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Abstract. Next-generation large-scale structure spectroscopic surveys will probe cosmology
at high redshifts (2.3 < z < 3.5), relying on abundant galaxy tracers such as Ly« emitters
(LAEs) and Lyman break galaxies (LBGs). Medium-band photometry has emerged as a po-
tential technique for efficiently selecting these high-redshift galaxies. In this work, we present
clustering analysis of medium-band selected galaxies at high redshift, utilizing photometric
data from the Intermediate Band Imaging Survey (IBIS) and spectroscopic data from the
Dark Energy Spectroscopic Instrument (DESI). We interpret the clustering of such samples
using both Halo Occupation Distribution (HOD) modeling and a perturbation theory de-
scription of large-scale structure. Our modeling indicates that the current target sample
is composed from an overlapping mixture of LAEs and LBGs with emission lines. Despite
differences in target selection, we find that the clustering properties are consistent with pre-
vious studies, with correlation lengths r9 ~ 3 — 4 h~'Mpc and a linear bias of b ~ 1.8 — 2.5.
Finally, we discuss the simulation requirements implied by these measurements and demon-
strate that the properties of the samples would make them excellent targets to enhance our
understanding of the high-z universe.
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1 Introduction

The large-scale structure (LSS) of the universe can be used as a probe of fundamental physics,
cosmology and galaxy formation containing as it does information from inflation, cosmic ex-
pansion, gravitational evolution and the relationship between galaxies and the cosmic web.
Spectroscopic LSS surveys, in particular, precisely map galaxies in the radial direction, al-
lowing for 3D clustering as a function of redshift. This allows observers to collect information
of more modes than in 2D and gain access to the dynamics of the universe at late times.
The current generation of (“Stage IV”) spectroscopic surveys measure 3D galaxy cluster-
ing over a significant fraction of the extragalactic sky approaching sample variance precision
on quasi-linear scales up to redshift < 2 [1-3]. Measuring millions of galaxy and quasar spec-
tra [4], these surveys enable a precise measurement of galaxy clustering and e.g. sub-percent



constraints on the expansion history of the Universe [5]. With rapidly improving detec-
tor technologies, the precision cosmology frontier can be advanced to even higher redshift,
providing improvements in multiple directions simultaneously [6-10]. DESI-II, a proposed
successor experiment to DESI probing galaxies with redshifts up to ~ 3.5, will be the first
step towards a next-generation spectroscopic instrument designed to efficiently map the high
redshift Universe [8, 10, 11].

Moving beyond z ~ 2 requires us to trace LSS with new galaxy tracer populations.
The LSS probes usually used at z < 2, namely Luminous Red Galaxies (LRGs), Emission
Line Galaxies (ELGs; including Ha galaxies), and Quasars (QSOs) become sparse past z ~ 2
[1, 2]. The number of bright QSOs that can be used to probe the intergalactic medium also
declines. Rather, promising tracers at high redshifts are two sets of galaxies: Ly« emitters
(LAE; [12]) and Lyman break galaxies (LBG; [13-17]). These galaxy tracers are defined by
Lya emission and the Lyman break feature in the galaxy spectra (respectively) and have
been readily observed to z 2 5 [15, 18-21], supplying targets for the full redshift extent of
next-generation (“Stage V”) LSS surveys.

Existing surveys have already demonstrated the feasibility of using these galaxies as
cosmological tracers. Narrow-band imaging with Subaru Suprime-Cam [18], Hyper Suprime-
Cam in the SILVERRUSH program [22] and, most recently, the One-hundred-square-degree
DECam Imaging in Narrowbands (ODIN) survey [23] detects LAEs out to z ~ 7. Spectro-
scopic observations with the VIMOS VLT Deep Survey (VVDS) [24], Hobby-Eberly Telescope
Dark Energy Experiment (HETDEX) [25] and, over the ODIN fields with DESI [1, 26] has
confirmed thousands of these sources. For LBGs, wide-field, broadband imaging that employs
the “dropout” technique — e.g. CFHTLS-Archive-Research Survey (CARS) [27] and Subaru
GOLDRUSH [15] — identifies sources to z ~ 7, while spectroscopic programs such as VIMOS
Ultra-Deep Survey (VUDS) [28] and, more recently, DESI [29] have obtained secure redshifts
for many of them at z < 6. Although these tracers have been defined through their distinct
observational features, they are physically similar objects across a wide range of physics.
LAEs and LBGs form a continuum of Ly« rest-frame equivalent width (REW), with LAEs
populating the high-REW end of the continuum [12, 14].

In this work, we report observational results from the DESI ancillary campaign in 2024B,
which provided spectroscopic follow-up of medium-band selected high-redshift galaxies. The
spectroscopic data provide information on the interloper fraction and redshift distribution of
galaxies that can be used to analyze the clustering of the photometrically selected ‘target’
galaxy samples. These findings not only establish direct constraints on clustering statistics
and offer valuable observational insights, but also represent a key step in developing the
forecasting and analytical infrastructure necessary for continued high-redshift investigations.
This work is done concurrently with related work that together aims to characterize tracers
relevant for future high-z surveys. Refs. [29, 30] have performed investigation of selection
and clustering on broad-band selected LBGs, ref. [31] investigates the medium-band selection
of high-z galaxies using Subaru Suprime-Cam, and there is ongoing work characterizing the
astrophysical properties of LAEs using DESI data.

The present paper is organized as follows. First in §2 we will describe the high-redshift
tracers. In §3, we will briefly describe the photometric and spectroscopic datasets used for
the galaxy catalog in this work and use them to characterize where the sample stands with
respect to traditional selections. In §4 we describe the clustering statistics that we use for
analysis including an HOD-based analyses of these samples. The mock catalogs populated
with representative HODs are then used to study the properties of these tracers (§5.1) and



to provide forecasts for future prospects (§5.2). Finally, we conclude in §6. A series of
appendices provide supporting details. Throughout we shall use comoving A~ 'Mpc units,
unless otherwise specified, assume a ACDM cosmology using the best-fit values from Planck
[32], and quote all magnitudes in the AB system corrected for dust using the SFD98 [33]
maps.

2 Tracers at high redshift

In this section we describe the galaxy tracers that are populous at high redshifts, of interest
for next-generation experiments. The tracers come in two categories: Lya emitters (LAE
[34]) and Lyman break galaxies (LBG [35]). Both tracers have been extensively studied pre-
viously [6, 13-15, 17-21, 27, 36—-39], however in the cosmology community they are relatively
unfamiliar due to the expense of obtaining redshifts of faint galaxies over large volumes to
pursue classical LSS studies. Recently, however, photometrically selected LBGs, in combina-
tion with CMB lensing, have been used to make a measurement of the growth of structure
at high redshift [40].

2.1 Lyman alpha emitters

LAEs are galaxies characterized by their strong Lya emission line (at rest-frame 1216A) often
with low continuum levels, with criteria frequently placed on the minimum rest-frame equiv-
alent width (REW) of the Ly« line. Although this designation is primarily observational,
LAEs have been physically identified to be young, low-mass (M, ~ 105~2M), actively star-
forming (SFR ~ 1 — 10 Mg yr~!) galaxies [12]. Physically LAEs are a subset of the LBG
population, however due to the differences in selection and magnitude/mass ranges probed
they are often considered to be a separate class.

LAEs are well motivated density tracers for next-generation large-scale structure exper-
iments for multiple reasons. First, astronomy surveys have identified populations of LAEs
reaching beyond the redshift range of Stage V spectroscopic experiments (z < 5) [41], with
high enough density to enable precise clustering measurements over most of the linear and
quasi-linear regimes [42]. Second, the spectra of LAEs, with a single emission line on an oth-
erwise featureless spectrum, provide relatively simple targets to select photometrically and
obtain spectroscopic redshifts. By selecting for a single big feature in the galaxy spectrum,
it is relatively easy to make a simple, yet effective, photometric selection of LAEs, which
can limit the effect of systematics in the clustering signal. In the astronomy context, most
color cuts have been defined using a combination of deep narrow (or medium, although less
popular) bands and broad-bands [21, 41]. These selections primarily focused on obtaining
low interloper samples with enough sample size for a statistical analysis of galaxies. Recent
work from the ODIN survey [23] has followed this approach, as a low interloper sample is
important for angular clustering analyses [26, 43]. For future spectroscopic cosmology sur-
veys, however, it will be important to cover more volume (i.e. wider redshift ranges) at the
expense of some interlopers, which can be eliminated by spectroscopic follow-up. In addition
to simply using medium bands in combination with broad bands, recent work using the Sub-
aru Suprime dataset [31] have shown that some selections require only (a closely distributed
set of) medium bands.

However, study of LAE in the context of cosmology introduce non-negligible complica-
tions as well. One straightforward issue is the non-trivial overlap between traditional LAEs
using (deep) narrow bands and LAEs optimal for next-generation cosmology sruveys, using



(shallow) medium bands. While both types of selections are designed to target similar-shaped
spectra, there has been no direct indication that the different methods are selecting identical
galaxies. In particular, this complicates interpretation of past LAE studies.

Another subtlety, perhaps more complicated, is the radiative transfer (RT) of Ly«
photons through HI in the galaxy environment. Ref. [44] suggested that RT can significantly
distort target selections depending on local overdensity and LOS velocity divergence, while
later work [45] argued that the magnitude of this effect was largely an artifact of limited
simulation resolution. Recent work [46] has also shown that RT can significantly suppress
LAEs that are central galaxies in massive (M}, > 102M) halos. While studies have not
yet measured this RT effect, nor have they settled on a complete model, the impact of Hi
absorption on LAE clustering has been detected [47]. Simple Fisher forecasts suggest that
the impact of a simple RT model can be limited by using a multi-tracer cosmology analysis
[42]. Further investigation is necessary to fully assess the influence of RT on future cosmology
surveys.

2.2 Lyman break galaxies

LBGs, also referred to as “dropout” galaxies, are a population of galaxies characterized
by the Lyman break (rest-frame 912A) in the galaxy UV continuum, which arises from
the spectral absorption from neutral hydrogen in stellar atmospheres and the interstellar
medium [13, 14, 16]. For galaxies with redshift z 2 2, the Lyman break feature is broadened
towards 1216A due to absorption by neutral Hydrogen in the IGM (i.e. ‘line blanketing’ from
the Ly« forest) [6, 14]. One then searches for a large drop in flux between the ‘dropout’
band (containing (1 + z) 1000A) and the ‘detection’ band (containing (14 z) 1500A) with an
almost flat continuum to redder wavelengths. As with the LAEs, the definition is primarily
observational but it effectively selects massive, actively star-forming galaxies at high redshift.
We refer the reader to refs. [13, 14, 16] for a more in-depth and broad study of LBGs in an
astronomical context.

As with the LAESs, there are strong observational reasons to consider LBGs as a central
tracer candidate in future high-redshift cosmology experiments. First, LBGs have been
confirmed to populate the entire redshift range for potential cosmology experiments in the
next decade and beyond, with candidates up to z ~ 9 discovered with the James Webb
Space Telescope [48]. At the redshifts of interest to next-generation experiments, LBGs
will provide sufficient densities to conduct full-shape 3D power spectrum analyses to quasi-
linear regimes [6]. LBGs have also been found to have significantly stronger clustering than
LAEs, providing a potential opportunity to break degeneracies using the different parameter
dependencies (“multi-tracer” cosmology) [6, 42]. For parameters that benefit from sample
variance cancellation, such as local-type primordial non-Gaussianity, f}\‘;z, having a high bias
tracer and a second tracer with lower bias significantly improves the constraints, by a factor
of ~ 2 or greater [30, 49].

Traditionally, these galaxies are selected in broadband color spaces using three adjacent
broadbands with the “drop” in the first two bands and close-to-zero color in the second two
bands (with refs. [15, 20, 29, 50] providing recent examples). However, using medium-band
filters from the Suprime-Cam [51] on the Subaru Telescope [52, 53], it has recently been
demonstrated that it is possible to select these galaxies in the absence of broadbands [31].
This has partly motivated our study.



3 Data

In this section we provide an overview of the high redshift galaxy sample that we employ in
this work. The main drivers are the Intermediate Band Imaging Survey (IBIS) [54] and Dark
Energy Spectroscopic Instrument (DESI) [1], providing respectively the bulk of the imaging
and spectroscopic data. The imaging data is also supplemented by the public Subaru Hyper-
Suprime Cam (HSC) Strategic Survey Program (SSP) [55] dataset.

3.1 Imaging data

The imaging data used for target selections is mainly from the medium-band imaging survey
IBIS (co-PI's: A. Dey & D. Schlegel, NOAO Proposal # 2023B-184194) on the Dark Energy
Camera (DECam) [56] at the Blanco telescope in Chile, with assistance from broadband
photometry in the HSC-wide survey. IBIS is a wide-field, medium-band imaging survey, that
is planned to cover 3000 deg? [54]. The observations started in 2024A', with the two deep
fields (XMM-LSS and COSMOS, each of ~10 deg?) completed in 2025A. Each deep field is
obtained via 92 dithered exposures in each band, achieving homogeneous depth inside a disk
of radius ~ 1.6°. For this work, we consider the dataset from the XMM-LSS field, which was
completed and spectroscopically followed up (§3.3) in 2024B.

As shown in Figure 1, the filter set of IBIS consists of 5 adjacent medium bands,
spanning roughly 4000 < A < 5300A, each with a width of ~ 260A. In the XMM-LSS field,
IBIS provides medium band imaging to a magnitude of 25.5 (50 PSF depth). Of the total
XMM-LSS field, we restrict the sample to a 1.4 deg radius to reduce systematics from lower
depth in the photometry near the field edges. When accounting for area lost due to masked
pixels, bad data or bright object avoidance, the field covers 6.11 deg?. We complement these
medium-band data with forced-photometry broadband imaging from the HSC-SSP wide field,
which reaches depths of g = 26.5, r = 26.0, i = 26.5, and z = 25.5 [55].

The data reduction and photometry is performed with the legacypipe? [57] pipeline
and the photometry is performed with the Tractor software® [58]. For each source the
properties, such as position and flux, are obtained by x? minimization of the model images
over the relevant region. Tractor produces both “total” flux and a “fiber” flux for each source,
with the latter being the predicted flux within a 1.5” diameter for 1” Gaussian seeing. The
fiber fluxes approximate the typical amount of light that a DESI fiber would see, and thus
are highly correlated with the SNR.

3.2 Target selection

As this is the first time we selected galaxies from the IBIS medium bands, the target selection
in this work is preliminary, using a combination of several novel techniques using the con-
secutive configurations of medium bands. The goal is to have a selection optimized towards
the next wide-field spectroscopic survey, likely DESI-11, with the current selections aiming
towards exploring the parameter space rather than a final tuning for efficiency. Based on
ongoing investigation, we believe that we can increase the size of the target sample through
improved selection techniques. In the meantime, an analysis of these objects provides impor-
tant information for future planning.

!The observations are traditionally described in the ‘A’ and ‘B’ semesters, covering January to June and
July to December, respectively.

*https://github.com/legacysurvey/legacypipe

Shttps://github.com/dstndstn/tractor
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Figure 1: The spectroscopic redshift distribution of the high redshift samples in this work
(both the total and wide samples) colored by the medium band used to select it (top), the
inferred 3D number density (middle), and the corresponding filter curves (bottom), plotted
against redshift assuming A\ = (1 + 2)1216A. The g band is added on the bottom panel for
comparison.

The target selection in this work is a combination of a number of different, exploratory
selections. While we defer details about the selections to companion papers [31, 59], we will
describe them briefly here. We used three of the selections explored to date, each of which can
be performed over multiple medium bands. The first category relies on the colors between
three adjacent medium bands to select a slight peak in the center band, e.g. to select objects
with an emission line in the M464 filter

M438 — M464 > 0.6 , M464 — M490 < 0 , M438 — M464 > 1 + 0.6(M464 — M490) (3.1)

where M438, M464, and M490 are the magnitudes in their respective filters (Fig. 1). An
additional ‘quality’ cut (FRACFLUX< 0.15) is applied for each medium band to reject objects
with significant flux contributions from adjacent sources. The second category performs a
traditional LAE color cut by using the five medium bands to construct a synthetic g band
and placing a cut on the excess color between a medium band and the synthetic broad band,



Target sample | Niarg | Nobs | V2 | Nagood fint z range 102 £~ 1
M411 1065 | 559 | 508 457 0.10-0.18 | (2.26, 2.56) 0.55
M438 1938 | 991 | 824 736 0.11-0.26 | (2.47, 2.77) 0.61
M464 1226 | 631 | 588 552 0.06-0.13 | (2.68, 2.98) 0.69
M490 891 520 | 471 436 0.07-0.16 | (2.89, 3.20) 0.78
M517 458 284 | 274 253 0.08-0.11 | (3.10, 3.41) 0.86

M411 wide 707 395 | 385 338 0.12-0.14 | (2.26, 2.56) 0.55
M438 wide 1213 | 672 | 588 509 0.13-0.24 | (2.47, 2.77) 0.62
M464 wide 860 459 | 437 406 0.07-0.12 | (2.68, 2.98) 0.67
M490 wide 606 364 | 338 303 0.10-0.17 | (2.89, 3.20) 0.77
M517 wide 320 194 | 192 172 0.10-0.11 | (3.10, 3.41) 0.87

Table 1: The observational properties of the high redshift galaxy sample considered for this
work. The data are collected over an area of 6.11 deg? in the XMM-LSS field, with counts
N being the total number of such galaxies (see text for definitions). Of the entire sample,
54% of the targets receive sufficient observation time (EFFTIME>2HR) and 48% have secure
spectroscopic redshifts (EFFTIME>2HR & Ax? > 30), providing information of the redshift
distribution and interloper fraction for a ‘characteristic’ subset. fiy is the interloper fraction,
estimated from DESI spectroscopic follow-up. The z-range is determined by the edges of the
filter curves. The last column, £-! in h Mpc ™!, indicates the impact of projection in diluting
the angular clustering, as discussed in §4. A narrower redshift bin results a larger multiplier,
implying a larger angular clustering given the same underlying distribution of galaxies.

e.g.
M464 — goynin < —0.5 ,  M464 — geynin < 0.5 — 2.8 exp{M464g;, — 26} (3.2)

where M464g;, is the fiber magnitude in the M464 filter. The third category, similar to the
second, uses the color between an individual medium band and a synthetic band, averaging
the flux of the other four medium bands, e.g.

M464 — synthetic < —0.45 , M464 — synthetic < —0.5 — 0.7(M464 — 24.2) (3.3)

We combine these three selections to construct the target sample used in this work.

By targeting the Lyo emission line at 1216A, each of these selections allow for an efficient
selection of high-z galaxies in bins of Az ~ 0.2. Together, they form a catalog spanning
2.26 < z < 3.41. In this work we consider a subset* of the initial target sample used for
spectroscopic follow-up, in order to reduce and better constrain interloper fractions, which
is important for the angular clustering that we will perform. For the latter three medium
bands (that we analyze below as the z = 3 bin) we have applied tighter fiber magnitude cuts
to each selection (the faintest at 25.3), as well as additional broadband color cuts using the
g, r and i bands

g—r<0 | (r—=i<03 & g-—r<05) . (3.4)

At the expense of reducing the sample size by a factor ~ 2, this effectively distinguishes true
high-z galaxies from interlopers in the stellar locus, reducing the interloper fraction from

4There is a non-negligible fraction (22%) of our targets that were not part of the original target sample.
This is due to a coding error in one of the initial target selections, which has been corrected by substitution
with a similar, but nonidentical selection.
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Figure 2: The broadband magnitude distributions of the medium-band selected samples.
We see the g, r and i-band magnitudes are generally fainter than the MB flux cuts of 25
and 25.3 magnitudes, entirely as expected for samples with emission lines. In the lower-right
panel we compare the r-band magnitude distribution of the galaxies that we check for LBG
overlap in §3.4 (M490 and M517 galaxies that overlap the footprint of CARS [27]; green) to
those that overlap with the LBGs selected by ref. [27] (red).

fint < 0.4 to < 0.15 and reducing the uncertainty in the interloper fraction by a factor of
~ 3. For the first two medium bands (that we will analyze as the z = 2.5 bin), the interloper
fractions are significantly lower (fine < 0.25) than the higher redshift medium bands, and
hence we do not perform refinement in order to preserve the statistical power of the sample®.
The properties of our samples are given in Table 1. For each filter we define two subsets
of the full sample, with the ‘total’ sample reaching a medium-band fiber magnitude of 25.5
(z = 2.5 bin) or 25.3 (z = 3 bin), and the ‘wide’ sample to 25. The ‘wide’ sample will provide
a direct reference for the “wide-field” component of the IBIS survey, which will observe
to medium-band depths of 25. Note that the intention here is not to simulate the target
selection for the wide sample, as that will require degrading of the medium-band signals,
but to provide reference to the luminosity limit of the brighter wide field. In Figure 2 we
show the distribution of broadband magnitudes for the galaxy samples. Notice that they
are considerably fainter than suggested by the medium-band magnitude limits, extending
beyond r ~ 26. This is as expected for samples that contain significant Ly« line emission.

SWhen performing a high-purity refinement for the first two medium bands, we found that the detection
of clustering was < 1o due to the large increase in shot noise.
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Figure 3: Left: The distribution of selected targets on the sky, with colors corresponding to
the filters in Figure 1. Center: The performance comparison between CLAUDS SExtractor
LePhare photometric redshifts, which were used to inform the target selection, and the DESI
spectroscopic redshifts (Ax? > 30 in template fitting software RedRock [60]). Targets with
EFFTIME>1HR, but no spec-z, are shown on the left end of the figure. The targets are again
colored according to their selection bands. Right: The photo-z distribution of objects with
observation time EFFTIME > 1HR, but no reliable spec-z. We isolate the objects that do not
reach our fiducial EFFTIME in black outlines and find that the duration of observation does
not have a qualitative impact on the photo-z distribution of failures.

3.3 DESI spectroscopy

DESI is a Stage-IV cosmology survey designed to study dark energy [1, 61]. It employs a
highly multiplexed spectroscopic instrument stationed on the 4-m Nicholas U. Mayall Tele-
scope at the Kitt Peak National Observatory in Arizona, USA. The main survey started in
2021 and has collected over 40 million extragalactic redshifts to date. Using 5000 robotic
fibers covering a 3.2 deg diameter field of view, it is able to collect 104~ spectra per night
[62—67]. Aside from the main survey, DESI allocates time for ancillary programs to pursue a
wide range of science goals with (relatively) cheaper fiber cost. We use the ancillary program
tertiary44 (TILEIDs=83519-83548) to follow-up the targets selected using IBIS medium
bands. Here, we describe the details of this observation.

Observations are spread over a series of tiles, each assigning targets to the 5000 fibers (of
which just over 4000 are for science targets). Targets are assigned to fibers using information
about the targets’ positions, the current state of the focal plane and a set of priorities and
required number of observations. The observations are ‘dithered’ so that each target obtains
data from a number of different fibers to obtain the desired exposure time.

In order to maximize the observation efficiency in the ancillary program, the fiber as-
signment [68] is done over two iterations — a pre-assignment and final assignment. The
pre-assignment runs a typical fiber assignment algorithm over the proposed targets and de-
termines the targets that are likely to receive the required number of assigned fibers (for this
sample, NASSIGN = 8, which translates to EFFTIME ~ 2HR where EFFTIME is a measure of
exposure time accounting for observational conditions — see §4.14 of [69]). The targets that
are deemed unlikely to reach the required exposure are demoted from the target class in or-
der to assign their allocated fibers to other ancillary targets. While this maximizes the fiber



usage efficiency, it poses significant difficulty in terms of the clustering analysis, as discussed
further in Appendices A and B.

The spectroscopic observations, reduced through DESI’s extensive pipeline [69] version
loa, provide template-based redshift measurements of the targets using a modified version of
RedRock [60] including four high-redshift templates (courtesy of J. Moustakas as described
in [31]). While the pipeline’s performance has been validated on earlier datasets [31], we
did not carry out a dedicated visual-inspection (VI) campaign for the present sample, so
further refinements remain possible. The redshift information allows us to determine the
three-dimensional positions and quantify key information such as redshift distribution and
interloper fractions, as shown in Figure 1 and Table 1. Here, we define the interlopers to
be galaxies that do not lie in the redshift range of the respective medium-band filter (i.e. an
M411 galaxy with z = 2.6 is an interloper). Note that even without the spectroscopic data,
we are able to locate most galaxy redshifts to Az ~ 0.2 due to the medium-band selections
targeting the Lya emission line.

Figure 3 shows the on-sky positions of the objects making up our total sample, colored by
the medium-band filter in which Lya would lie. We also compare the photo-z from CLAUDS
SExtractor LePhare [70], which were originally used in planning the target selection, and
the DESI spectroscopic redshift where we have a secure® redshift. Overall the photo-z and
spec-z track each other quite well. The spectroscopic redshifts are concentrated in the ranges
defined by the filter bands, as expected: we are more likely to get a secure spec-z when
we have Lya emission in the band. The distribution of photo-zs for the redshift failures
suggests that many of them also lie at z > 2, but this is partly due to the fact that we used
the photo-zs in designing our targeting cuts. The number of objects with zpn.; > 2 with
secure spectroscopic redshifts z < 2 is quite small (1%), illustrating the effectiveness of the
medium-bands for selecting high-redshift targets.

Later we will measure the angular clustering of our targets, and use the dN/dz and
interloper fractions (fins) determined from spectroscopy to infer the underlying 3D cluster-
ing. Of our entire target sample, 48% of objects have secure (EFFTIME>2HR & Ax? > 30)
spectroscopic redshifts and hence will be able to provide reliable characterization of its red-
shift distribution. As we will see, restricting the sample to only objects for which we have a
well characterized fipy means that the remaining uncertainties on dN/dz and fips are much
smaller than our statistical uncertainties. We shall henceforth neglect them.

3.4 Overlap with traditional tracers

As our selections are dissimilar to many previous high redshift target selections, we would
like to understand the composition of the galaxy sample in this work viewed with respect to
traditional descriptions of LAEs and LBGs. Note at the outset that our investigation must
be preliminary as the data are prone to significant selection effects and incompleteness with
pipelines that are still under development.

All three color cuts described in §3.2 are designed to pick out Lya emission, so the
resulting galaxies should, on average, exhibit large rest-frame equivalent widths (REWSs)
and qualify as LAEs under the definition of various literature [18, 37, 38, 71]. Even so, the
catalog is not expected to consist of only LAEs, as LAEs and LBGs populate an overlapping
spectrum of Ly« emission strength [12, 14]. To place this discussion into context in the
previous literature, we cross-match with the u-dropout LBG sample from ref. [27] (called the

5Note that the DESI pipeline has not been optimized for redshifting galaxies such as these in this z-range
so we anticipate that further work could increase the number of secure redshifts non-trivially.
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HO09 catalog from here on) to find the overlapping objects. For an accurate assessment of the
overlapping galaxies, we restrict our cross-matching catalog to the M490 and M517 samples
(2.89 < z < 3.41), which match the narrower redshift distribution (2.9 < z < 3.6) of the H09
sample’.

The cross-matching reveals that 46.1% of our M490 and M517 galaxies are LBGs, im-
plying that a significant fraction of LBGs have Lya emissions strong enough to be picked
up by the medium bands used in the target selections. This, taking into account the sam-
pling bias from our target selection, aligns with past study of LBGs, that LBG REWs are
distributed approximately evenly between positive and negative Lya emissions, with 25%
having REW> 204 [14, 72]. The broadband magnitude distribution of the overlapping
galaxies, shown in the lower-right panel of Figure 2, reveals that the LBGs present in our
catalog follows the distribution of the overall sample and peaks at a relatively faint contin-
uum magnitude of r ~ 25.5. This can be understood as a consequence of the target selections
detecting Lya peaks through a color excess between Lya band and adjacent bands. While
this result sheds light on the mixture of LAEs and LBGs in the present work, extrapolating
this result to the total galaxy sample requires care as incorporating the redshift dependence
of each sample would be non-trivial.

4 Clustering analysis

4.1 Angular clustering

Although we obtain spectra for a significant fraction of our galaxy samples, we will not
be using 3D clustering due to fiber assignment complications, as described in Appendix B.
Instead, we will use the target sample to perform a pseudo-3D clustering through layers of
angular clustering. This approach also has the advantage that it can be directly applied to
the “wide” layer of IBIS without requiring extensive spectroscopic follow-up.

As our target samples naturally come subdivided into slices of width Az ~ 0.2 (Ax ~
200 h~'Mpc), we can perform pseudo-3D clustering by collecting the clustering information
in each redshift bin. Specifically we compute the angular auto-correlation function, w(#),
of the targets within each filter and then combine the resulting measurements into broader
redshift bins. We choose to combine the 5 filters into two z bins at z ~ 2.5 (M411 and M438)
and z ~ 3 (M464, M490, and M517). Each w(f) corresponds to taking the (distribution-
weighted®) radial integral over the 3D correlation function &

w(f) = /XmdX2 FOx)f(x2) € <\/X%+x§ - 2x1X2 cos9> (4.1)

~|[ax sl fase (Ve ar) = et ur=nd) a2

where @ = 2sin(0/2) ~ 0, A = x2 — x1 and f(x) is the radial (redshift) distribution normal-
ized such that [ f(x)dx = 1. We have defined £~ = [ dx f?(x) and note that for a tophat
f(x) of full-width Ay we have £ = Ay. The L values for each redshift slice are listed in
Table 1. In the second line above we have used that our filters select narrow f peaked around
comoving distance xg > Ay and converted from angle to transverse separation using the

"The mismatch in the redshift range 3.41 < z < 3.6 does not concern us, as we are only interested in the
overlap of our sample with the H09 catalog.
8The impact of lensing is expected to be highly subdominant to our observational errors.
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Figure 4: The angular clustering measurements wyg(R) = w(f = R/xo) of each medium
band, with the total and wide sample shown on the top and bottom panels, respectively.
The data measurements, in black circles, are shown together with the predictions from the
best-fit HOD model (blue squares) and 5 random realizations of the best-fit HOD (faint
dashed lines). Note that these measurements and errorbars are not used to directly infer
goodness-of-fit to the mock and determine the best-fit HOD. That is done using w,(R),
shown in Figure 5. The errors are calculated using 256 pseudo-independent realizations of
the HOD, by offsetting the observer and observing the simulation through the survey mask
and redshift selection function. For display purposes the black points have been scaled by
1/2 in the final column, since they exhibit large scatter.

comoving distance to each slice center (see Appendix C or refs [73, 74]). We recognize the
integral of £ over dA as w,(R) evaluated at R = xof and with the limits of the line-of-sight
integration defined by the width of the redshift slice (i.e. approximately 100 h~'Mpc) rather
than a fixed maximum separation. Note that this projection justifies the use of the real-space
correlation function in Eq. 4.1. We discuss this approximation further, and compare it to the
full calculation, in Appendix C.

We compute w(f) using the Landy-Szalay estimator [75] in each bin

_ DD —2DR - RR

w(#) R

(4.3)
where DD, DR and RR represent (normalized) counts of pairs of data and randoms, with the
random points that define the survey footprint and masks generated using the desitarget
pipeline within DESI [76].

In order to combine information from five medium-band redshift slices into two z-bins,
we will bin the correlation function in transverse distances rather than angles (wgp(R) =
w(f = R/xo)) to estimate the projected correlation function w](f) in each bin (Eqn. 4.2) and
produce their inverse variance-weighted sum

wp(R) = €Y ¢ [ £0w) (R)] (4.4)
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Figure 5: The pseudo-projected clustering, wy,(R), for the z = 2.5 and 3.0 z-bins for each
clustering sample. The data (black circles) are compared against the best-fit HOD model
(blue, Table 2) yielding fits within ~ 1o. We also overlay the predictions from a power-law
correlation function £ = (ro/r)”, where the orange, green, red, and purple lines correspond
torp = 2, 3, 4, and 5h ! Mpc. The errors are calculated using 256 pseudo-independent
realizations, as in Figure 4.

where the summation index 4 runs over the combined redshift slices, £ wéi)(R) and C; are
the projected correlation function and covariance matrix for slice 4, and C~1 = 3. C; Lis

the inverse covariance of w,. The £ applied in the calculation of wl(f)(R) are listed in Table
1.

Although this is not a pure 3D clustering measurement, it includes information about
every galaxy pair within each redshift slice and to the extent that these slices are much
larger than the clustering distances that we are concerned with (Ay > r ~ O(10) h~*Mpc) it
retains most of the information present in a real-space 3D correlation function. By integrating
in the line-of-sight direction we avoid the need to model redshift-space distortions and by
limiting the line-of-sight integration to the width of the medium band we avoid excessive
signal loss due to projection. Importantly, by using the target sample directly we avoid
needing to accurately model the impacts of fiber assignment. The angular clustering for
each redshift bin wy(R) are shown in Figure 4, along with clustering from the best-fit mock
catalog discussed in §4.2. The combined measurements w,, for both (large) redshift bins are
shown in Figure 5, again along with the mock catalog fit. For both figures, we have corrected
the ‘raw’ measurements up by a factor of (1 — fint) ™2 to account for interlopers diluting the
signal, under the (reasonable) assumption that the interlopers are spatially uncorrelated with
the signal and of lesser clustering amplitude®. We use the middle of the fi,; range quoted in
Table 1 for each sample to minimize (the already negligible) uncertainty.

As is apparent from Figure 5, we have detected clustering in both z = 3 samples and
the total sample at z = 2.5, but the detection is marginal for the wide sample at z = 2.5.
However even this marginal detection is of interest because it provides an upper limit to the
clustering amplitude and hence provides information about the host halos of these galaxies
that is valuable for planning purposes. To get a feel for the implied clustering, Figure 5
shows w,, for four different correlation lengths (ro = 2, 3, 4 and 5h~'Mpc) assuming the
real-space correlation function £ = (rg/r)” with fixed slope v = 1.8. The array of curves fit
the data successfully relative to our generous errors, indicating that we already have a basic

9Due to this correction, to linear theory order, an error in fin translates into an error in linear bias b.
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understanding of the galaxies at hand'® and suggest ro ~ 2 — 4 h~'Mpc. We will refine this
initial estimate using N-body simulations next, but we note that this is in line with previous
LAE studies despite differences in sample definition [26, 37, 77-79]. The comparison with
previous work on LBGs is less trivial as the correlation length is a clear function of continuum
magnitude mgy. With this in mind, our rough inference agrees with previous LBG samples
of faint (myy < 25, 25.5) continuum magnitudes [27, 80, 81].

4.2 HOD fit

In this section, we will use mock catalogs from Halo Occupation Distribution (HOD) models
to compute covariance matrices and interpret our clustering measurements. A HOD model
assigns (mock) galaxies to dark matter halos through a probability distribution function that
depends (primarily) upon halo mass. The form of the halo occupation for galaxies such as
those in our sample is not well understood, nor are there strong observational constraints on
the dependence upon secondary properties of halos, beyond mass. On the other hand, our
data are currently unable to provide precise constraints over a wide range of scales and thus
many of our inferences will be robust to model (Appendix D) and cosmology misspecification.

In this work, we will primarily use the functional form introduced by ref. [82] as im-
plemented in the AbacusUtils'! software accompanying the ABACUSSUMMIT N-body suite
[83], which have been generated using the ABACUS N-body software [84]. Comparison to a
different HOD form can be found in Appendix D. For each halo, the ‘standard’ model assigns
central galaxies with a binomial distribution and a Poisson-distributed number of satellites,
with means

(New(M)) = Lerte <1“Mm/M) (45)
(Naat(M)) = (Nean (M) (M‘JIM> for M > rMo (4.6)

where M is the halo mass and { My, M1, 0, k, a} are model parameters. Although this func-
tional form, and HOD models more generally, were originally designed to model magnitude
limited samples at z < 0.5, due to the level of flexibility of the model we expect moderate
success even for high-redshift galaxies. Indeed, N-body studies and observations have each
shown that the halo distribution and stellar mass/halo mass relations are roughly consistent
across a wide range of redshifts, indicating that the functional form of the HOD model will
be at least roughly applicable at z ~ 3 [85]. Works modeling the high-redshift universe with
semi-analytic models or hydrodynamical simulations have also shown that these HOD models
are moderately successful at describing high-z galaxies [36, 38, 39, 46, 86, 87]. While this
clearly does not guarantee that these models will correctly mimic the galaxy samples at hand,
at the precision level of this study we deem it sufficient. It will be valuable to follow this up in
the future with more constraining data, as detailed simulation-based study of medium-band
selected high-z galaxies will provide important insight into both future cosmology survey
planning and the evolution of galaxies within large-scale structure.

Within the standard cosmological model, the amplitude of clustering we measure indi-
cates that our galaxies are hosted by halos only slightly more massive than the characteristic

ONote that while we do not depend explicitly on the best-fit model here, we adopt the covariance matrices
of the best-fit HOD models to provide the statistical comparison to data.
"https://abacusutils.readthedocs.io/en/latest /
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z H Sample H log Myt long‘ o ‘ K ‘ o ‘ 2 (no) ‘fsat‘ 70

925 Total 11.25 11.95 | 0.66 | 1.00 | 0.33 | 7.36 (0.860) | 0.12 | 3.28+0.70
’ Wide 11.00 12.00 | 0.66 | 1.00 | 0.50 | 12.10 (1.660) | 0.03 | 3.08 +0.80
30 Total 12.00 12.70 | 0.66 | 1.00 | 0.50 | 7.22 (0.830) | 0.10 | 4.13+0.24
' Wide 11.75 12.45 | 0.66 | 1.00 | 0.33 | 6.65 (0.730) | 0.05 | 3.85+ 0.68

Table 2: The HOD parameters for the best-fit projected correlation functions against data
in Figure 5, along with the goodness-of-fit x2, satellite fraction fsa, and correlation length
ro of the best-fit model. fst and ¢ are parameters derived from simulation (see text). The
uncertainties in rg are derived from simulations satisfying Ax? < 2. Due to the limited mass
resolution, we quote the error corresponding to the upper end of the ry range (Figure 7).
Masses are in h~! M and distances in h~'Mpc.

mass in the halo mass function. Since at these redshifts the characteristic mass is quite low,
we will construct mock catalogs using the high-resolution simulation of the ABACUSSUMMIT
suite. This simulation assumes a Planck ACDM cosmology [32, 88] and uses 63003 particles
in a 1A~ 'Gpc (periodic) box. This implies a particle resolution of Mpart = 3.9 X 108 R~ Mg
[83], which we will see later provides just sufficient resolution for the halos of interest. Given
the wavelength coverage of our medium-bands, we will use the z = 2.5 output to analyze the
combination of the first two filters and the z = 3 output for the combination of the latter
three.

The measurement errors can be estimated by observing 256 pseudo-independent real-
izations of each model by randomly offsetting the simulation along each axes of the box and
“observing” them by applying 2D masks and redshift distributions. The masks are con-
structed from the random catalog using fine (nside=8192) healpy pixels [89] — any pixel
that has a random in it is considered observable. The redshift distributions are inferred from
the data obtained through DESI spectroscopic follow-up (see Figure 1). As the observation
volume is significantly smaller than the simulation volume (by a factor of ~ 80 and ~ 60
for the z = 2.5 and 3.0 bins, respectively), each random offset provides nearly independent
realizations of the density field!2.

Given an estimate of the covariance matrices, we can test any given HOD model for
consistency with the data. Since the data at present have limited constraining power we have
not attempted a formal fit. Instead we scan over a range of HOD parameters'3, testing each
to find the best-fit model (in our set) and the range of models that provide acceptable fits.
This allows us to constrain both clustering and galaxy properties. The HOD parameters for
the best-fit mock catalog from our set are shown in Table 2, along with associated goodness-
of-fit values, satellite fractions fsa, and correlation length rg. The corresponding clustering
predictions are shown in Figure 4 against the data, with five random realizations of the mock
catalog to give a rough intuition for individual fluctuations from sample variance. We observe
that the highest redshift bin (M517) has the poorest fits in each sample. The reason for this
is not clear, but we believe that it owes to the significantly smaller sample size of those bins
compared to other bins, as shown in Table 1.

12%While the number of mock observations is significantly larger than the ratio of simulation volume to
survey volume, for the covariance estimation purposes it is unnecessary to have fully independent realizations.

138pecifically we fix x = 1 and choose ¢ = {0.33,0.5,0.66}, a = {0.33,0.50,0.66} while sampling
log,o Meut/(h™"Mg) in steps of 0.25 between 11.0 and 12.5 and Mi/Mcu in {5,10} inspired by the HOD
parameters explored in ref. [26].
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Figure 6: The best-fit rg inferred from our HOD-based mock fits to the data, compared to
previous literature on LAEs [26, 37, 77-79, 90-93] and LBGs [27, 80, 81, 94]. We only plot
the ry of the ‘total’ sample here, for visualization.

Figure 7 shows the x? for each of the HOD models in our grid, plotted against the rg
for that model (as determined from &(r) in the N-body simulation). The absolute value of
the x? determines whether the model is statistically consistent with the data, with x? ~ 14
being 2 o exclusion for 7 degrees of freedom (d.o.f.). Further, we see (most clearly in the total
sample at z = 3) that the data follow an approximately parabolic shape with a moderate
amount of scatter. This illustrates the extent to which ry ‘predicts’ the x? value and hence
the degree to which there is additional information beyond this amplitude in the data for
the model class described by our set of HODs. That the z = 2.5 points show no clear
minimum in the x? vs. ry is a combination of limited numerical resolution (preventing us
from examining lower rg) and low SNR for that redshift bin. The 7y of the best-fit model
inferred for each redshift (as shown in Table 2) is consistent with that from an array of past
work [26, 27, 37, 77-81, 90-94], as shown in Figure 6. Note that each ry estimate varies in
its definition of galaxy samples, including this work, contributing to the large scatter among
data points. Finally, the best-fit model of the wide sample displays clustering that is slightly
(< 10%) stronger than that of the total sample, a result that is expected given its brighter
luminosity. However, this difference falls well within the uncertainties of our analysis and is
therefore inadequate to derive a definitive conclusion.

5 Inferences from simulations

In this section, we will use the HODs that are consistent with the abundance and clustering
of our samples to investigate the implications for galaxy-halo connection, scale-dependent
bias and modeling. We do not have the statistical precision to see significant differences in
the clustering as a function of luminosity or redshift, though we do see differences in just the
best-fitting models. At z = 2.5 we barely detect clustering for the wide sample, although
the mock halo masses that match the level of clustering in our data are consistent with past
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Figure 7: The y? distribution of HOD models plotted against predicted correlation length,
ro, with the total and wide samples shown in the left and right panels, respectively. The
lo and 20 CL for 7 d.o.f. are shown in dashed and solid lines, respectively, with the
region beyond 2 ¢ shaded. The distribution follows a parabolic curve with moderate levels of
scatter. Lower scatter indicates that rg serves as a good summary statistic for the clustering,
containing most of the information (for models following these HOD forms at the current
level of precision). That the z = 2.5 points show no clear minimum in the x? vs. 7 is a
combination of limited numerical resolution (preventing us from examining lower ry) and low

SNR for that redshift bin.

inferences of halo masses (~ 100~ M, [12]) for LAEs. At z = 3 we have a stronger detection
of clustering in both samples and our data prefer higher mass halos than the ‘typical’ LAE
in the literature, which are more consistent with traditional LBG halo masses ~ 10'2 h~1 M
[6, 13, 14]. We discuss the halo occupation further in Appendix D.

5.1 Mock Clustering

Our mock catalogs match the clustering and abundance of the samples selected in this work,
and populate dark matter halos within a simulation based on the CDM paradigm. To the
extent that they provide reasonable proxies for the real galaxies it is useful to study their
clustering properties. Since we have access to much more information in the simulation
than in observations, we calculate results in both real and redshift space and include cross-
correlation with the dark matter field, to provide further insights into these high-z galaxies
which is of particular interest for their usefulness as cosmological tracers.

For a cosmological tracer, the large-scale bias and its scale-dependence are key features
important to cosmology. The results are shown in Figure 8, for both the auto-spectrum-
derived bias b, = /Pyq / Py and cross-spectrum-derived bias by = Py, / Prym, where Py,
Py, and P, are the real-space auto-, cross-, and nonlinear matter spectra and the ratio
of these biases by /b, is the correlation coefficient between the galaxy and matter fields.
We subtract Poisson shot noise from the auto-spectra to show the maximum galaxy-matter
correlation — thus we would expect any observed sample to be less correlated with the matter
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z | Sample | b by bs g a9 Ny Ny

Total | 1.84 | 1.02 | 0.75 | —6.08 | 2.11 | 5.6 x 10" | —1.2 x 10?
Wide |1.76 | 0.69 | 0.50 | —3.24 | —0.64 | 3.2 x 10" | 2.5 x 10°
Total | 2.56 | —0.77 | —2.12 | —6.08 | 5.99 | 1.5 x 10% | —3.4 x 10?
Wide | 242 | —0.40 | —2.78 | =5.19 | 2.46 | 8.9 x 10" | —1.1 x 10?

2.5

3.0

Table 3: The one-loop, Eulerian PT parameters for each clustering sample at z = 2.5 and
3.0, in order of biases b;, counterterms auo,, and stochastic terms Ns,. The parameters are
inferred by a minimizer to the measurement of galaxy auto-spectrum in redshift-space, using
ZCV [95-97], and galaxy-matter cross-spectrum in real-space. By using ZCV, the auto-
spectrum can be measured precisely up to large scales. To improve the performance of the
control variates technique, we do not randomly downsample the galaxies (to match 7n) prior
to measuring the clustering. Instead, we add Poisson shot noise to the original fit, using
the number density from the target sample (Table 1). The counterterms aag, are in units
h*‘E’Mpc5 and stochastic terms Ny, are in units h*3*2”Mpc3+2”.

field. We observe that both biases exhibit very modest scale dependence, with a ~ 5%
evolution from large to small scales in the z = 2.5 bin and ~ 15% evolution in the z = 3 bin.
The fact that b, ~ by for all samples indicates that galaxy and matter fields remain well
correlated (in the absence of Poisson shot noise and RSD). Given sufficient number density,
these objects thus make excellent samples for probing large-scale structure and for cross-
correlation studies. Further notice how the analytical predictions discussed below (Table 3),
shown in solid lines, agree well with the N-body predictions indicating that the samples can
be accurately modeled.

In redshift space, we will model the mock clustering using the one-loop perturbative
power spectrum, specifically with the publicly available software velocileptors [98]. This
modeling is identical to that adopted for the key results from two-point clustering in DESI
DR1 [99]. The recent simulation-based study on high-redshift galaxies [87] also uses a variant
of the theory, and it has been shown that the analysis results are consistent between variants
of these perturbative models [100]. In addition to the inclusion of non-linear dynamics and
redshift space distortions the model has parameters for the non-linear bias relation, {b;},
stochastic terms associated with shot noise and fingers of god, { N2, }, and a set of “counter
terms”, {aa,}, that encapsulate small-scale physics not included in the model and that are
dictated entirely by symmetry.

The biases, {b;}, describe the galaxy overdensity field perturbatively

b
8y~ 016+ 5252 + bys? (5.1)

where we omit the third-degree bias b3 as discussed in detail in refs. [100, 101]. The coun-
terterms and stochastic terms each contribute to the power spectrum linearly

P(k, 1) > aona p*" (k/ke)*Pr,  P(k,p) > Non (k)™ (5:2)

with k, = 1 hMpc~!. We refer the reader to refs. [98, 102] for detailed discussion.

One set of nuisance parameters is able to consistently model any clustering statistic
of the galaxy, both in real- and redshift-space. We will take advantage of this to simulta-
neously model the multipoles (¢ = 0, 2) of the redshift-space galaxy auto-spectrum, Py 44,
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Figure 8: The real-space, scale-dependent bias in Fourier space for the mock clustering of
two redshift bins (left: z = 2.5, right: z = 3) and two samples (top: total, bottom: wide). In
blue we show the auto-spectrum bias bq(k) = \/Pyg/Pmm and in orange the cross-spectrum
bias by (k) = Pym/Pmm, where we use the nonlinear matter spectrum for P, and subtract
Poisson shot noise from P,, to show maximum galaxy field-matter field correlation. The
solid lines are the PT predictions for the joint fit to the auto- and cross-spectrum in real and
redshift space, where we see good agreement consistent within the limited statistics of the
simulation. At large scales, all biases asymptote to the linear bias b; (grey solid lines), as
expected.

the real-space galaxy auto-spectrum, P4, galaxy-matter cross-spectrum, P, and matter
auto-spectrum, P,,. In addition, although we are constrained to a 1 h~'Gpc box, we are
able to provide precise!* measurements of the mock power spectrum Ppocc up to large scales
using Zeldovich control variates [95-97] and working at fixed cosmology. The bias fits at
different redshifts, found through the minimizer implemented in the Cobaya code [103, 104],
are shown in Figure 9, with associated bias parameters shown in Table 3. We find that the
linear biases by at z = 3 fall in the approximate range of b;’s derived in the LAE simulations
(1.89 < by < 2.68) of ref. [87], while falling significantly short of the b;’s in LBG simulations
(3.92 < by < 4.24). Note, however, that the disparity with the LBG simulations are not
surprising, as the LBGs in this work have significantly fainter continuum than that modeled
in ref. [87] and LBG bias correlates strongly with continuum magnitude [6].

The nonlinearity of the high-z galaxy power spectra is a key quantity that we seek to
characterize in these initial clustering analyses. The high-z universe is known to host highly
biased tracers, such as broadband-selected high-z LBGs [6, 29], and high bias usually implies
strongly non-linear bias [105]. To what extent the medium-band galaxies in this study exhibit
such nonlinearity will be important for future modeling efforts.

The nonlinearity of the power spectrum can be captured as a combination of two effects.
One is the nonlinearity of the underlying density field. The decorrelation of the nonlinear
matter field with the initial (Gaussian) density field reduces the information about the latter

14 An alternative means of overcoming sample variance is to do a field-level fit of the model to the mock
density field [87]. Our approach achieves similar performance, and has the agreeable side effect of generating
a low-noise measure of Puock.
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Figure 9: One-loop power spectrum fits to the mock catalog clustering, where the theory
predictions are shown in solids lines and the mock measurements in markers. For each sample
and redshift bin we simultaneously fit the redshift-space galaxy auto-spectrum (theory: blue,
mock: squares) and the real-space galaxy auto- (red, upright triangle), galaxy-matter cross-
(orange, reverse triange), and matter auto-spectrum (green, circle). The fitted parameters
for each sample and z-bin are shown in Table 3.

that can be learned from the former. At higher redshifts the matter field remains linear to
smaller scales (Appendix A). This can be observed from deviations between the linear matter
spectrum Py, and nonlinear spectrum P,,,,. The second effect is the nonlinearity due to
scale-dependent bias, which indicates a decorrelation between the galaxy and matter density
fields'®. This effect can be isolated by comparing Pyy, bPyy,, and b2 P,m, which would be
identical in the absence of scale-dependent bias. We show both of these comparisons in Figure
10, with the Poisson shotnoise subtracted for auto-spectra to emphasize scale dependence of
clustering. While at z = 2.5 both the non-linearity and scale-dependent bias are quite
modest over the range of scales plotted, we see this is not true for the z = 3 sample. There
the non-linearity in the matter field is smaller than at z = 2.5, indicating the lower amplitude
of large-scale structure growth, but the scale-dependent bias is much more pronounced. For

'5The visually apparent difference between the spectra also rules out separable halo bias in the (analytical)
halo model, which would imply that Pgm/v/PggPmm is unity beyond the virial radius of halos. This agrees
with recent work from ref. [106]. For further connections between PT and the halo model, see Appendix C of
ref. [101].
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Figure 10: In blue and orange are comparisons between the real-space galaxy auto-spectrum,
galaxy-matter cross-spectrum, and matter auto-spectrum (as computed using the best-fit PT
model of Table 3; compared to N-body in Fig. 9). In green is the comparison between the
linear and non-linear matter auto-spectra, illustrating the nonlinearity of the matter field.
The blue and orange solid, dashed and dotted lines highlight the scale-dependence of the bias.
The left and right panels correspond to the z = 2.5 and z = 3 results (Table 3), respectively
(and the orange and blue lines almost overlap for z = 2.5).

this sample, scale-dependent bias drives the decorrelation between the matter field and linear
theory, requiring increased complexity (and more parameters) in the modeling.

The FoG of these galaxies is another important modeling question that must be ad-
dressed. While there are no theoretical indications that the galaxy modeling of FoG will
break down at high redshift, galaxies at high redshift tend to have higher bias and recent
work using hydrodynamical simulations indicate that high-z galaxies may exhibit FoG that
range from smaller than that of low-z galaxies [86, 87] to stronger effects requiring higher-
order perturbative terms [87]. We observe that our PT models provide decent fits to the FoG
of the best-fit models (Figure 9) which is sufficient for our purposes. The mock clustering also
shows that the zero-point crossing of the power spectrum quadrupole, which can be used as
a proxy of FoG strength [107], lies at k > 0.5h Mpc~!, beyond our estimate of the non-linear
scale, kn =~ Eiell at z ~ 3 (Appendix A; Fig. 12). A small FoG term is also consistent with
the measurements of line-of-sight correlations between LAEs and the Ly« forest measured in
the spectra of LBGs [108].

5.2 Forecast

With the IBIS survey continuing to observe the sky, including deep coverage in the COSMOS
field in 2025A (with spectroscopic follow-up with DESI) and wide fields in the future, we
expect the observational constraining power to increase steadily in both 2D and 3D clustering.
Hence, it is worthwhile considering what progress we may expect in the near future.

In the wide survey, measurement of angular clustering over a sky area of 3000deg? will
yield one of the most precise high-redshift clustering measurements to date. While the galaxy
auto-correlation alone will show complete degeneracy between bias and clustering og (on
linear scales), the introduction of galaxy-CMB lensing cross-correlation will effectively break
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Figure 11: Left: Angular power spectra and their respective errors for the galaxy auto-
spectrum and galaxy-lensing cross-spectrum for the third redshift bin (at z ~ 2.83; corre-
sponding to M464), assuming the galaxy characteristics of the wide sample and forecasts
for SO lensing noise curves. The errors are calculated assuming a Gaussian covariance and
3000 deg? sky area. Right: Fixed-shape og Fisher forecasts assuming the total sample over
3000 deg? using FishLSS [7], in comparison with recent structure growth measurements ob-
tained from galaxy-CMB lensing cross-correlations [40, 111-115]. The 6.5% constraints on
og(z) (blue) will be the tightest constraint on the clustering at such high redshift. This will
improve to 5.1% if the number density is doubled due to improved target selection.

this degeneracy [6, 40, 42, 109]. The expected power spectra and errors (for one redshift bin)
are shown in the left panel of Figure 11, where the errors are calculated assuming Gaussian
covariance.

Using Fisher forecast software FishLSS [7], we are able to translate the observation
expectations into projected constraints'®. Assuming the statistics of the wide subsample
(which has the same luminosity limit as the wide survey) and ‘goal’ sensitivity for Simons
Observatory (SO) [110] lensing noise curves'”, we find that IBIS will yield the tightest og
constraint at high redshift after 3000deg?, as shown in the right panel of Figure 11. '® We
refer the reader to ref. [7] for a detailed description of fixed-shape og forecasts.

We want to emphasize that the clustering analysis in this work deliberately refines the
sample to have well-characterized finy and dN/dz, at the expense of increased statistical
noise. Due to this refinement, we can reliably measure og from cross-correlation, even with-
out extensive spectroscopic follow-up. However, if we can improve our selections, we can
dramatically increase the constraining power of the sample. Undoing the refinement will
quickly increase the sample size by a factor of ~ 2 and ongoing work in target selection
indicates that further improvement of another factor of ~ 2 is likely. We intend to report
these investigations in a future publication.

16For forecasting purposes, we use the z-range derived from the FWHM of the filter curves instead of that in
Table 1 to avoid overlap between the z-bins, which is assumed when adding their respective Fisher matrices.

17"The noise curves are generated by the SO Noise Calculator.

181f the footprint is altered from 3000deg®, constraints in Fisher forecasts will reduce by a factor of
\/ fsky.new/ fsky,ola. This indicates that a footprint of 300deg2, which would degrade the constraints in Figure
11 by a factor of v/10, is sufficient to deliver the tightest constraints on g at z ~ 3 at the Fisher forecast
level.
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6 Conclusion

Over the last several decades, the study of large-scale structure has become an integral part
of establishing and testing our cosmological model, with the latest generation of surveys
pushing to ever greater statistical precision. For example, the latest generation of BAO
measurements has provided constraints on the distance scale with an aggregate precision
well under a percent [5]. However the fraction of the available cosmological volume that
these surveys have mapped is still small, and attention has been shifting to surveys of higher
redshifts [8, 10]. Such surveys promise transformational gains in cosmological constraining
power and redshift lever-arm. However in order to properly plan for them we need to better
understand the population of galaxies that would be used as targets. In this paper we have
begun such an investigation using observations from the IBIS and DESI surveys, with the
goal of characterizing their clustering and halo occupations. These, in turn, have direct
implications for the design, data analysis and simulation requirements for future surveys.

We have shown that the medium-band information from IBIS naturally allows us to
define populations lying in well-delineated redshift shells of depth ~ 200 2~ 'Mpc spanning
z ~ 2.3 — 3.4. These galaxies are typically faint in broad band magnitudes (e.g. median
r ~ 25, Figure 2) but the presence of Ly« emission allows us to measure redshifts with
1 — 2hr integrations on DESI [31]. Our color cuts select objects that span the traditional
divide betweeen LBGs and LAEs. We estimate that despite the color cuts selecting for
detectable Lya peaks, almost half of the high-z (2.9 < z < 3.41) are LBGs that would be
selected by e.g. a u-dropout technique (§3.4).

For our analysis, we have refined our sample to have a well-characterized interloper
fraction, at the cost of increased shot noise. While this allows us to provide preliminary
estimates of the clustering based on the angular data, for a spectroscopic survey we will
likely choose to increase the target sample size at the expense of some uncertainty, as a
dedicated spectroscopic survey can well characterize these uncertainties, at the expense of
losing some observation efficiency. Further work on target selection optimized for a future
spectroscopic campaign is ongoing.

The DESI observations for this program were designed to maximize the efficiency for
obtaining redshifts while leaving fibers for other ancillary programs, and thus do not enable
a direct 3D analysis (Appendix B). However, the natural decomposition of the sample into
nearly disjoint shells of ~ 200 h~'Mpc depth allows us to make a detection of clustering
through angular correlations (§4.1, Appendix C). We find a marginal detection for one of
the samples at z = 2.5, though we are able to set interesting upper limits on the amplitude,
and a convincing detection of clustering of the other sample at z = 2.5, and both samples
at z = 3. The angular clustering, along with dN/dz and fi,; from spectroscopic follow-up,
then allows us to infer the real-space clustering. An introductory, model-agnostic analysis of
these samples indicate correlation lengths of 79 ~ 3 —4 h~'Mpc and linear bias b ~ 1.8 — 2.5,
roughly in agreement with previous work on LAEs and LBGs.

Further insight can be obtained by modeling our samples using HODs (§4.2). While the
appropriate form of the HOD is not well known, we adopt the standard, five-parameter HOD
model in anticipation that it provides sufficient flexibility at the precision of this study. Since
our target selection is complex and galaxies with ‘strong’ Lya emission lines comprise only a
fraction of the total galaxies at any epoch, we cannot simply use the abundance to determine
the properties of the dark matter halos which host our targets. Instead we use the clustering,
in our case the projected correlation function on “two halo scales”. This provides us with a
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determination of the bias, which by assuming a particular functional form for the HOD, we
can turn into an estimate of the characteristic halo mass. We find that the halo masses are
roughly consistent with previous estimates for LAE halo masses, with the exception of the
wide sample at z = 3 being closer to LBG halo mass estimates.

The simulations that we employ had barely enough resolution to model the galaxy
populations in this work. This has direct implications for simulation requirements for future
surveys. Assuming the standard form of the HOD (Eq. 4.5), to include the halos hosting the
majority of the galaxies we need halos to be resolved down to ~ 0.2 M.y, suggesting particle
masses of two orders of magnitude lower than M. Using the numbers for the z = 3 sample,
for example, we would need to resolve > 10'° h=1 M halos (Fig. 16) implying a particle
mass less than ~ 109 ="' M. A simulation box subtending 30° (for a survey area just under
1000 deg?) at z = 3 would have a side length of > 2h~'Gpc (comoving) and require ~ 102
particles in order to resolve such halos. Covering more area, or more cleanly resolving the
host halo population, would increase the demands even further. These requirements are
relaxed by assuming a different form of the HOD (Appendix D), but remain very demanding
even in this case. This suggests that it will be necessary to carefully plan what simulations
are really required for what tasks.

To the extent that our sample is characteristic of samples that will be utilized by further
surveys, and that our mock catalogs approximate the true halo occupation of such samples,
we can use clustering statistics measured from the mocks to inform us about the promise and
modeling challenges ahead. Our samples have a lower bias than dropout-selected LBGs at
similar redshifts, have lower scale-dependent bias, are more correlated with the linear density
field and have smaller fingers-of-god than those objects. In the long term these properties
make our targets well suited for 3D clustering to constrain cosmology. In the more immediate
term we forecast that 3000 deg? of IBIS data, in combination with CMB lensing, would allow
a very strong measurement of the clustering amplitude of fluctuations at z = 2 — 4.

7 Data Availability

Software used for the analysis in this work are publicly available at
https://github.com/HarukiEbina/IBIS-HOD.
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A Relevant scales

In this appendix we briefly summarize some of the key physical scales entering into our
calculations since at higher redshift different scales can dominate than at lower redshift where
much of our intuition has been built. We show these scales in Fig. 12, as their evolution has
important implications for the way in which survey design and survey non-ideality inform
our analyses.
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The non-linear scale can be estimated from the (comoving) Zeldovich displacement

22.(2) = / 66% Bin(k, 2) ~ [5.87 D(z) h™"Mpc]’ (A1)

where D(z) is the linear growth rate, normalized to D(z = 0) = 1 and the numerical value
is for the Planck cosmology [88]. We expect this scale to show the limits of perturbative
models, and also to describe the characteristic scale at which the matter field decorrelates
from the linear field (as described in Fig. 10 the galaxy field can decorrelate at larger scales
due to scale-dependent bias).

In a spatially flat Universe the comoving distance subtended by angle 6 is simply x 6
(with x the comoving distance). This scale is important for selection effects that operate in
angle, such as fiber assignment in a multi-object, fiber-fed spectrograph. Constraints on fiber
placement depend upon several factors, but lead to an artificial suppression of pairs below a
particular angular scale, which for DESI is around 0.05° (e.g. Fig. 2 of ref. [116]). At z > 2
the distance subtended exceeds Yy, our estimate of the non-linear scale.

Expressing redshift uncertainties as Av/c = Az/(1 + z) and converting to comoving
distance uncertainty assuming Hubble’s law we have

_ Az c(1+2) Av
T H()~ Hk c (A-2)

If the distribution of redshift errors were Gaussian, this would lead to a damping of power
along the line of sight by exp [—kﬁaﬂ. Our galaxies are much fainter than a typical low-z

target and, in general, it is harder to provide precise redshifts for broad emission lines that are
affected by radiative transfer and possible bulk flow of the emitting gas. The characteristic
redshift error is thus a larger contributor to the total error budget than is common for low-z
galaxies in spectroscopic surveys [6, 7]. From repeat observations of galaxies and comparison
to external data, DESI has estimated characteristic redshift errors of ~ 200 kms~! [29, 31].
If this continues to hold, line-of-sight power damping due to redshift errors will remain
subdominant to the impacts from non-linearity (scaling as (14 f)Xze =~ 2¥7¢1) at the redshifts
of interest.

One of the largest sources of non-linearity in the redshift-space clustering of galaxies is
stochastic terms, often referred to as fingers of god. The size of this term is driven by the
satellite fraction and the virial velocity of a halo that hosts on average one satellite galaxy
[101], but we can get a feel for the scales involved by considering the virial velocity of an M,
halo (i.e. a halo of characteristic mass in the halo mass function). A standard definition has
M, = (47/3)pm RS where R, is the comoving radius such that oy, (Ry,2) = 0. ~ 1.686. If
we measure our halo masses such that r; encloses a mean density of 200x the background
density then R, = (200)1/ 3roie for M, halos. The virial velocity associated with such a
halo is \/ GM, /Tyir phys = V1 + z\/ G M, [ryir com, where we have distinguished ‘physical’ and
‘comoving’ radii. Using the Friedman equation to rewrite the (87G/3)py, in the GM, term
and converting from velocity to distance units we have'?

10/,
0o = /U (2) 107y com = ) g ~171 R, (A.3)

(200)1/3

197f instead we measured our halo masses using the critical density definition the \/Q,,(z) would not appear.
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Figure 12: Left: Comparison of different ‘characteristic’ scales as a function of redshift.
The black solid line is an estimate of the non-linear scale, Yz,. The orange line is the
transverse distance subtended by the DESI ‘fiber exclusion’ scale, 0.05°. The green lines
are the limitations on line-of-sight modes due to redshift error, with dashed, dotted, and
solid corresponding to 400, 200, and 100kms~! errors, respectively. The red line is the
virial velocity of the characteristic halo mass. Right: Projected clustering measurement
wp computed from a mock fiber assignment. We fiber assign using dithering, inducing a
complex selection effect on the clustering and causing the post-assignment measurement
(faint solid lines with mean shown as the black solid line) to deviate significantly from the
pre-assignment measurement (mean shown as the black dashed line). The post-assignment
clustering qualitatively reproduces the large-scale anti-correlation in the data (black circles)
including the sign change at large R.

where the last step assumes the observations are at high enough z that Q,,(z) ~ 1. By z ~ 3
this characteristic scale has shifted to very low masses, and shifts very rapidly to even higher
redshift due to the flatness of k3P, at high k, so the inferred o, is quite low.

When considering o, we should bear in mind that our galaxies are quite biased and
thus inhabit halos more massive than M, [117]. Indeed observations suggest that the most
likely host halo mass does not evolve strongly with redshift [85], unlike M,. On the other
hand, should the satellite fraction be low and the central galaxies moving with the center of
mass of their host halo the virial dispersion is much reduced. Thus o, should be taken as
an ‘order of magnitude’ estimate. To the extent that our HOD fits reliably predict the halo
occupancy of our sample a more refined estimate can be obtained from «ay and Nos.

Finally, we have omitted the virial radius of the halos hosting our galaxies as (a) it is a
property of the samples themselves and not the underlying cosmology and (b) it is constant
with redshift. However a 102 h_lM@ halo has 7vir.com =~ 200 h~'kpc which suggests that
the 1-halo term [85] remains very far below the non-linear scale and well below the reach
of any of the clustering measurements described in this paper. The Lagrangian radius of
such halos (at 2001/ 3rvir7com) is however more comparable to the non-linear scale (Xz) at
high z, indicating that the complexities of scale-dependent bias are expected to become more
important than gravitational non-linearity in the early Universe [6, 118].
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B Fiber assignment

The DESI spectroscopy provides redshifts for a fraction of the galaxy sample, in principle
allowing us to perform a 3D clustering analysis (in redshift space). However, the effects of
fiber assignment make this difficult. Although fiber assignment complications are not new to
modern spectroscopy experiments, the situation here is unique due to two distinct reasons.
The first is the high redshift of our sample. As fiber assignment, being a property of the focal
plane, excludes pairs in angular coordinates, moving to higher redshift directly implies that
the physical scale for fiber assignment subtends a larger transverse distance. When combined
with the smaller non-linear scales at high redshift, fiber assignment may potentially be a much
more difficult problem at high redshift than at low redshift. The second is the particular
fiber assignment scheme adopted for the spectroscopic follow-up in this study (§3.3). The
fiber assignment was optimized to maximize the limited observation time, rather than being
tailored to clustering studies, and in the process introduces density-dependent selections.

DESI spectra are collected by assigning fibers to individual targets on the sky and the
fibers are inherently limited in their proximity by the physical constraints of the focal plane.
In any single observation we cannot place fibers on two objects within ~ 0.05° of each other.
At low redshifts, this translates to relatively small scales (r < 1h~!Mpc), whereas at z ~ 3,
it expands to around r ~ 4 h~!Mpc, shifting the information lost due to fiber assignment
from halo/sub-halo scales to larger, perturbative scales. This redshift-dependent change in
scale is illustrated in Figure 12.

Such effects are not uncommon and many techniques have been proposed to deal with
them (see e.g. §4 of [119]). One common method is to use weights for each object (sometimes
referred to as independent inverse probability — ITP — weights) or each pair of objects (pairwise
inverse probability — PIP — weights). A typical weight could e.g. be calculated from the
frequency of observation across many iterations of a stochastic fiber assignent process [120)].
An alternative, data-driven approach simply assigns redshifts of unobserved galaxies to that
of their closest neighbor with a successful redshift measurement or increments the weight of
that object in the clustering [121]. Other methods upweight close pairs based on the angular
clustering [122] or use alternative clustering statistics that exclude pairs that are close in
angle [116, 119].

Another approach is to give up on the full 3D information, and attempt to measure the
projected correlation function, wy,(R) = [ dry &(R, 7)), via cross-correlation between the tar-
get (imaging) sample and spectroscopic sample. By using the target sample for one member of
the pair, one is immune to pairwise spectroscopic incompleteness. The projected correlation
function can be expressed as a weighted sum over angular cross-correlation measurements
[73, 74]. However, a critical assumption in this computation is that the subsample of objects
for which redshifts were obtained ‘fairly’ samples the full distribution. We will see that in
our case this assumption is invalid.

All of these methods to mitigate fiber assignment effects are ineffective for the samples
at hand due to the unique fiber assignment scheme that was adopted for these observations.
In particular, the dependence of the final fiber assignment on the first round of fiber assign-
ment introduces a density-dependent sampling, as shown in Figure 13 where we show the
distribution of the local density measure 6 defined by the normalized count of mock galaxies
within a fiber assignment radius.

These difficulties even appear when attempting to correct for fiber assignment using the
spectroscopic-photometric cross-correlation introduced above. We run the dithering fiber
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Figure 13: The impact of fiber assignment. We show, using a mock catalog, an estimate
of the projected density, 8, across the field for: the original target sample (left), objects
assigned a fiber with dithered fiber assignment (this work, center), and with non-dithered
fiber assignment (typical, right). The projected density estimate, 8, is defined by the number
of galaxies of the given type in a circle of radius 0.05° (the fiber collision scale), normalized to
run from 0 to 1. Note that the dithered fiber assignment scheme produces notably smoother
& distributions than inherent in the target sample.

assignment over a mock catalog?’ and compare the pre- and post-fiber assignment w, from
cross-correlation. As shown in the right panel of Figure 12, the data show not only “small-
scale” pairwise incompleteness up to R ~ 4h~'Mpc, but also significant anti-correlation at
large scales. Both effects are unphysical, and the latter, in particular, cannot be corrected by
any method that upweights close pairs. We can qualitatively reproduce these effects using
mock catalogs, although we do not expect precise agreement as the complex sampling effect
likely introduces dependencies on aspects of the mocks that are not tuned to be correct (e.g.
higher order moments of the clustering or close-pair statistics like counts in cells). Given
these results, we deem that a correct modeling of this complex sampling at high redshift
requires far more precise and accurate mocks than we are able to produce at present. Instead
we use the angular clustering within the medium-band-selected shells (Appendix C), whose
interpretation depends only upon knowing dN/dz and fi,; and not on an understanding of
the effects of fiber assignment.

C Angular clustering in medium-band selected samples

Recall that if f(x) defines the (normalized) redshift distribution of an individual shell, then
the auto-correlation can be written as

w(f) = /dX1dX2 fxa)f(xe) € <\/ A? + X1X2¢71) (C.1)

where A = y2 — x1, @ = 25sin(6/2), we have assumed that the correlation function does not
evolve over the shell and that projection effects will ‘wash out’ redshift-space distortions. We
can approximate x1x2 =~ X%, with X = (1/2)(x1 + x2), up to corrections of order (A/x).
Since A < 0.1 x in our case this approximation introduces a sub-percent error.

29Note that this mock isn’t one of the best-fit catalogs introduced in the main text, as the fiber assignment
effect must be modeled over the observed catalog, not the polished clustering catalog in this work.
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Figure 14: (Left) The line-of-sight window function, W (A), for the samples selected in our
5 filters. For comparison, the dashed black line shows &(r) o< (R + A2)~18/2 ag a function
of A for R = 5h~'Mpc and arbitrary normalization. (Right) Comparison between our
medium-band estimator, wg(R), averaged over our mock fields and the projected correlation
function, w,(R)/L, computed from the full periodic 12~*Gpc box. The HOD model used is
the best-fit model for the total sample at z = 3. The solid black line is the result of Eq. (C.1)
using £ measured from the periodic box. The green dots show the average result of the
mock pipeline for the M490 filter (with error bars suppressed), while the blue line then shows
the approximation of Eq. (C.6). With respect to our errors, the estimator is comfortably
consistent with the true wy(R). Since we use this approximation only to motivate our data
combination, and not to actually perform fits to the data, we believe the degree of agreement
is totally adequate.

The Jacobian for the change of variables (x1, x2) — (X, A) is unity, so we immediately
obtain

wo(B) = [ dvda f(x— A/ f(x+ADEREA) (C2)
~ [ dvda s(c- A/25(x+ A2 600, A) (C.3)
— / T dA W(A)E(R, A) (C.4)

where in the second line we have converted angles to (transverse) distances with R = xof
rather than ¥ @ and we have defined

W(A) = /0 Tax fR - AL A2) (C5)

In the above we have used the small-angle approximation to clarify that the arguments of £
are r| and 7 with the integral over r|. Corrections to the small-angle approximation are
expected to be O(6?), and are entirely negligible in our case. Not negligible is the replacement
X — Xo, i.e. that we can convert angles to transverse distances using the shell center (xo)
rather than y. This approximation is subdominant to our errors for our situation, where we
are primarily determining how to combine disjoint slices, but introduces an error of O(Ax/x)
that also depends upon the slope of &.
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The line-of-sight window function, W(A), is the convolution of the radial selection
function with itself. For a tophat f this would be a triangle function of twice the width (but
the same overall area). We show examples of W (A) for our slices in Fig. 14. Note the width
of W is sufficiently large that we can approximate

wy(R) = / T AA W(A)E(R, A) ~ W(0) / A E(R,A) = L lwy(R)  (C.6)

— 00

as in the main text. For transverse scales much smaller than the characteristic scale of
variation of W the impact of redshift-space distortions is minimal.

Figure 14, right panel, shows how closely our mock wy(R) matches £7! w,(R) for the
M490 sample. The solid black line shows the result of Eq. (C.1) using ¢ measured from the
periodic box and can be seen to be in good agreement with the points that are estimated
from the average of many mock observations. The impact of the approximations made in
going from Eq. (C.1) to Eq. (C.6) can be seen in comparison to the blue line. While the
approximations are noticeably imperfect, they are well within the observational error bars
(suppressed in Fig. 14 but the same as in Fig. 4). It is important to note that in computing
the HOD/theory predictions we follow the same procedure for the data and the mocks, so
the relevant comparison is the green points to the black line. The approximation in Eq. (C.6)
is used only to motivate the manner in which we combine the samples adjacent in redshift
(i.e. going from Fig. 4 to Fig. 5). This may lead to non-optimal errors, but should introduce
no bias.

D Extended models of HOD

In this section we consider the High Mass Quenched (HMQ) HOD model in addition to the
standard HOD model explored in the main text (§4.2). The HMQ model was initially pro-
posed to model BOSS/eBOSS and DESI Emission Line Galaxies (ELGs) [123]. These ELGs
are actively star forming galaxies with prominent O1I. As star formation is inefficient near
the center of massive halos (at lower z) the HMQ model, which inhibits (very) massive halos
from hosting central galaxies, were designed to better match our empirical understanding of
ELG occupancy. The LAEs and LBGs that we consider in this work are also known to be ac-
tively star forming galaxies and hence merit analysis under this extended model. In addition,
recent studies independently report results supporting this picture. Ref. [87] has found that
hydrodynamical simulations that fit to existing LAE data show a decline in central galaxy
occupation past a halo mass of ~ 10 h=1 M, while ref. [46] has found that RT of Lyman
alpha photons can significantly suppress the observation of central LAEs in massive halos.
In the HMQ model, the halo occupation of central and satellite galaxies are defined as

(Nen (M) = 2A6(0)0000) 4 55 |1+ e (52 e ) D.1)
(N (M) = <M_A’;1M“t) for M > KMy (D.2)

where M is the halo mass, ¢ and ® are normal distribution and cumulative distribution

6(x) = Nlogyo Mo, ont) »  ®(x) = /_ ;qﬁ(t)dt:; [1+erf<j§>] (D.3)

~ 31—



20 3.0
standard standard

« HMQ W

ro [h ~Mpc] k [h Mpc_l]

Figure 15: Left: The correlation length vs. goodness-of-fit for the ‘total’ sample at z = 3,
using both the standard HOD (§4.2) and HMQ HOD model. The 10 and 20 CL for 7
d.o.f. are shown in dashed and solid lines, respectively, with the region above 2 ¢ shaded in
grey. We find that in both cases rqy serves as an effective compressed statistic encoding the
complexity of the HOD models, but the HMQ model is able to probe better fits, at lower
ro. Right: The scale-dependent bias of the standard and HMQ HOD models. Both the
auto- (b, = \/Pyg/Pmm) and cross-bias (by = Pyp/Pmm) are shown, with their ratio b, /bx
showing the correlation between the galaxy and non-linear matter fields.

while A = [pmax — 1/Q]/ max[2¢(x)®(yz)] and {orr, Pmax, ¥, @} are the new model param-
eters, with oy substituting o. The amplitude and width of the central HOD are controlled
by pmax and oy while v controls the low-M turn-on and @ the limit of (Neen) as M — oo.

While a detailed comparison between different flavors of HOD models to investigate
which models align better with high-z galaxies is beyond the scope and precision of this
work, we can compare the mocks made with the HMQ and ‘standard’ HODs to gain some
insights into how sensitive our inferences are to the HOD form. For this we use the ‘total’
z = 3 sample, where the standard HOD results indicate that our simulation is most reliable,
in terms of mass resolution.

The left panel of Figure 15 shows x? vs. 7 for a grid?! of HMQ models, compared to the
grid for the standard form discussed in the text. We see the same general trends, with the
HMQ models providing better fits than the standard HOD with less scatter; aligning with
the results of refs. [46, 87]. These results indicate that a single-parameter compression via 7
is insufficient to capture the differences between the two HOD models. In the right panel we
compare the auto- and cross-spectrum biases for the best fits from the two grids of models.
The behavior is very similar, with approximately the same degree of scale-dependence and the
same level of agreement that b, ~ by, though the best-fitting HMQ model has a slightly (<
10%) lower large-scale bias and scale-dependence than the standard form. These differences
are well within the error bars of our observations, and reflect (at least in part) the limitations
of the data and our relatively coarse model grid. To the extent that the large-scale bias, the

213We choose to vary between oy = {0.33,0.66}, o = {0.33,0.66}, Q = {20,100}, v = {1,5}, and pmax =
{0.33,0.66}, while sampling log,, Mcus/(h™*Mg) in steps of 0.25 between 11.0 and 12.0 and M /My in
{10, 30, 100}.
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Figure 16: The host halo mass of central and satellite galaxies in the best-fit mock catalogs
for the total sample at z = 3.0, with the standard HOD considered in the main text (left)
and the HMQ HOD considered in this appendix (right). The total (central + satellite)
distribution is normalized to integrate to unity and the satellite distribution is multiplied by
5 for visualization. The HMQ model predicts that the satellite galaxies are primarily hosted
in low-mass halos, although with a significantly broad distribution extending to high-mass
halos.

scale dependence of the bias and the degree of decorrelation are among the principal factors
impacting the use of tracers for cosmological inference it appears that our main conclusions
are robust to changes in the functional form of the HOD.

Figure 16 shows the distribution of host halo masses for our mock galaxies for the
two HOD forms. In each case we have broken the distribution into that for the central
and the satellite galaxies. Modeling the galaxies within the standard form requires us to
resolve significantly lower mass halos than for the HMQ form. The satellites in the HMQ
model are less numerous (fsy = 0.06) than the standard model (fsar = 0.10, Table 2) and
reside in a much wider range of halo masses, suppressing the FoG effect. Further comparison
between HOD models, semi-analytic prescriptions and with hydrodynamic simulations will be
valuable for future simulation based studies and mock catalog construction of high-z galaxies
[39, 46, 86, 87].
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