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The goal of this study is to conduct a timely analysis of the high-redshift star-forming galaxy populations,
which will be informative in designing next-generation experiments and their extragalactic targets. We use
the hydrodynamical simulation MillenniumTNG to model Lyman-alpha emitting galaxies (LAEs) to extract
key properties such as their clustering and occupation statistics. We define LAEs through an empirical
relation between star formation rate (SFR) and Lyman-alpha flux. We also explore two other definitions,
finding that imposing an additional cut on the maximum stellar mass of the galaxy sample, which
approximates the effect of a low escape fraction at high halo mass, leads to a 5-10% decrease of the linear
bias of the population. As expected, we find that the halo occupation distribution (HOD) mass parameters
rapidly decrease with increasing number density. Additionally, the HOD parameter ¢ also decreases with
number density, implying that the SFR-halo mass relationship becomes tighter for low-luminosity objects.
Surprisingly, the nonlinear clustering, estimated by the parameter r,, is fixed at fixed number density,
whereas the linear bias parameter varies with redshift as b(z) o (1 + z), suggesting that our LAE samples
are relatively stable and long-lived. Finally, we study the amount of galaxy assembly bias presentat 7 = 2,3
and find that while at z = 2 it is roughly <10%, at z = 3 it decreases significantly to <5%, showing that
assembly bias effects become less important at high z. While our study is based on a single full-physics
simulation, we expect our results to reflect the properties of LAEs in the Universe. We demonstrate that our

findings are in good agreement with previous results using both observations and simulations.
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I. INTRODUCTION

Thanks to the influx of high-volume, high-quality obser-
vational data in the next decade, photometric and spectro-
scopic galaxy surveys such as the Dark Energy Survey
(DES) [1,2], the Dark Energy Spectroscopic Instrument
(DESI) [3], Euclid [4], the Vera Rubin Observatory
(Rubin) [5], and the Nancy Grace Roman Space
Telescope (Roman) [6,7] will provide an extraordinary
opportunity to stress test the current cosmological paradigm
and improve our models of galaxy formation and evolution.
The “golden standard” of spectroscopic galaxy surveys is
the analysis of the baryon acoustic oscillations (BAO)
peak [8], which enables the extraction of cosmological
information from the large-scale clustering of galaxies.
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However, an alternative path to unraveling the long-standing
mysteries of dark matter, dark energy, gravity, and neutrinos
lies in the decade scale between the BAO scale and the
nonlinear scale, which upcoming surveys will measure with
exquisite precision.

The small-scale signal encodes the relationship between
galaxies and the underlying dark matter distribution, which
can help us refine our understanding of galaxy formation
and evolution and also quantify the impact of small-scale
physics on the large scales used in cosmological analysis.
Most standard methods for modeling the small-scale galaxy
distribution rely on the tenet that galaxy formation requires
a gravitationally bound dark matter halo or subhalo to
accumulate and condense gas [9-15].

The most prominent examples of such galaxy-(sub)halo
models are the halo occupation distribution (HOD)
model [13,14,16,17] and the subhalo abundance matching
model (SHAM) [18-23]. The HOD prescription takes as
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input the average number of central and satellite galaxies in
a given halo as a function of halo mass and outputs a
summary statistic of interest or a galaxy catalog. On the
other hand, SHAM connects galaxies to dark matter
subhalos assuming a (typically) monotonic relation
between a galaxy property such as stellar mass or star
formation rate and a subhalo dark matter property such as
maximum circular velocity. Both methods come with well-
known shortcomings when fitting observational and simu-
lated data (e.g., [24-29]). For reviews on modeling the
galaxy-halo connection and dark matter simulations, see
Wechsler and Tinker [30], Angulo and Hahn [31].

One of the main limitations of these empirical models is
their handling of the effect of “galaxy assembly bias” [32].
Galaxy assembly bias refers to a manifestation of a
discrepancy between the actual distribution of galaxies
and one inferred from dark matter halos using their present-
day mass alone [e.g., [33]]. Additional halo properties, for
example halo formation time, local environment, concen-
tration, triaxiality, spin, or velocity dispersion need to be
considered to describe the clustering correctly. The stan-
dard implementation of the popular HOD model does not
consider halo properties apart from mass, and hence
completely neglects galaxy assembly bias. Similarly, the
baseline SHAM model does not take baryonic effects such
as tidal stripping and disruption into consideration, which
affect subhalos in N-body and hydro simulations differ-
ently and may thus distort the subhalo properties in the
presence of baryons (see, e.g., [34]).

As ongoing experiments exhaust the potential of these
measurements at low redshift, the next generation of planned
experiments will target the high-redshift Universe [35-38].
One of these new-frontier experiments is DESI-II [38], the
successor of DESI, which will provide clean low-noise
measurements of large-scale observables deep into the past
of our Universe. As measurements of the clustering at high
redshifts have not been featured extensively in precision
cosmology studies, various details about the galaxy-halo
connection of the targeted galaxy populations warrant careful
theoretical modeling. Luckily, recent progress in the realm of
hydrodynamical simulations, which provide a plausible
picture of the real Universe, offer an exciting venue for
obtaining high-fidelity models of the high-redshift Universe.

Hydrodynamical simulations (e.g., [39—44]) simulate the
dark matter component along with the gas and stars. In this
type of simulations, baryonic and galaxy processes are
tracked by a combination of fluid equations and subgrid
models, which renders them too expensive to run in the
volumes needed to analyze modern galaxy surveys.
Nonetheless, they can still provide invaluable insight into
how and where galaxies form in relation to their dark matter
hosts. In this study, we employ the new full-physics
simulation MillenniumTNG (MTNG), which has compa-
rable resolution to the largest simulation from the
IustrisTNG suite, TNG300-1, but offers a factor of ~15

improvement in the volume (for a review of the
ustrisTNG project, see [43]). The improvement in vol-
ume allows us to target galaxy samples that typically reside
in massive halos, which are otherwise missing from
smaller-volume simulations. As such, MTNG is an ideal
testing ground for developing and validating various
theoretical tools in anticipation of the future high-redshift
galaxy surveys.

The Lyman-alpha (Lya) emission line is commonly
observed in the spectra of high-redshift galaxies
(e.g., [45-47]). Detections of Lya emitting galaxies
(LAEs) in large numbers at z = 2 — —6 using narrow-band
filters have opened up a new window for probing cosmol-
ogy at earlier epochs. In this paper, we address the long-
standing question of modeling the large-scale properties of
LAEs at z = 2 and 3, a regime that is of interest to future
wide-field surveys. Our goal is to conduct a timely analysis
of the high-redshift star-forming galaxy populations, which
we hope will be informative in designing the next-gen-
eration experiments and their extragalactic targets. While
our study is based on the MTNG740 simulation, we expect
our results to reflect qualitatively the properties of the real
Universe. An overview of the full simulation suite of
MillenniumTNG and an analysis of its matter clustering
and halo statistics is given in Aguayo et al. [48], while
Pakmor et al. [49] provide a detailed description of the
hydro simulation together with an examination of the
properties of its galaxy clusters. Further introductory papers
present analyses of high-redshift galaxies [50], weak
gravitational lensing [51], intrinsic alignment [52], galaxy
clustering [53], cosmological inference from galaxy
clustering [54], one- and two-halo term analysis [55,56],
and semianalytic galaxies on the light cone [57].

This paper is organized as follows. In Sec. II, we describe
the MTNG740 hydrodynamical simulation and provide
details about our LAE selection procedure as well as basic
definitions of the large-scale statistics used in our study. In
Sec. III, we discuss our main findings pertaining to the
galaxy-halo modeling, linear bias, redshift-space clustering
and assembly bias properties of our LAE samples. Finally,
in Sec. V, we summarize our main results and put our work
into perspective, providing a qualitative comparison with
similar studies performed in simulations and observations.

II. METHODS

A. The MillenniumTNG simulations

The aim of the MillenniumTNG project is to provide a
set of numerical simulations that make accurate predictions
about the complex interaction between galaxy processes
and large-scale structure in sufficiently large volumes.
While the full simulation suite consists of several hydro-
dynamical and N-body simulations at various resolutions
and box sizes, here we employ only one of these products,
namely, the largest available full-physics box, MTNG740.
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This simulation contains 2 x 43203 resolution elements in a
comoving volume of 0.125473 Gpc?, which corresponds to
a mass resolution of 2.1 x 10’A~'M, in the baryons and
1.1 x 103h~' M, in the dark matter. Throughout this paper,
we refer to this simulation as MTNG for simplicity.

The physics and cosmology model of MTNG echoes that
of MllustrisTNG [58-66], with a resolution comparable to
but slightly lower than that of the largest IllustrisTNG box,
TNG300-1. MTNG also uses the same hydrodynamical
moving-mesh code AREPO [67], a main feature of which is
the use of a Voronoi tessellation for the construction of the
computational mesh. Haloes (groups) in MTNG are iden-
tified by applying the standard friends-of-friends (FoF) [68]
algorithm to the dark matter particles, adopting a linking
length of b =0.2 (in units of the mean interparticle
distance). Gravitationally bound substructures in halos
are identified with the SUBFIND-HBT algorithm described
in Springel et al. [69].

We derive the two quantities halo mass and halo radius as
the total mass (and corresponding radius) enclosed in a
sphere around the halo center with mean density A, times
the critical density of the Universe. A, is defined using the
generalized solution of the collapse of a spherical top-hat
perturbation in a low-density universe and fit by the
polynomial function [70]:

A (z) = 1872 + 82x — 3942, (1)

where x = Q,,(z) — I, and Q,,(z) is the matter energy
density at redshift z.

B. Halo occupation distribution

One way to quantify the connection between galaxies and
the underlying dark matter distribution is through the HOD.
Studying the HOD of a given galaxy population can provide
us with vital insight on cosmic formation and evolution. The
HOD is usually studied separately for the central and satellite
populations. The central galaxies are typically bright galaxies
located in the center of their respective dark matter halo.
Thus, for a given halo, there will either be zero or one central
galaxy. In contrast, satellite galaxies orbit around the central
galaxy. A given halo can have anywhere between 0 and ~100
satellite galaxies. The HOD predicts the average number of
central and satellite galaxies, respectively, as a function of
halo mass.

The distribution of central and satellite galaxies for
magnitude-limited and red galaxies can be modeled using
the formalism of Zheng et al. [17]:

(Nan(y)) =5 |1+ et (XL B ) | )

Olog M

(3)

N

M,

where M ;, roughly represents the mass threshold at which
halos can form a central galaxy, 6}, 3 denotes how quickly
the central galaxy slope transitions between zero and one,
M., is the cutoff mass at which halos can host satellite
galaxies, M is a normalization factor, and a represents the
slope of the satellite galaxy curve. In our analysis we use
M), = M yphae @s our mass proxy [see Eq. (1)].

In this study, we are interested in modeling LAEs, the
HOD of which is not well constrained. We will show that
the formalism of Zheng et al. [17] works well for the most
simplistic method of selecting those galaxies in MTNG.

C. Galaxy selection

In this section, we summarize the different methods we
employ in this study to select LAEs.

Since LAEs often contain young and massive stars, a
good proxy for selecting these galaxies from simulations is
the star formation rate (SFR). However, there are several
other factors that can influence their identification, includ-
ing the escape fraction, equivalent width, and radiative
transfer effects [71]. In addition, because Lya scatters
through the interstellar medium and intergalactic medium,
it is difficult to determine the amount of extinction, whereas
SFR derived from the UV flux density is likely more stable.
For this reason, we use the relation from Dijkstra and
Westra [72] to approximate the Lya SFR:

SFR(UV)

M= SFR(Lya)

4)

where M is a random variable drawn from the logarithmic
probability distribution function:

1 1 (flogM] —x\?] dM
o P73 o Min10’
(5)

where x = 0.04 and ¢ = 0.35 for z < 3. We can express the
Lyman-alpha luminosity (Lyy,) as:

P(M)dM =

1.1 x 10*? ergs™' SFR

Liy, = .
Lya M M@yr_l (6)

The observable quantity through which LAEs are typically
selected is the Lyman-alpha flux, fi,, defined as:

Liy,
= —, 7
fLy(x 477.'(11% ( )

where d; is the luminosity distance to an object at some
particular redshift. In this work, we will consider LAEs at
z =2 and 3. As future high-redshift observatories such as
DESI-II begin to prepare for the target selection of LAEs, in
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this work we explore a range of f1 , threshold values in an
effort to inform these future efforts.

LAEs may be selected by an additional cut in rest-frame
equivalent width (REW). As some future missions are
considering making such a selection, we also examine how
a cut in REW affects the LAE clustering and occupation
statistics. We obtain a proxy to the REW as follows:

REW,
MC

REW = < > ~85 A /M, (8)

where C = 0.89, REW, =76 A, and M is defined in
Egs. (4) and (5). We note that ideally REW would be tied to
the internal properties of the galaxy, however such detailed
modeling is beyond the scope of this work, and we leave a
more realistic modeling of that effect for future investiga-
tions that utilize radiative transfer simulations. Finally,
since our galaxies also lack dust, we test the effect of
applying an upper threshold cut in stellar mass, which
mimics the effect of lower escape fractions at higher halo
masses [73]. To summarize, we construct three different
samples defined below:

(1) Default: Our default sample consists of applying a
flux cut, fiy,. In particular, future surveys such as
DESI-II will likely apply a cut in the range of
5% 1077 and 1 x 107! ergs™' cm™2. The corre-
sponding number densities are 1.42 x 1072 and
9.6 x 107313 Mpc™3, respectively. Our default
sample is the midpoint flux threshold of
fLya > 7.5 x 107", corresponding to a number
density of 0.0114h% Mpc™3 at redshift of z =2
and 0.005154* Mpc™ at z = 3. In later sections,
we study how the parameters change as we vary this
threshold.

Default + REW: We next construct a sample, which
in addition to the default f1,, cut, has an REW cut of
REW > 20 A, which is equivalent to imposing a cut
of M > 0.23. Applying this selection at z = 2, we
effectively remove 39572 galaxies and obtain a
corresponding number density of ngy, = 0.0110
h* Mpc™3. Given our model for the equivalent
width [see Eq. (5)], this process is equivalent to a
“random downsampling” of objects with probabil-
ity P(M > 0.23) % 97%.

Default + stellar mass: Finally, we study the effect
of applying a stellar mass maximum threshold
instead of an REW cut, such that the number of
galaxies remains the same as in the previous
selection, default + REW. At z = 2, this corresponds
to a stellar mass cut of M, < 3.75 x 104! M and
a number density of ng = 0.0110 #* Mpc™.

We find that the results are qualitatively very similar at
z =72 and 3, so we opt to only present our findings for
z = 2 in the following discussion.

(i)

(iif)
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FIG. 1. Scatter plot showing the SFR and stellar mass for all

galaxies in orange and for our default selection of LAEs in green
(see Sec. I1 C). We see that the LAEs occupy the upper region of
this scatter plot, corresponding to the objects with highest SFR.
This agrees with our intuitive expectation for the LAEs as a star-
forming sample. Our selection includes predominantly objects
with high stellar masses. We also show in dashed black the mean
SFR-stellar mass fit for LAEs from Nagamine ef al. [74], finding
it to be in very good agreement with our LAEs.

We show a scatter plot of SFR and stellar mass at z = 2
in Fig. 1, which illustrates the default galaxy selection
(frya > 7.5 x 10717 ergs™ cm™2). We find that it occupies
the upper region in the plot, which corresponds to highly
star-forming galaxies, as expected. Due to the correlation of
these two quantities, we see that our approximate cut on
SFR also predominantly selects galaxies with with inter-
mediate to large stellar masses (210'°A~'M). We also
show a comparison to the mean SFR-stellar mass curve for
LAEs from Nagamine et al. [74] and find that it is in very
good agreement with the galaxies we have identified as
LAEs in MTNG.

In Fig. 2, we examine the occupation statistics of our
three samples at z = 2. We see that the HOD of the default
and the default + REW samples are very similar to each
other and well-approximated by the Zheng et al [17]
formalism. Since the REW cut effectively downsamples the
number of galaxies in the selection, the main impact on the
HOD is to slightly lower the occupation distribution of the
centrals and satellites. On the other hand, the maximum
stellar mass selection has noticeably different central
occupation distribution. Namely, the HOD of the centrals
declines steeply past M, > 1022~ M, since the majority
of stellar massive galaxies live in massive halos. While
there is some obscuration of high-mass halos, it is likely
that our rather simplistic treatment leads to a more
exaggerated effect. The default + stellar mass sample
can thus give us a rough estimate of the maximum effect
of dust obscuration on the HOD and clustering of LAEs.
We plan to examine other strategies in future work.
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FIG. 2. Halo occupation distribution for the three LAE selec-
tion schemes detailed in Sec. II C. The default (red) and default +
REW (blue) samples are virtually identical (since the latter is a
downsampled version of the former). We note that a slight shift to
higher halo masses is seen in the latter sample, as halos with
scarce occupation numbers get eliminated from the sample
through the process of random sampling. The HOD of the
default + stellar mass sample (orange) is not well approximated
by the Zheng et al. [17] formalism, as halos with high halo
masses are removed from the sample. This mimics the decrease of
photon escape fraction with increasing halo mass.

D. Clustering statistics

Another quantity that allows us to study LAEs and
extract information about their large-scale distribution is
the correlation function. In a cubic box with periodic
boundary conditions, we can obtain the correlation function
in real space using the natural estimator as:

-1

DD(r) is the normalized number of galaxy pairs in a
spherical shell at a distance r, and RR(r) is the normalized
number of pairs in the same spherical shell for a randomly
generated galaxy sample. We can split the obtained
correlation function into a “one-halo” and a “two-halo”
piece, where the “one-halo” piece receives contributions
from within the halo (i.e., central-satellite and satellite-
satellite pairs in the same halo), whereas the “two-halo”
piece comes from central-central, central-satellite, and
satellite-satellite in two distinct halos.

In Fig. 3, we display the correlation function for the three
LAE samples defined in Sec. II C. Similarly to Fig. 2, we
find that the default and the default + REW samples result
in almost indistinguishable correlation functions. The small
difference that we see can be attributed to the slight shift of
central and satellite occupations towards higher halo
masses (and thus higher linear bias) when we apply the
REW cut. The default + stellar mass sample, on the other

DD(r)
RR(r)

)= | 9)

—— default (fiya > 7.5 107 17erg/s/cm?)
30F
—— REW >204
o~ —— M+« <3.75 101°My/h
= 25} °
~
3
o,
g 20F
L
- 15}
S
“ 10}
S5k |
101 100 10!
r [Mpc/h]
FIG. 3. Real-space correlation function for the three LAE

selection schemes detailed in Sec. II C. As expected from Fig. 2,
the clustering statistics of the default (red) and default + REW
(blue) samples are largely identical, with the latter sample being a
tiny bit more clustered (reflecting the slight shift to higher halo
masses relative to the default sample, as seen in its HOD). The
default + stellar mass sample (orange), on the other hand, has
overall lower clustering by about 5-10% due to the decrease in
mean halo mass, and as a result, its one-halo term is also pushed
to smaller scales.

hand, has two distinctive features. On one hand, the
amplitude (linear bias) is lower on large scales by roughly
5-10% due to the elimination of some of the most massive
(and thus most clustered) halos when we impose the stellar
mass cut. On the other, the one-halo term is more reduced
and shifted towards smaller values of the pair distance r, as
our maximum stellar mass cut has reduced the mean halo
mass and thus halo radius to smaller values, curtailing the
range of the one-halo term (which scales as the mean virial
radius of the host halos).

Using the galaxy correlation function, we define the
galaxy bias in real space as

&(r)
Ematter (7)

where & .er(7) 18 the nonlinear correlation function of the
matter distribution, which in our case, is obtained from the
downsampled dark matter particles in the dark-matter-only
counterpart to MTNG-740, as we opt to report the bias with
respect to a pure N-body simulation [75]. Over a range of
scales near the nonlinear regime (~5h~' Mpc), the corre-
lation function £(r) can be modeled by a power law with a
slope of y ~ 1.8. In this work, we will hold this slope fixed
and can thus approximately express the clustering on
quasilinear scales as:

b(r) = (10)

(11)
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where r( is a characteristic amplitude, which is effectively
also a measure of the linear bias. Throughout this work, we
quote the linear bias as the value of b(r) at r = 10h~! Mpc
and fit ry by using Eq. (11) as our model via curvefit.
The large-scale bias should hold on large, linear scales
while the power-law form holds in the nonlinear regime.
Our choice of scale is thus a compromise between these
two regimes.

E. Redshift-space distortions

In reality, when measuring the three-dimensional dis-
tribution of galaxies, we always observe them in redshift-
space, where the redshift information of a given galaxy
contains both a Hubble flow as well as a peculiar velocity
term. The observed redshift of a galaxy can be expressed as
the sum of two components:

Vlos
Zobs = Zcosmo T , (12)
ac

where a = 1/(1 + Zeoemo) 18 the scale factor, ¢ is the speed
of light, v, is the component of the “peculiar velocity”
along the line of sight (LOS), and z sy, 1S the cosmological
redshift. This second term results from the proper motion of
the galaxies and contributes a shift to their apparent
comoving positions, given by

Vlos
As =——— 13
g aH(a)’ (13)

where H(a) is the Hubble parameter at a. We refer to this
distortion in the galaxy density field along the LOS as
redshift-space distortions (RSDs).

The RSD effects distort the observed coordinates in the
LOS direction, so we can consider the clustering signal, &,
as a function of two variables: the LOS separation, r|, and
the separation transverse to the LOS, r,. We show the
clustering signal of our default sample (see Sec. 11 C) in
Fig. 4, which has two main features: “squashing” in the
LOS direction on large scales (~10h~! Mpc) due to the
reduction in apparent separation between pairs of galaxies,
and “stretching” on small scales (i.e., at r, < 1h~! Mpc)
due to the thermal motions of the galaxies within their dark
matter halo hosts. We refer to these as the Kaiser and the
Finger-of-God effects, which are caused by the infall of
galaxies into clusters and the virial motions of galaxies
within the halo, respectively (see, e.g., [76]). In subsequent
sections, we examine the amplitude of the LAE redshift-
space effects. We look at these redshift distortion effects for
default + REW and default + stellar mass selection
processes, which are outlined in Sec. II C. While Fig. 4
gives us a nice qualitative understanding of these “squash-
ing” and “stretching” effects, it is easier to understand this
phenomena through plotting the Legendre multipoles,

30.0 1.0
20.0 0.5
10.0 00 —
= .
3 3
0.0 (@ -0.5 &
2 2 2
< o)
-10.0 -1.0°
-20.0 -1.5
-30.0 -2.0
-30.0 -20.0 -10.0 0.0 10.0 20.0 30.0
r; [Mpc/h]
FIG. 4. “Butterfly” plot showing the redshift-space correlation

function, &(r, rH) as a function of transverse (7 ) and parallel to
the line of sight (r)) distance of the galaxy pairs for LAE-like
galaxies at z = 2. We can clearly see the Finger-of-God effect on
small scales (r~ 1h~! Mpc), causing an elongation, and the
Kaiser (infall) effect on moderate scales (r ~ 10h~! Mpc), caus-
ing a squashing along the line of sight.

Sfnd / dué(rpLo(w).  (18)

&e(r)

due to the fact that the majority of redshift-space informa-
tion can be accessed by measuring the first three even
multipoles (7 =0, 2, 4). Here, r is the redshift-space
separation, > =r% + rﬁ, u=r|/r denotes the cosine

angle of the galaxy pair with respect to the line of sight,
and L, is the Legendre polynomial of order 7.

The correlation function multipoles for our three samples
(see Sec. I C) atz = 2 shown in Fig. 5. The monopole signal
(Z = 0) measures the isotropic clustering, while the quadru-
pole signal (# = 2) measures the nonisotropic signal due to
LOS (Finger-of-God and Kaiser) effects. For both the
default and default + REW samples, we find the quadrupole
crosses zero at ¥ = 3—4h~! Mpc. This feature is important to
note as this crossover happens at a much lower r value in
comparison to luminous red galaxies (LRGs), where the
crossover happens at around r = 8h~' Mpc [76]. This
difference suggests that the Finger-of-God effects for
LAEs are weaker. Between the two selection processes,
we see that the default + stellar mass sample has a slightly
lower crossing point and a slightly lower amplitude, mean-
ing the Finger-of-God effects are slightly weaker for that
sample. We surmise that this difference is the result of the
lower mean halo mass of the default + stellar mass sample,
which implies smaller virial velocities of the galaxies and
thus smaller Finger-of-God effects. On large scales, we see
that the quadrupole signal for both samples is pretty similar,
whereas the monopole is smaller for the default + stellar
mass sample, suggesting that the amount of anistropicity for
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FIG. 5. Correlation function multipoles &,_ , [see Eq. (14)] of
the default + REW (blue) and default + stellar mass (orange)
samples at z =2 (see Sec. Il C for definitions of the samples).
The default sample is not shown, as it is virtually indistinguish-
able from the default + REW sample, as expected. Due to the
lower mean halo mass of the default + stellar mass and thus lower
virial velocities of the galaxies in a halo, we see that the small-
scale quadrupole (dashed) has a lower amplitude. On large scales,
the quadrupole signal of the two samples is very similar. While
echoing Fig. 3, we see that the isotropic clustering (solid) of the
default + stellar mass sample is more suppressed, suggesting that
that sample exhibits a larger amount of anisotropy.

that sample is larger. This is generally expected for lower-
mass samples.

III. RESULTS
A. HOD parameters

In Figs. 6 and 7, we show the variation of the five
standard HOD parameters from the Zheng er al. [17]
formalism with number density, which have been fit via
SciPy’s curvefit function. In the last panel (lower right)
in each figure, we also show the relation between number
density and Lya flux. Overall, we find a rapid (logarithmic)
decrease with number density for all three mass-based
HOD parameters (M, M, and M ;). Qualitatively, that
is expected, as when we go to lower luminosities (fluxes),
we include more low-mass halos, whose biases are also
lower (see Table I and the following section on clustering).
These findings hold true in the case of z = 3, though we
find that the fits for the M, parameter are a bit more noisy.
Interestingly, the parameter o, controlling the rate at which
the HOD of the centrals transitions from zero to one, also
drops very rapidly with number density. This suggests that
the SFR (fiy, o SFR) and halo mass relation becomes
tighter, as we include more low-luminosity galaxies.
Another striking feature is the behavior of the parameter
a, which determines the power-law slope of the satellite
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S
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FIG. 6. Standard HOD parameters (from Zheng et al. [17]) and Lya flux (fiy,) cuts (varying between 5 x 10717 =2 and
1 x 10710 x 2 ergs™' cm™2) at z = 2 as a function of number density. Overall, we find that the mass-based parameters decrease with
increasing number density (since the mean halo mass also decreases). The parameter o, dictating the rate of transitioning from zero to
one of the central occupations, decreases with number density, suggesting that the relation between SFR and halo mass becomes tighter

for low-luminosity objects.
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FIG. 7. Same as Fig. 6, but at z = 3. We find similar trends to z = 2, but the fits appear to be noisier for the M, parameter. Unlike
Fig. 6, we find that the power-law slope parameter a, controlling the satellite occupation, varies more widely (from 1.7 to 1.1),
suggesting that one needs to adopt a broader prior for that parameter in the actual small-scale clustering analysis of upcoming surveys.

occupation distribution. While at z = 2, it takes a stable
value of a~0.97 (note @ ~ 1 for magnitude-limited and
stellar-mass-selected samples), at z = 3 it varies between
1.7 and 1.1. Upon close inspection, we find that these
differences are due to the fact that lower-density probes do
not exhibit the typical broken power-law behavior expected

TABLE L.

of satellites in the Zheng et al. [17] HOD model. These
high values for a imply that when performing fits to
data from upcoming surveys, one might need to free the
prior on that parameter and allow the analysis chains to
explore a broader parameter space. Alternatively, when
modeling low-number-density samples with very low

Best-fit values of the HOD parameters from the Zheng et al. [17] model, minimum Lya flux (f1,) cuts, linear bias (b), and

“nonlinear bias” (ry) for several number densities (n,4,) at z = 2 for the default LAE sample (see Sec. Il C). The number densities vary in
accordance with the imposed flux cuts in the range of 5 x 10717 +2 and 1 x 10716 x 2 ergs~!.

Mgl Mmin c Mcut Ml a fLy(l b )
[A*Mpc3] (10" =Ml (10" r='Mg] (102 h~'M ] [107'6 s~1erg/cm?] [A~" Mpc]
=2
0.00481 6.57 0.62 3.64 7.00 0.94 2.79 1.71 543
0.00951 3.38 0.34 2.14 4.01 0.95 1.02 1.58 4.96
0.0142 2.34 0.30 1.25 341 0.99 0.50 1.50 4.67
0.0189 1.81 0.29 0.95 2.63 0.97 0.28 1.44 4.47
0.0236 1.49 0.28 0.72 221 0.95 0.18 1.40 4.32
0.0283 1.27 0.28 0.42 2.33 1.00 0.13 1.36 4.19
z=3
0.00211 6.43 0.79 1.74 4.71 1.67 2.38 3.63 6.17
0.00437 3.65 0.33 1.41 3.20 1.44 0.95 3.31 5.57
0.00663 2.62 0.30 1.40 2.37 1.25 0.50 3.15 5.24
0.00889 2.08 0.28 1.65 1.75 1.05 0.32 3.03 5.01
0.0112 1.74 0.28 1.12 1.61 1.10 0.21 2.94 4.84
0.0134 1.50 0.27 0.92 1.44 1.10 0.16 2.87 4.70
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satellite fractions such as this one, an HOD-based analysis
is likely not optimal and alternative techniques such as
subhalo abundance matching might be better suited.

B. Galaxy clustering

Similarly to the previous section where we studied how
the standard HOD parameters vary as a function of number
density, here we extend the analysis to some clustering
statistics such as the linear bias, b [Eq. (10)], and the power-
law amplitude, r, [Eq. (11)]. As before, the number
densities shown correspond to a range of flux cuts between
5x107"7 =2 and 1 x 1071 x 2 ergs~! cm™2 at redshifts
z = 2, 3. The results are shown in Fig. 8. As expected, both
bias parameters decrease as a function of number density,
since the high-number-density samples include a larger
fraction of low-mass halos, which trace regions of lower
density. Furthermore, we see that the linear bias is larger at
z =3 than at z = 2. This is because at higher redshifts,
high-bias objects are even rarer, resulting in a larger linear
bias. We see a very similar trend in r values: r, decreases
as a function of number density and is larger at higher
redshifts. However, unlike the case of the linear bias
parameter, the r, values overlap at z =2 and z =3 at
fixed number density.

We provide an intuitive explanation for why that might
be the case as follows. At these redshifts, the star-forming
population of galaxies (which we select to be our default
LAE-like sample) also has a large stellar mass (see Fig. 1).

3.5} =2
— =3
<=
S 3.0f
o,
2
S 25F
Il
~
© 20}
Q
15 B \ .
0.01 0.02
Ngal [(Mpc/h)S]
FIG. 8.

By tracing the merger history of the LAE progenitors, we
find a large overlap (290%) between the objects identified
as LAEs at z =2 and z = 3, suggesting that these pop-
ulations are relatively stable and long-lived. As a result, we
can approximately express their linear bias as being
proportional to b(z) o (1 + z) o« D7!(z). Indeed, provided
that this is true, the “nonlinear bias,” for which r is a good
proxy, is expected to remain stable at fixed number density
in order to counteract the drop in the matter clustering,
which is exactly what we find. In other words, because we
find that at fixed number density r is constant with redshift
(note that the galaxy clustering at r ~ 5h~! Mpc is deter-
mined by the value of r(), while the bias increases roughly
as b(z) « (1 + z) (note that the matter clustering is propor-
tional to (1 + z)7!), this suggests that the LAE population
remains largely unchanged with redshift, which is pretty
interesting. We note that it is possible that a more realistic
selection of LAEs (e.g., including radiative transfer effects)
would feature a younger and less stable sample of star-
forming galaxies (as in the case of our extreme default +
stellar mass sample), and we leave this for future work.

C. Assembly bias signature

Galaxy assembly bias originates from two effects: halo
assembly bias and halo occupation variation. The former
manifests itself as a difference in the halo clustering among
halos of the same mass that differ by some secondary
property (e.g., formation time, concentration, spin, see

6.0F

5.0F

50F

ro [Mpc/h]

4.5F

O.bl 0..02
Ngal [(MpC/h)B]

Linear bias b and “nonlinear bias” r( as a function of number density at z = 2 and 3. Similarly to the HOD mass-based

parameters, the bias values decrease with increasing number density due to the lower mean halo mass. The fact that r is approximately
redshift-independent illustrates that the clustering is “stable” at fixed number density for these two redshifts. This suggests that the bias
should grow as o (1 + z) to counteract the drop in the matter clustering. Such behavior is expected of a massive, long-lived population
that is undergoing little merging. We note that a more realistic LAE selection method (e.g., involving radiative transfer, scattering and
escape fraction effects) might change some of this behavior by, e.g., preferentially selecting younger galaxies.
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also [77]), while the latter comes from the dependence of
the halo occupancy (i.e., the number of galaxies per halo)
on properties of the host halo other than its mass
(e.g., [78,79]). In this section, we perform the standard
“shuffling test” to estimate the effect of occupation varia-
tion. The reason the latter is of particular interest to future
surveys is that modern analysis of the small-scale signal
often makes use of cosmological N-body simulations,
which do not implement any baryonic processes but trace
the dark matter component, providing accurate statistics of
its virialized structures (i.e., halos) and thus halo assembly
bias (see, e.g., [80]). In particular, often small-scale
analysis is based on emulators built on an extensive suite
of N-body simulations (e.g., [81]), spanning a number of
cosmologies, which enables the extraction of cosmological
constraints by marginalizing over the parameters of the
(sub)halo model. As such, these emulators already encap-
sulate halo assembly bias effects, as the halo statistics are
dynamically tracked in the simulation [82]. The shuffling
procedure, on the other hand, directly probes the connec-
tion between the luminous component and its dark matter
host beyond the clustering properties of the halos.

Below, we outline the steps of our shuffling test. Broadly,

its aim is to estimate how large of an effect is hidden in the
halo properties beyond halo mass. This is done by preserv-
ing the halo occupation dependence on mass while ran-
domly shuffling the galaxy occupations at fixed halo mass.
This procedure mimics the standard implementation of the
baseline HOD model, as it preserves the mean occupation
number as a function of mass. At the same time, it makes no
assumptions regarding the shape of the HOD or the
statistical distribution of the central and satellite occupations
(typically taken to be binomial and Poisson, respectively). In
detail, we first identify the halo hosts of our LAE-like
galaxies, which provides us with an occupancy number for
each halo. We next define logarithmic mass bins between
log M i, = 12 and log M., = 15 of width Alog M = 0.1,
in units of 2=! M . We test that the width of the bins does not
affect the final result. In each mass bin:

(1) We randomly shuffle the galaxy occupations of the
halos belonging to that bin.

(2) As our interest is in the effect on quasilinear scales
(r ~ 10h~! Mpc), we place the galaxies in the
shuffled sample at the center of their host halo.
Alternatively, we could adopt a simple one-halo-
term prescription or simply preserve the spatial
distribution of the halos with respect to the halo
center when performing the shuftling. However,
even so the one-to-two-halo term transition would
not be ideally matched as more simplistic recipes
disregard the nonspherical shape of the halo and its
substructure. We leave a more dedicated study of the
one-halo term of LAEs for future analysis.

(3) Measure a large-scale statistics of choice such as the
two-point clustering. The correlation function can be

calculated using the natural estimator [see Eq. (9)].
To obtain the mean correlation function, ratio of
shuffled to unshuffled clustering, and corresponding
errors for the full box, we calculate the mean and
jackknife errors of the correlation functions for the
125 subsamples:

5 = 1> E, (15)

va @) ="~ LS @, - &0 (16)

i=1

n
where n = 125 and &(r); is the correlation function
value at r for subsample i (i.e., excluding the
galaxies residing within volume element i in the
correlation function computation).

Previous studies have shown that the effect of using the
full-physics rather than the dark-matter-only counterpart of
the simulation is negligible [28], as the mass properties of
the halos are largely unaffected by the presence of baryonic
physics (note that this does not hold true for the subhalo
properties).

In Fig. 9, we show the ratio of the shuffled sample to the
original (unshuffled) sample, i.e., &g (r)/Eorig(r). The
results are shown for our default selection of LAEs (see
Sec. I1 C) at the two redshifts of interest, z = 2 and 3. We
see that, on average, the deviation from one is about 8% at
r 2> 1h~! Mpc for the galaxies at z = 2, and about ~3% for
the LAEs at z = 3, demonstrating that assembly bias affects
this galaxy population less at the higher redshift compared
with the lower one. The discrepancy at z = 2 is reminiscent
of that of LRGs and emission line galaxies (ELGs) found in
previous studies (e.g., [83]). We interpret the finding at
z =3 as being the consequence of astrophysical and
numerical effects. The numerical effects are related to
the well-known fact that in highly clustered regions, spatial
halo finding algorithms such as the FoF algorithm (used to
define halos in MTNG) struggle with deblending halos,
which can lead to biases in the reported halo masses: for
example, an intermediate-sized halo on the outskirts of a
larger halo may have its mass underestimated and hence
have fewer galaxies ascribed to it by a mass-only HOD
prescription compared with the number it would have
received if its mass had been correctly identified. That
issue is of course exacerbated at lower redshifts, for which
we are more likely to find large galaxy clusters and halos in
close proximity [84].

We also expect that galaxy formation and evolution is
impacted by environmental and tidal effects, which can
lead to splashback effects, quenching or triggering of star
formation, merging of halos, and stripping of the dark
matter envelope of small infalling halos (see, e.g., [56] for a
similar study of red and blue galaxies). These astrophysical
considerations suggest that one needs to take into account
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FIG. 9. Clustering ratio, defined as &g (7)/Sorig (7). between a
randomly shuffled sample (at constant halo mass) and the original
sample at z = 2 and z = 3. This test shows the amount of galaxy
assembly bias present in the LAE sample. We see that on average,
this effect is about 8% at r 2 1h~! Mpc for the galaxies at z = 2,
and about ~2.5% for the LAEs at z = 3, showing that assembly
bias affects this galaxy population a bit less at high redshifts. A
possible interpretation is that this is due to the lower number of
cumulative two-halo interactions (mergers, splashback, stripping,
etc.) at high redshifts, but it could also be the case that this finding
is tracer- and/or model-dependent. The sharp feature at r~
0.3h~! Mpc is due to our satellite placement procedure (we
put all galaxies in a given halo at its center), which leads to
discontinuities in transitioning between the one- and two-halo
regimes, but is confined to these scales and does not affect the
larger scales, r 2 0.6h~' Mpc.

additional properties of the halo beyond its mass in order to
correctly predict the clustering of LAE galaxies. It is
possible that these effects are less pronounced at z =3
both due to the fact that the cumulative number of halo
interactions is lower and also because being less massive at
this redshift, halos are less likely to have active active
galactic nuclei, which cause quenching of the star-forming
galaxies. It is also possible that this finding is model- and/or
tracer-dependent (see, for example, [55,85] which find the
opposite trend for emission-line galaxies at z < 1 using a
semianalytic and a hydro simulation model). We leave for
the future a more comprehensive study of the properties
that help reconcile the observed discrepancy with the mass-
only prediction. After identifying these properties, it is
important to incorporate a dependence on them in the
galaxy-halo models used to analyze observations in order to
get an unbiased inference on halo mass and cosmological
parameters (see, e.g., [55] for a similar study of red and
blue galaxies). Another interesting feature to note is that the
assembly bias signal is scale-dependent on the scales
shown (similar is the case for emission-line galaxies,
e.g., [55,86]), which suggests that nonlinear effects such

as tidal shearing are more important for this population
of galaxies.

IV. DISCUSSION

LAESs have been an object of study for both observers
and simulators. In this section, to put our findings into
context, we discuss several relevant works using either
simulations or observations.

The small-scale clustering of LAEs at z ~ 2-3 has been
measured by various groups in the last couple of
decades [87-94]. In Fig. 10, we show a comparison
between the linear bias b and clustering parameter r
obtained in this study and the observational constraints on
these parameters. We find overall good agreement between
our inferred bias at z = 2 and z = 3 and the observational
probes. In particular, similarly to Guaita et al. [88] and Hao
et al. [91], we find that the bias at z ~ 2 ranges between
b =1 and 2, while at z ~ 3 it increases to values around 3.
Our values for b at z =3 are a bit higher than Ouchi
et al. [89], Bielby et al. [90], and Gawiser et al. [87], but are
comparable to the Khostovan at al. [92] findings. Similarly,
we find that our values of r, are roughly consistent with
observations, albeit again a bit higher, especially at the low-
redshift end. While this quantity r( is sensitive to the scales
used in the fit, the difference (both for b and r,) could also
be attributed to the fact that our simulation lacks an escape
fraction model and other radiative transfer effects, which if
accounted for, might have led us to select a slightly less
massive (less clustered) sample.

Several groups have also identified LAEs using hydro-
dynamical simulations and semianalytic models and stud-
ied their clustering properties and galaxy-halo connection
(e.g., [74,95-98]). In Fig. 1, we showed that our SFR-
stellar mass relation for the LAEs agrees very well with the
Nagamine et al. [74] fit. In addition, Fig. 8 and Table 2 of
Nagamine et al. [74] presents the bias b and clustering
parameter r at z = 3 for two different scenarios: ““stochas-
tic” and “‘escape fraction.” We find good agreement with
their values of about b = 3 for their “stochastic scenario”
and consistent values for ry for both scenarios
(ro ~3-5h~! Mpc). Additionally, we compare our HOD
to Fig. 11 in Garel et al. [98] and find it to be consistent
with their midluminosity sample, which roughly matches
the luminosity range of our sample as well. We attribute
differences on the high-mass end to the fact that we do not
incorporate dust attenuation, escape fraction, equivalent
width (EW) modeling and resonant scattering, which their
semianalytic model does feature. A key finding of that
paper is the similitude between their LAE and LBG sample,
since both populations target star-forming galaxies with
bright UV emission. The authors attribute the remaining
differences to: “EW selections, UV detection limits, and a
decreasing Lya-to-UV escape fraction ratio in high SFR
galaxies.” We leave a comparative study of LAEs and
LBGs for future work.
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FIG. 10. Comparison between the linear bias b (left panel) and clustering parameter r, (right panel) obtained in this study compared with
measurements from observations [§7-92]. We find overall good agreement between our inferred b and r( and the observational probes.
However, our values for b at z = 3 are abithigher than Ouchi et al. [89], Bielby ez al. [90], and Gawiser et al. [§7], but are comparable to the
Khostovan et al. [92] ones. Similarly, our values of ry are a bit higher, especially at the low-redshift end. These differences could be
attributed to, e.g., our lack of an escape fraction model, which might have led us to select a slightly less clustered sample.

V. CONCLUSIONS

Future cosmological experiments such as DESI-II will
likely target strongly emitting galaxies at high redshifts
(z 2 2). In this study, we use the hydrodynamical simu-
lation MTNG to study LAEs at z = 2 and 3, with the hope
that our analysis will inform these planned galaxy surveys.
In particular, we are interested in determining key galaxy-
halo properties of LAEs such as their clustering and
occupation statistics.

In Sec. II C, we define LAEs in three different ways. Our
default sample is obtained through an empirical relation
linking SFR and Lyman-alpha flux (see Fig. 1). We also
explore a sample that imposes an additional REW cut
(default + REW), which behaves qualitatively almost
identically to the default case. Finally, we study a sample
that combines a Lya flux cut with a stellar mass maximum
threshold (default + stellar mass). This last definition
approximates the effect of a steady lowering of the escape
fraction of photons with increasing halo mass. This is
reflected on the halo occupation of the centrals as seen in
Fig. 2 as well as on the correlation function (shown in
Fig. 3), which sees a 5-10% decrease of the clustering
amplitude at r~ 10h~' Mpc. Furthermore, the redshift
clustering of the default LAEs suggests that the Finger-
of-God effects are weaker compared with a typical low-
redshift red population, with a transition scale of r=
4h=! Mpc (see Figs. 4 and 5).

In Figs. 6 and 7, we show the evolution of HOD
parameters as a function of number density (or equiva-
lently, Lya flux) at the two redshifts of interest. We find that

the HOD mass parameters rapidly (and logarithmically)
decrease with increasing number density, due to the overall
lowering of the mean halo mass of the population.
Additionally, the HOD parameter ¢ also decreases with
number density, implying that the SFR-halo mass relation-
ship becomes tighter for low-luminosity objects. At z = 3,
the power-law slope parameter a takes a surprisingly large
range of values (1.1 to 1.7).

In Fig. 8, we showcase the linear and quasilinear “bias”
parameters b and r, respectively, as a function of number
density at both redshifts. Interestingly, the nonlinear clus-
tering parameter r, appears to be fixed at fixed number
density and constant at both epochs. On the other hand, the
linear bias parameter b varies with redshift as 5(z) o (1+z)
in order to cancel the drop in the matter clustering
with increasing redshift. This suggests that the LAE
samples defined in this work are relatively stable and
long-lived. Indeed, we find that a large fraction of the LAE
progenitors at z = 2 have a large overlap with the sample
at z = 3.

In Fig. 9, we examine the amount of galaxy assembly
bias at z = 2 and 3 through a shuffling test. We report that
at z = 2 the discrepancy between the shuffling and original
sample is roughly <10%, suggesting that a cosmological
analysis of the small-scale clustering that ignores the effect
of halo properties beyond halo mass could potentially lead
to substantial (~10%) biases on the inferred cosmological
parameters (e.g., og and mean halo mass). At z = 3, the
assembly bias effect decreases to about 5%, which implies
that assembly bias effects become less important at high z.
We conjecture that this is the case due to the lower
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cumulative number of two-halo interactions (mergers,
splashback, stripping, etc.) between massive galaxies at
higher redshifts or simply a tracer-dependent finding,
which is to be verified in future work with other high-
redshift populations.

While our study is based on a single full-physics
simulation (MTNG), we expect our results to reflect
accurately the qualitative behavior of LAEs in the
Universe. In subsequent work, we plan to investigate the
effect of incorporating radiative transfer physics on this

population of LAEs, on their astrophysical and cosmologi-
cal properties [99-102].
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