.g. C. A. Mason, M. Trenti & T. Treu 2015)
suggest that for a fixed observed galaxy luminosity threshold, the halo
mass decreases with increasing redshift. The trend seen in this study
is therefore not unexpected given these previous results, however
further analysis with larger samples of galaxies with robust stellar
masses are needed to be able to constrain simulation predictions.
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Figure 8. Duty cycle as a function of redshift. The hexagon- and plus-sized
points are measurements from this work using the COSMOS data set. The
black circles and blue triangles are results from N. Dalmasso et al. (2024a).
Some points are slightly shifted to the right for clarity. The red horizontal line
represent the upper limit of 1.0. Error bars represent the 1o uncertainty from
the posterior distributions obtained via MCMC fitting.

4.4.2 Duty cycle

Duty cycle represents the fraction of galaxies that are bright enough
to exceed a given observational threshold and hence be included in
our sample. As discussed in Section 4.3, the parameter f. can be
interpreted as the duty cycle following the re-parametrization of the
satellite HOD. We obtain f, values for the Myy-limited samples of
0.6270% at 7~ 3, 0.407533 at z ~ 4, and 0.39703) at z ~ 5. The
constraints are relatively loose however. For comparison, in Fig. 8,
we show the measurements of duty cycle from our work as well as
N. Dalmasso et al. (2024a), which has a similar magnitude cut.

For the magnitude-cut sample, there appears to be a very mild
downward trend in f, with increasing redshift, although this trend
is not significant considering the large error bar — we do not
observe a strong dependency of the duty cycle on the redshift. These
values are broadly consistent with the GOODS magnitude-limited
measurements at z ~ 5-7, which do not show a noticeable trend
either. On the other hand, the measurement from the XDF field show
a clear increase with redshift, although we note that the ACF in the
XDF (and the higher redshift bins in GOODS) in N. Dalmasso et al.
(2024b) are weakly detected.

It is also important to note that N. Dalmasso et al. (2024a) uses
an abundance matching technique to calculate the duty cycle, which
is different from our method in several ways. First, N. Dalmasso
et al. (2024a) matches the observed galaxy number density to the
number density of haloes, ignoring the contribution from satellite
galaxies. Second, the number density of the halo is very sensitive
to the assumed minimum halo mass. The minimum halo mass in
our work is inferred from the halo model fitting, which gives a
proper posterior distribution. Finally, we impose a loose abundance
matching criterion as discussed in Section 4.2, where N. Dalmasso
et al. (2024a) matches the number density exactly.

Our results of the duty cycle do not show significant evolution, and
the measurements from z = 5 to z = 4 are consistent with the find-
ings of K.-S. Lee et al. (2009), where the duty cycle was also found
to remain broadly constant. The value of the duty cycle indicates
the fraction of haloes that host an observable LBG; a low duty cycle
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can suggest a short-lived star formation. The star formation time-
scale (or the duration of star formation) tsg can be roughly estimated
by relating it to the duty cycle, assuming that tsp ~ DC x Afgypey,
where Atgyey is the cosmic time span probed by a given survey
redshift interval (K.-S. Lee et al. 2009). For the magnitude-cut
sample, we estimate the star formation time-scale tsg to be ~0.35 Gyr
at z =2.75-3.5 (with a survey time span Afgney = 0.56 Gyr),
~0.19 Gyr at z = 3.54.5 (Afqrey = 0.47 Gyr), and ~0.09 Gyr at
7 =4.5 — 5.2 (Atsurvey = 0.22 Gyr). The shorter time-scale at higher
redshift suggests more intense and rapid star-forming activity in early
galaxies. N. E. P. Lines et al. (2025) finds LBGs at z ~ 4-5 have ages
of ~100 Myr, which is consistent with our inferred star formation
time-scale at this redshift.

5 DISCUSSION AND CONCLUSIONS

In this work, we measured the angular two-point correlation function
for high-redshift Lyman-break galaxies (3 < z < 5) selected from
optical and NIR data in the COSMOS field and applied a halo model
to infer the properties of their host dark matter haloes. Our analysis
contributes to the currently limited number of high-redshift clustering
studies, and it offers a preview of what galaxy clustering properties
we might expect in future surveys like LSST, given the comparable
depth. While our current measurements provide tight constraints on
small (1-halo) scales, LSST’s significantly larger survey area will
reduce sample variance and enable finer redshift and luminosity
binning (e.g. R. K. Cochrane et al. 2017, 2018), as well as clustering
studies of rarer populations like AGNs. We also investigated how
varying different HOD parameters affects the shape of the model
two-point function, and derived the predicted galaxy bias from our
model.

We use the Landy—Szalay estimator for our correlation function
measurements. At angular separations from 6 ~ 1 to 300 arcsec,
the SNRs are high enough to yield information on clustering. For
comparison and interpretive purposes, we computed the angular
correlation function in each redshift bin for both the full and
magnitude-limited (Myy < —20.0) subsample. Overall, the cluster-
ing amplitude increases with redshift, primarily because brighter
galaxies are being selected. Luminous galaxies are typically hosted
by more massive haloes, which are associated with a larger galaxy
bias. Consequently, these galaxies exhibit stronger clustering. Note
that at higher redshifts, dark matter is more clustered as well, which
contributes to the change in the amplitude of the angular correlation
function.

The steeper power-law behaviour observed at the smallest angular
separations (<3 arcsec) is likely driven by physical processes not
captured by the HOD formalism, such as merger-induced star
formation. To avoid biasing the fit, we excluded these small-scale data
points from the halo model fitting, as the enhanced UV luminosity
and star formation in close interacting systems can affect the observed
number of LBGs. In Appendix A and Fig. A1 we highlight how some
of these close sources are likely star-forming clumps in the same
galaxy or interacting galaxies.

In the halo model fitting analysis, we tested various combinations
of the five free parameters log,, My, log,y M1, o, fc, By, and found
that allowing all five parameters to vary provided the best fit. We
thus set all five parameters as free in the fitting. We obtained good
fits across the full range of scales, including the transition between
the 1-halo and 2-halo terms for the z ~ 3 and 4 samples, whereas
previous studies, such as Y. Harikane et al. (2022), excluded data
points at these scales in their fits. At around 10-20 arcsec, the 1-
halo term, which indicates pairs of galaxies are more likely to reside
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within the same halo, was seen to decline with redshift. At these
scales, clustering shifts from being dominated by galaxy pairs within
a single halo to galaxy pairs residing in separate haloes. Beyond this
scale, the 2-halo term dominates, and we calculated the galaxy bias
from this term.

We used the linear matter power spectrum as the input for our HOD
calculations, which is as intended by the theory. As a consistency
check, we tested the impact of using the non-linear matter power
spectrum as the input instead following C. Jose et al. (2017).
Specifically, we used the ‘halofit” model (R. Takahashi et al. 2012)
implemented in pyccl, and subsequently the smaller scales have
more contribution from the 2-halo term when taken account of the
nonlinearity. Y. Harikane et al. (2022) exclude measurements at the
quasi-linear scales, since they are potentially affected by the non-
linear halo bias effect. Nevertheless, we achieve good fits using the
linear matter power spectrum, suggesting that using the non-linear
spectrum may not be necessary.

When including the data points at pairing scales <20kpc, the
posterior of the 8, parameter hits the physical prior B, > 0, and gives
very small values of B, ~ 0.01. If we keep the intended interpretation
of B, as the ratio of satellite galaxy location to the halo scale radius,
this would indicate that most satellite galaxies are located extremely
close (approximately 1 per cent of the halo scale radius) to the central
galaxy position. This is physically unrealistic and implies that the
measured clustering signal cannot be fully described by the simple
1-halo term alone. This is further justification for removing the small
scale points (0 < 3 arcsec) in the HOD fitting.

In the fitting, one of the free parameters, o, can compensate for
changes in log,, M;. Many previous studies avoid setting « as a free
parameter; however, fixing it to a known value can introduce bias in
log,, M, if the chosen value of « is inaccurate. In our analysis, we
found that the value of 1 lies outside the 30 range of the posterior
distribution. The parameter f, can be treated as the duty cycle (the
probability that we observe a given central LBG or not, depending on
whether it is in an actively star-forming versus undetectable phase)
by simply modifying the measured M,. Note that the uncertainties
from the fitting are still quite large; we would expect future larger
scale surveys with substantially more galaxies to help better constrain
the dark matter halo properties.

In the magnitude-limited sample, we observe a mild increase in
galaxy bias across redshifts z ~ 3-5: b, = 3187010 at 7 ~ 3, by =
3.58%03 at z > 4, by = 4.277037 at z ~ 5. This trend corresponds
to a decrease in the effective halo mass at higher redshift for a fixed
UV luminosity threshold (for the inferred 10''-10'> M, haloes).
We also constrained the observed central galaxy fraction f. which
we interpret as the galaxy duty cycle. This interpretation slightly
modifies the inferred value of M. While the inferred f, values are
loosely constrained, they appear to show no evolution or a weak
decline with redshift: ~0.627032 at z ~ 3, ~ 0.407031 at z ~ 4,
~0.397030 at 7 ~ 5. These results are in broad agreement with
previous measurements by K.-S. Lee et al. (2009), who also found
loose constraints and no significant evolution from z =5 to z = 4.
The rough estimates of star formation time-scale inferred from the
duty cycle are ~0.35 Gyr, ~0.19 Gyr, and ~0.09 Gyr at z ~ 3,4, 5,
respectively, consistent with the observed ages of typical Lyman-
break galaxies at these redshifts (e.g. N. E. P. Lines et al. 2025).

Overall, our correlation function measurements of high-redshift
LBGs in the COSMOS field enabled a robust halo model fit,
particularly capturing the clustering well at intermediate scales where
the 1-halo and 2-halo terms intersect at z >~ 3 and 4. This modelling
provides constraints on the properties of their host dark matter
haloes, and gives a preview of future studies of galaxy clustering
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at these redshift, as well as informing modelling of the high-z galaxy
population’s clustering in forthcoming surveys with similar depth
but much larger area, such as LSST.
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APPENDIX A: EXAMPLES OF GALAXY CLOSE
PAIRS

In Fig. Al, we show image cut-outs centered on a selection of
the brightest galaxies within the z >~ 4 sample. These sources were
identified to have close separations to another galaxy within the
same redshift bin. We find an excess in the ACF on small scales
(<3 arcsec) in comparison to that expected from the 1-halo term
fitted to the data at larger scales. Typically in ACF fitting the smallest
scales are excluded from the fitting due to the uncertain impact of
astrophysical effects such as merger-induced star-formation on scales
of several tens of physical kpc. We visually inspected the close pairs
in our sample to investigate this further. At the smallest separations
(<larcsec) we see that these sources are all likely to be close
mergering pairs or clumps within the same galaxy. The photometric
redshifts for these close pairs are all consistent within 1-3¢. Moving
to wider separations, at 1-3 arcsec, we further see evidence for
physical association, with flux extending between the two sources
that again have consistent redshifts within the errors. There is also
some evidence visually for tidal tails, which would support a merger
origin for the pairs. Mergers have been shown to enhance the SFR of
galaxies at separations up to ~20kpc (J. M. Scudder et al. 2012; Q.
Duan et al. 2024). As our sample selection is based on the rest-frame
UV magnitude (a proxy for recent star formation) it is possible that
our sample is biased towards merging sources, causing the observed
excess in the ACF on scales of <3 arcsec.
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Figure Al. Postage-stamp images in the HSC i-band of 12 galaxies in the z 2~ 4 sample we use for ACF measurements (from N. J. Adams et al. 2023) that
show close separations to another source in the sample. From top to bottom the rows correspond to separations of <1, 1-2, and 2-3 arcsec, respectively, and the
central galaxies are taken from the brightest magnitude bin (Myy =~ —22). The photometric redshift of the central source (red) and the companion (orange) are
shown along the top of each stamp. The stamps are 10 arcsec on a side with North to the top and East to the left. They have been scaled from [—2, 8] o, where

o is the local pixel RMS.

APPENDIX B: TWO-DIMENSIONAL
POSTERIOR DISTRIBUTION OF HALO

FITTING

Figs B1, B2, and B3 illustrate the two-dimensional posterior distri-
butions for the z =~ 3, z >~ 4, and z =~ 5 full sample fits, respectively.
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Figure B1. Corner plot showing marginalized posterior distributions and parameter correlations from MCMC halo model fitting at z ~ 3 for the full sample. The

parameters include logyy Mmin, log,g M1, @, fc, Bg. The contours represent 68 per cent and 95 per cent confidence intervals for the parameter pairs. Marginalized
1D distributions with median values and 68 per cent confidence intervals for each parameter are shown in the diagonal panels.
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Figure B2. Corner plot showing marginalized posterior distributions and parameter correlations from MCMC halo model fitting at z =~ 4 for the full sample. The
parameters include log,q Mmin, log,g M1, o, fc, Be. The contours represent 68 per cent and 95 per cent confidence intervals for the parameter pairs. Marginalized
1D distributions with median values and 68 per cent confidence intervals for each parameter are shown in the diagonal panels.
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Figure B3. Corner plot showing marginalized posterior distributions and parameter correlations from MCMC halo model fitting at z ~ 5 for the full sample. The
parameters include logyy Mmin, log,g M1, @, fc, Bg. The contours represent 68 per cent and 95 per cent confidence intervals for the parameter pairs. Marginalized
1D distributions with median values and 68 per cent confidence intervals for each parameter are shown in the diagonal panels.
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