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ABSTRACT: The Lyman-a (Ly«) forest is a key tracer of large-scale structure at redshifts
z > 2, traditionally studied using the spectra of luminous but relatively rare quasars. In
this work, we explore the viability of using the fainter yet significantly more abundant
Lyman Break Galaxies (LBGs) as alternative background sources for Ly« forest studies. We
analyze 4,151 Ly« forest skewers extracted from LBG spectra obtained in the DESI pilot
surveys conducted in the COSMOS and XMM-LSS fields. From this dataset, we present
the first measurement of the Ly« forest auto-correlation function derived exclusively from
LBG spectra, probing comoving separations up to 48 A~ Mpc at an effective redshift of
Zoff = 2.70. The measured LBG Ly« forest auto-correlation is consistent with that derived
from DESI DR2 quasar Ly« forest spectra at a comparable redshift, validating the use
of LBGs as reliable background sources for Lya forest analyses. In addition, we measure
the cross-correlation between the LBG Ly« forest and the positions of 13,362 galaxies,
demonstrating that this observable serves as a sensitive diagnostic for assessing the precision
and accuracy of galaxy redshift estimates, and for identifying and correcting systematic
offsets. Finally, using both synthetic LBG spectra and Fisher matrix forecasts, we show that
a future wide-area survey covering ~5,000 deg?, targeting 1,000 LBGs per square degree
at signal-to-noise levels comparable to our sample, could enable LBG-based Ly« forest
baryon acoustic oscillation (BAO) measurements with expected uncertainties of 4., = 0.4%
(isotropic) and 04,, = 1.3% (Alcock-Paczynski). This performance is further enhanced when
combining the BAO analysis with a Ly« forest Full Shape (FS) approach, yielding a predicted
uncertainty of O’Eip = 0.6%. These results open a new avenue for precision cosmology at
high redshift using the Ly« forest in dense LBG samples.

KEYWORDS: baryon acoustic oscillations, dark energy experiments, high redshift galaxies,
Lyman alpha forest
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1 Introduction

The large-scale statistical properties of the matter distribution encode a wealth of infor-
mation about our Universe, tracing its expansion history, primordial fluctuations and non-
Gaussianities, and the growth of cosmic structure and the formation of galaxies. For that
reason, a number of surveys such as DESI [2, 3], EUCLID [4], PFS [5], and WEAVE [6]
are ongoing or planned to measure these cosmological structures over a wide range of scales
and redshifts. At redshifts 2 < z < 4, a remarkably powerful probe is the Lyman-a (Ly«)
forest. The Ly« forest is a set of absorption features imprinted onto the optical spectra of
background sources. These arise from resonant Lyman-« absorption and scattering due to the
presence of neutral hydrogen along the line-of-sight. Given that most of this Ly« forest signal
comes from regions located in the diffuse intergalactic medium (IGM) [7], these spectroscopic
features encode information on the physical properties of this medium [8].



At the same time, the Lya forest can be considered as a biased tracer of the large-scale
matter distribution. The 3D correlations between absorption features from different lines-
of-sight, first measured in [9], can be interpreted using a linear clustering model, valid on
large, linear scales, and incorporating relevant astrophysical and instrumental contaminants.
As a consequence, the baryon acoustic oscillation (BAO) feature at a typical redshift of
z ~ 2.3 could be measured from the large Lya forest samples collected by the BOSS and
eBOSS surveys [10-12] and more recently by the DESI survey [13, 14]. With the highest
precision achieved on the isotropic BAO distance scale delivered by DESI data release 2
(DR2) results ([14], hereafter DESIDR2-Ly« ) at the 0.7 % level. It should be noted that
these BAO measurements combine two correlation signals: the auto-correlation of the Ly«
forest, and the cross-correlation between Lya absorption and the spatial distribution of
galaxy tracers, as pioneered in [15].

Until now, most of the background sources used to carry out Ly« forest observations were
quasars (also denoted as QSOs). Indeed quasars are among the brightest optical sources in
the Universe, with a strong continuum flux in the rest-frame UV wavelength range. Therefore
spectra with a good signal-to-noise ratio can be measured from those sources up to high
redshift, in relatively short exposure times with existing telescopes. However quasars are
rare objects in our Universe, especially when restricting to those with redshift z > 2.1, which
have their Ly« forest in the optical observed wavelength range. The quasar luminosity
function was measured over a wide range of redshift and magnitude from SDSS spectroscopic
observations in [16, 17]: predictions from models fitted in [17] indicate that, in the redshift
range 2 < z < 3, there are only ~ 140 quasars per deg? with magnitude r < 24, and down
to the deeper limit of g < 25 the expected number count is ~ 230 per deg?. In practice,
the DESI survey obtained spectra for 60 high-redshift (z > 2.1) quasars per deg?, using a
photometric selection [18] limited to r < 23. Such a sky density, while unprecedented over
a wide footprint, remains a limiting factor for several scientific applications. For instance,
it restricts measurements of line-of-sight absorption cross-correlations between close quasar
pairs [19, 20], and also affects the detection of the BAO feature, which remains in the
shot-noise-limited regime for DESI [21].

In order to significantly increase the sky density of Ly« forest samples, background
sources other than quasars are needed. Lyman Break Galaxies (LBGs) are prime candidates,
as these star-forming galaxies are among the most readily detected at high redshifts. Their
distinctive break at the Lyman limit (912 A) enables efficient selection from broadband
photometry [22]. However, LBGs are typically fainter than quasars, so extracting the Ly«
forest signal from their spectra requires longer exposure times, larger telescopes, or both.
Despite these challenges, the Lya forest in high signal-to-noise ratio LBG spectra has already
been exploited in relatively small-area surveys such as CLAMATO [23, 24] and LATIS [25].
While the primary goal of these programs was to map the three-dimensional distribution of
the IGM at high redshift and to identify structures in the cosmic web (e.g., protoclusters,
voids, filaments), they also enabled measurements of the Lya-galaxy cross-correlation at
z > 2 on scales r < 30 h~! Mpc by combining forests extracted from both quasars and
LBGs [e.g., 26-29]. These efforts complement works probing the Lya-galaxy connection
based exclusively on quasar forests [e.g., 30-33].



In this article, we extend these efforts by demonstrating the potential of using the
Ly« forest in LBG spectra alone as an independent tracer of large-scale structure in the
context of wide-area spectroscopic surveys. We use optical spectra of high-redshift galaxies
collected during DESI pilot observations in the COSMOS and XMM-LSS fields, as described
in Section 2. In Sections 3 and 4, we present the first 3D Lya forest auto-correlation
measurement using only LBG forests, covering scales from 1 to 48 h~! Mpc, along with the
Lya cross-correlation with both LBGs and Lyman-« emitters (LAEs). We show that these
measurements can be described with the same modeling framework applied to DESI Ly«
forest correlations from quasars. Finally, in Section 5, we provide forecasts for high-redshift
BAO measurements, highlighting that future wide-area surveys with DESI-like capabilities
can exploit the Ly« forest in LBG spectra to deliver competitive cosmological constraints
at redshifts beyond those accessible with quasars alone.

2 Dataset

DESI is a fully robotic, highly multiplexed spectroscopic instrument installed on the 4-meter
Mayall Telescope at Kitt Peak National Observatory [34]. It delivers simultaneous spectra
for up to 5,000 targets over a 3.2° diameter field of view [3, 35-37]. The majority of DESI’s
dark-time observing program [38] is dedicated to its main survey, which aims to acquire
spectra for roughly 50 million galaxies, including several million quasars at z = 1.6. In
addition, DESI has conducted dedicated observing campaigns in the COSMOS and XMM-
LSS (hereafter XMM) fields during both the survey validation and main-survey phases [39],
including targeted pilot programs to test and refine observation strategies for high-redshift
galaxies such as Lyman-break galaxies (LBGs) and Lyman-a emitters (LAEs).

In the following section, we describe the target selection strategies and the automated
redshift estimation pipeline used to construct the LBG and LAE samples for this work.
Preliminary analyses of the LyaxLBG and LyaxLAE cross-correlations revealed systematic
redshift offsets of Avpgg = —169 & 22 kms™! for LBGs and Avpag = —241 £+ 20 kms™!
for LAEs. To mitigate potential biases in the clustering signal, such as a shift in the
cross-correlation along the line-of-sight due to these offsets, we apply a correction to the
redshift estimates in all subsequent measurements. Details of these corrections are provided
in appendix A.

2.1 Target selection

LBG spectra exhibit a pronounced flux “break” just blueward of the 912 A Lyman limit in the
rest frame, primarily caused by absorption from neutral hydrogen in stellar atmospheres and
the interstellar medium (ISM). At high redshifts (z > 2), additional Ly« forest absorption
caused by the intergalactic medium, further suppresses the flux blueward of 1216 A. These
characteristic features enable efficient identification of Lyman-break galaxies (LBGs) at
z ~ 2.3 via broad-band photometry, particularly through dropout selection in the u-band.

Our target selection employs the u-dropout technique, based on deep imaging from
the Hyper Suprime-Cam survey [HSC; 40], complemented by u-band imaging from the
Canada-France-Hawaii Telescope’s CFHT Large Area U-band Deep Survey [CLAUDS; 41],
obtained with MegaCam.



We adopt two complementary u-dropout selection strategies. The first, described in [22]
(hereafter R24 [22]), applies color cuts in the u — g vs g — r plane, alongside a magnitude
threshold in the r band. The second approach, presented in [42], utilizes a random forest
algorithm trained on HSC+CLAUDS ugriz photometry artificially degraded to the depth of
the Ultraviolet Near-Infrared Optical Northern Survey [UNIONS; 43], forecasting selection
performance for upcoming surveys such as DESI-II.

A smaller subset of our sample is selected using medium-band photometry. In this
case, Lyman-alpha emitters (LAEs) are identified by flux excesses in narrow-band filters,
while LBGs are selected based on flux decrements between adjacent bands. We emphasize
that throughout this work, the term “LAE” refers exclusively to the photometric selection
technique, rather than to the strength of the Lya emission.

All LBG and LAE targets presented here were observed in DESI pilot programs conducted
between 2021 and 2024 in the COSMOS and XMM fields, with effective exposure times
ranging from 2 to 5 hours. In our Ly« forest analysis (see Section 3), only the LBGs serve as
background sources. The median r-band magnitude of the LBG sample is r = 23.94.

2.2 Automated redshift measurement

Spectra of the LBG and LAE targets were obtained with the DESI 3-arm spectrographs,
which cover the wavelength range 3,600-9,800 A with a spectral resolution between 2,000 and
5,000 [34]. Given the redshift range of these sources, most of the key spectral features fall
within the blue arm (3,600-5,930 A), where the resolution varies from 2,000 to 3,000. Raw
spectra were processed using the DESI spectroscopic pipeline [44], and multiple exposures
of the same object were coadded with weights proportional to their signal-to-noise ratio
(SNR). The vast majority of the spectra were obtained using a dithering strategy, in which
each target was typically observed multiple times with different fibers (and, in some cases,
different spectrographs) across overlapping tiles following a rosette pattern. This configuration
averages out potential systematics from sky-line subtraction residuals and minimizes fiber and
spectrograph-dependent effects, which reduces possible biases in the clustering measurements.

Redshift estimation proceeds in two stages. First, a convolutional neural network (CNN)
identifies whether the spectrum corresponds to an LBG or LAE and assigns a preliminary
redshift. Second, a template-fitting algorithm refines the redshift determination.

The CNN is a modified version of QuasarNET [45, 46], which DESI uses for quasar
classification. For LBG classification, we retrained the CNN using 14 interstellar absorption
lines and 2 emission lines (see table 3 in R24 [22]). Each of the 16 lines are assigned a CNN
confidence level (CL) and are sorted in descending order. A spectrum is classified as an LBG
or LAE if its fifth-highest CL exceeds a chosen threshold. Additional details on the CNN
algorithm and performance can be found in section 4.1 of R24 [22].

To refine spectral classification and the redshift estimate, the redshift of the line with
the highest CNN confidence is used as a prior for the redrock software,! DESI’s standard
classifier and redshift-fitting tool. We employ a customized version of redrock that includes
four LBG templates derived from visually confirmed spectra in R24 [22]: one template without
Lya emission and three with increasing Lya emission strength.

'https://github.com/desihub/redrock [47]
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To quantify the quality of the redshift measurements of our COSMOS LBG sample,
we cross-matched our dataset with the high-confidence (CL > 0.95) spectroscopic redshifts
from the COSMOS spectroscopic redshift compilation [48]. We define catastrophic failures
as sources with a velocity offset |Av| > 3,000 kms~! relative to the reference spectroscopic
redshift. The resulting outlier rates are 16.5%, 13.3%, 11.1%, and 8.3% for thresholds
of CL > 0.97,0.99,0.995, and 0.999, respectively. These values are consistent with those
reported in table 4 of R24 [22] and confirm that higher CL cuts substantially reduce the
catastrophic outlier rate, although a non-negligible fraction remains even at our strictest
cut. As will be noted in Section 4.2, sample purity and catastrophic redshift outliers directly
impact the inferred clustering amplitude on the correlation functions. Therefore, it will
be an important consideration for future large-scale clustering analyses with LBG forests.
We return to this point in Section 6.

For the non-catastrophic objects, we find excellent agreement with the reference cat-
alog, with a median velocity offset of only ~ 8 kms™! and a scatter of opap = 1.4826 x
MAD(]Av|) ~ 180 kms~!. This demonstrates that, aside from the catastrophic failures, the
redshifts of our CNN+redrock pipeline are robust and suitable for clustering analyses.

For our baseline analysis, we adopt a confidence threshold of CL > 0.995 to enhance
sample purity while preserving statistical power. We also consider thresholds in the range
0.97 < CL < 0.999 for robustness checks. Table 1 summarizes the number of LBGs, LAEs,
and accepted Lyo forests (see Section 3) in COSMOS and XMM as a function of CL threshold.
At CL > 0.995, the sample comprises 4,931 LBGs, 8,431 LAEs, and 4,151 forests; the angular
distribution of the LBG targets is illustrated in Figure 1. The survey footprints correspond
to approximately 6 and 5 deg? in COSMOS and XMM, respectively.

We note that approximately 70% of LBGs in our sample are in COSMOS, while 70%
of LAEs are in XMM. This imbalance in the field distributions is a direct result of the
strategy employed by the DESI pilot survey campaigns. Different targeting strategies were
tested in each field; specifically, the COSMOS field observations were optimized for LBG
selection to enable future Lya tomography studies, while LAEs were targeted mainly in
XMM where medium-band imaging was available first. Future DESI special programs are
planned to observe both fields with more uniform strategies, which will provide larger and
more balanced samples for future analyses.

3 Data analysis

One of the main goals of this work is to present the first measurement of the Ly« forest auto-
correlation (LyaxLya) extracted solely from LBG spectra, together with the corresponding
cross-correlations between Ly« absorption and LBG (LyaxLBG) and LAE (LyaxLAE)
positions. Our analysis builds on the DESIDR2-Ly« [14] framework for quasar-forest studies,
implemented via the public picca package.?

Below, we outline the steps of our correlation-function measurement pipeline, highlighting
the minor differences with respect to the quasar-based pipeline. For further methodological
details, we refer the reader to the DESIDR2-Ly« [14] reference and to section 3 of [50].

*https://github.com/igmhub/picca [49]
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Figure 1. Angular positions of the CL > 0.995 LBG sample in the COSMOS (left) and XMM (right)
fields used for our analysis. The COSMOS footprint covers approximately 6 deg?, while the XMM
footprint spans about 5 deg2.
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Table 1. Statistics of LAEs, LBGs, and selected Ly« forest skewers for different CL cuts.

3.1 Continuum fitting and extraction of transmitted flux field

The first step in our analysis is to preprocess the spectra. Following DESIDR2-Lya« [14], this
normally comprises a series of operations but we do not apply all of them here. We mask
bad pixels identically to DESIDR2-Ly« [14], removing regions affected by galactic absorption,
residual sky-line emission, and CCD defects flagged by the DESI reduction pipeline [44]
(e.g., cosmic ray contamination or hardware-related issues). On the other hand, we do not
recalibrate the fluxes as the redshift range (2.0 < z < 3.5) of our LBG sample is not wide
enough to completely cover a calibration region (typically CIII; see table 3 of [50]) in the
3,600-5,423 A observed frame wavelength range that we have adopted for our analysis.
Unlike quasar forest analyses, we do not mask Damped Lya Absorbers (DLAs) or
Broad Absorption Line (BAL) features. BALs are quasar-specific phenomena and are not
expected to appear in LBG spectra. DLAs, however, are present in LBG spectra and are
expected to impact our measurements. Unfortunately, no dedicated DLA catalog exists for



our LBG sample. Existing DLA detection algorithms, developed for quasar spectra, cannot be
straightforwardly applied here due to the differing SNR, characteristics and different spectral
shapes LBGs with respect to quasars. Furthermore, DLAs in low-SNR quasar spectra (SNR
< 3) are typically not masked in quasar forest analyses (e.g., DESIDR2-Lyc« [14]), and most
of our LBG spectra fall below this SNR threshold. Adapting any of the existing quasar-based
DLA finders [e.g., 51-53] is beyond the scope of this work.

After spectral preprocessing, we extract the transmitted-flux field,

5,00 = =2 __ (3.1)
E(X)Cy(N)

where g indexes each LBG, f,()) is the observed flux, F(\) is the mean transmission, and Cj ()
is the unabsorbed LBG rest-frame spectrum, hereafter referred to as the continuum. We limit
our analysis to the 1040 — 1205A rest-frame wavelength interval and the 3600 < Agps < 5423
A observed wavelength range, which corresponds to a redshift range of 1.98 < z < 3.5.

As in quasar analyses, we model F(\)Cy(\) by a universal rest-frame continuum,
CLec(ARr), modified by a first-degree polynomial in A = log A with two free parameters,
ag and by,

(3.2)

F(A) Cy(A) = CrpaOrr) (ag 4, = Amin ) .

g
Amax - Amin

We determine CpLpg, a4, and b, through an iterative likelihood maximization process, si-
multaneously fitting the pixel-variance,

02 = 0(N) 0Zipey V) + 0Tss(N) [FNC (V)] (3.3)

2
where o5, o(

for small inaccuracies in the noise estimate, and O'%SS()\) is a free parameter that captures the

A) is the reported variance from the data processing pipeline [44], n(\) corrects

intrinsic Ly« flux variance. Because our LBG spectra is dominated by noise, we were unable
to robustly constrain orgg in our analysis. We nevertheless include this term to maintain
a consistent methodology with the DESI Lya quasar analyses and verified that omitting
it leads to negligible differences in the measured correlation functions. Future, larger LBG
spectroscopic samples should enable a more precise determination of oygg.

Additionally, we apply quality cuts to remove forest skewers with (i) negative fitted
continuum, (ii) negative mean SNR in the forest region, or (iii) fewer than 150 valid pixels.
This yields 3,027 accepted forests in COSMOS and 1,124 in XMM. The median SNR of
spectra in the forest region is 0.35 A~!, which is about 4.5 times lower than the median
SNR of 1.57 A=! found in the quasar Ly« forests sample used in DESIDR2-Lya [14]. The
distribution of SNR as a function of r-band magnitude is shown in Figure 2.

Figure 3 shows the mean rest-frame continuum Cppg in both fields, revealing excellent
agreement between COSMOS and XMM. Moreover, both samples exhibit the characteriztic
absorption features from stellar and interstellar lines, consistent with those identified in

3The DESIDR2-Lyc [14] pipeline treats n()\) as a free parameter and found values close to unity with small
fluctuations. Given the limited size of our dataset, we decided to fix n(\) = 1.
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Figure 2. Filled histogram: r-band magnitude distribution of LBGs with CL > 0.995 in the COSMOS
and XMM fields, whose Ly« forests pass our quality cuts. The mean forest SNR as a function of
r-band magnitude is shown with purple points; error bars represent the standard error of the mean.
The effective exposure times for these observations range from 2 to 5 hours, with a median value of
4.5 hours. A small number of bright LBGs have longer exposures due to repeated observations.
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Figure 3. Mean rest-frame continuum in the Ly« region as measured from LBG spectra on the
COSMOS (blue line) and XMM (red line) fields. The green shaded vertical lines indicate known
spectral line features caused by stellar and interstellar absorption. By construction from the continuum
fitting procedure, Cppg is arbitrarily normalized.

composite LBG spectra from previous studies [e.g., 22, 25, 54, 55]. Notably, the continuum-
fitting procedure as implemented in picca, originally developed for quasar Ly« forest analyses,
successfully recovers these features in LBG spectra. This demonstrates its robustness and
adaptability to a broader class of high-redshift background sources.

3.2 Correlation function measurement

We estimate both the Lya auto-correlation of the transmitted-flux field d4(\) (described
in Section 3.1) and its cross-correlation with the LBG/LAE tracer catalogs introduced in
Section 2. Pair separations, either between Ly« pixels in the auto-correlation or between Ly«
pixels and galaxies in the cross-correlation, are binned in the line-of-sight (r”) and transverse



(r1) directions. To compute these separations, angular and redshift differences are converted
into comoving distances using the fiducial cosmology of [56].

For both correlation functions, we adopt AR = 2 h~! Mpc bins spanning the range
0 <rpry <48 h~! Mpc for the auto-correlation, and 0 < [yl < 48 h~! Mpc for the
cross-correlations. In the latter case, negative r| values correspond to configurations where
the tracer galaxies are located behind the Ly« pixels along the line of sight.

The auto-correlation in a M = (r,r1) bin, is defined as

axXo __ Zi,jEM wia ’LU? 51 5j 3.4
M a ,,Q ’ ( . )
> i jeM W w;

where 6; = 04(\;), and each Lya pixel weight, wy, is

«a 1+ 2z Yol - -1
wt = o) = (1r50) 1) Gpe () Fmss ofssW)] L (35)

where 62, . /(A) = 0506 s (M) /[F(N)Cg(V)]?, Yo = 2.9 [51], n(A) = 1, and nrgs modulates the

contribution of the intrinsic Ly« forest flux variance.
Similarly, the Ly cross-correlation with the galaxy tracer X is

. @ >0
M a X (36)
with galaxy tracer weights, wZX, given by

L+ 2 \xt
X 7
= _ . 3.7
Wi (1 n 2.25) (3.7)

In this analysis, we adopt 7X = 1.44, following the convention commonly used for quasars [59].
While more detailed models exist for the redshift and magnitude dependence evolution of
dropout-selected galaxies (e.g., Equation 2.7 in [60]) we opt here for this simplified prescription.
Incorporating a more refined evolution model is left for future work.

We estimate the covariance matrix of our correlation measurements by dividing the
survey footprint into HEALPix pixels with Ngge = 64 [61], each covering approximately
0.84 deg?, which corresponds to a comoving scale of ~ 70 A~ Mpc at z = 2.7. We compute
the correlation function independently within each HEALPix region and derive the covariance
matrix using a bootstrap resampling approach, drawing 10,000 realizations from the set of
HEALPix pixel subsamples. The estimated covariance is then smoothed following the same
recipe as described in section 3.3 of [13].

Due to the relatively small footprint of our analysis (and hence the limited number of
independent samples) the estimated covariance may be underestimated. This limitation could
be mitigated in future work by analyzing larger sky areas or by extracting the covariance
from several realizations of synthetic LBG spectra datasets.

*In DESIDR2-Ly« [14], nss was set to 7.5 based on results from the DESI Early Data Release (EDR) Ly«
analysis to minimize the quasar Lya forest auto-correlation covariance [50, 58]. Here, we fix nLss = 1 as
determining the optimal value for LBG forests requires further study.



3.3 Model of the correlation functions

Deriving tight model constraints is not the primary objective of this study. Nevertheless, we
include a model of the correlation functions, analogous to that used by DESIDR2-Ly« [14],
for completeness. Our analysis employs an anisotropic cross-power spectrum model,

P (k, 2) = baby (1+ Bapi}) (1+ Byad) Polk, 2)G(k) P (K), (3.8)

where Y denotes either Lya or a galaxy tracer, and k = (k), k1) is the wave-number vector
with magnitude k = , /kzﬁ + ki and py, = K /k representing the cosine of the angle between k
and the line-of-sight. In this model, Pr(k, z) is the linear matter power spectrum computed
using CAMB[62] under the fiducial cosmology of [56], G(k) = sinc (kHAR/Q) sinc (k; AR/2)
accounts for the finite binning AR = 2 h™! Mpc of the correlation functions, and Fyr,(k)
captures non-linear corrections at small scales.

In the auto-correlation, Fni, accounts for non-linear structure growth, peculiar velocities,
and IGM thermal effects (e.g., broadening and pressure) which are incorporated as specified in
Equation 3.6 of [63], with parameters ¢; = 0.8424, ¢g» = 0, k, = 0.69516 h Mpc ™, a, = 0.4015,
b, = 1.711, and k, = 21.13 hMpc~! obtained by interpolating the best-fit model from the
L160R25 ACCEL2 hydrodynamical simulation at z ~ 2.7 (see table A3 of [64]). For the
cross-correlation, the combined effects of galaxy velocity dispersion and statistical redshift
estimation errors are modeled by a Lorentzian profile:

1
Fge=(k) = [1+ ko2 7, (3.9)

where o0, x is a free parameter representing the velocity dispersion of the tracer due to both
peculiar velocities and redshift errors. In addition, to account for systematic redshift offsets
that shift the cross-correlation along the line-of-sight, we introduce a free parameter, Ar| x,
which quantifies this shift.

We model the redshift evolution of the linear biases for Lya and galaxies using a power
law, by (2) = by (zefr) [(1 + 2) /(1 + 2zeg)]"Y, with 74 = 2.9 for Ly and yx = 1.44 for galaxy
tracers, as in section 3.2. For galaxy tracers, the RSD parameter is derived from the relation
Bx = f(2)/bx(2), where f(z) ~ Q%5%(2) is the linear growth rate. In our analysis, f(2) is
fixed to its value at z ~ 2.7 (i.e, f ~ 0.98). Note that this relation is not applied to the
Ly« forest, for which g, is treated as independent, though we approximate it as constant in
redshift for simplicity, despite evidence of redshift dependence [63, 64].

Additionally, we account for contributions to the correlation functions from contaminants
to the Lya forest such as unmasked High Column Density systems (HCDs), absorption
from other atomic transition lines blended within the Ly« forest (hereafter referred to as
metals), and correlated noise. These contributions, if not properly modeled, could bias the
Ly« forest parameter measurements. The procedures used to incorporate these effects are
described in Section 3.3.1.

The final power spectrum model is decomposed into multipoles up to £ = 6 and trans-
formed into correlation function multipoles via a Hankel transform. The resulting model is
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then interpolated onto an (r, 7 ) grid to yield the following forms for the correlation functions:

g%xocl — é-axa + Zfaxm + gnoise7 (310)
ota. —

i = £ X+ Do, (3.11)
m

where each m labels a distinct metal transition. Finally, distortions in the correlation
functions arising from the continuum fitting procedure are incorporated via a distortion
matrix, following the approach described in section III.A of DESIDR2-Ly« [14] and in [65].

3.3.1 Contaminants Model

High Column Density systems. HCDs, including Lyman-limit systems (LLS) and DLAs,
are biased tracers of the underlying matter density field. When blended into the Ly« forest,
their presence introduces a scale-dependent excess of large-scale power into the 3D Ly«
forest correlations [66-68], boosting the inferred Ly« linear bias and suppressing the RSD

parameter [69]. To account for these effects, we model the Lya bias and RSD as “effective’
parameters that include a scale-dependent HCD contribution:

by, = ba + bucp Facp (k)), (3.12)
b B = baBa + bucpBuco Fucp (k) (3.13)

where bycp and PBgcp are the linear bias and RSD parameter associated with the HCD
contribution to the transmitted-flux fraction. Note that bycp is negative and small in
this context, as it describes absorption in the transmitted-flux field, rather than the clus-
tering bias of the HCD systems themselves, which is typically ~ 2 [70, 71]. The term
FHCD(k”) = exp(—LHCDk”) describes the scale-dependent contribution of HCDs to the
correlation function, with Lycp representing their typical length scale.

Other atomic transitions (metals). Our pipeline assumes that every absorption in the
analysis region arises from Ly« but in reality metal absorption blended into the forest

introduce spurious correlations most noticeable along the line-of-sight. We include this

gaxm §X><m

contamination via metal cross-terms, in the auto-correlation and in the cross-
correlation. Given the scales relevant to our analysis, we model only the contribution from the
SiIII(1207) transition, treating its linear bias, bg;ri(1207), @s a free parameter and fixing its
RSD parameter to Ssiri(1207) = 0.5. We neglect metal auto-correlations and cross-correlation
between distinct metals as they are subdominant. Strong transitions such as CIV, SilV, and
MgII can in principle significantly contribute through their auto-correlation [72]; however,

preliminary analyses did not show a robust signal detection.

Correlated noise. The DESI data reduction pipeline introduces correlated noise between
fibers on the same focal-plane petal [44, 72], which contaminates the Ly« forest auto-
correlation. We model this contribution as an additive term,

gnoise = anoise(sK(TH)f(Tj_), (314)

where anoise is a free parameter that sets the amplitude of the noise contribution, 6K is
the Kronecker delta in r|, and f(r 1) is a decreasing function of r, normalized such that
f(0) =1, proportional to the probability that two pixels originate from the same petal.

— 11 —
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Figure 4. LyaxLya auto-correlation measured from LBG spectra with CL > 0.995 in COSMOS
(left), XMM (center), and the combined fields (right), shown over a (r|,r) grid. While some visual
differences are apparent between COSMOS and XMM, we have verified that the measurements are
statistically consistent; these differences are likely due to noise and statistical fluctuations.

4 Results and discussion

4.1 Correlation functions

Now we focus on the Ly« forest auto and cross-correlations with LBG and LAE positions
results. Figure 4 shows the LBG forest LyaxLya auto-correlation as a function of 7 and 7.
in the COSMOS (left) and XMM (center) fields, using LBG spectra with CNN confidence
level CL > 0.995. The effective redshift for this measurement is z.g = 2.70. Some visual
discrepancies appear between the COSMOS and XMM measurements. However, these are
likely driven by statistical fluctuations and noise. We have verified that the measurements
are consistent within uncertainties. Because the mean rest-frame continuum (see Section 3.1),
signal-to-noise ratios, magnitude ranges, and redshift distributions are consistent across
both fields, we combine them to improve statistical power. The right panel shows results
for the combined sample.

For illustrative purposes, Figure 5 displays the same Lya auto-correlation signal from
COSMOS+XMM, averaged over the first five bins in the transverse (left) and parallel (right)
directions. For comparison, we include the Lya auto-correlation measurement from ~766,000
quasar forests in the DESIDR2-Ly« [14] sample, where we restricted forest pairs to match the
effective redshift of our LBG forest signal. Throughout this section, we adjust our notation
to Lya(LBG) and Lya(QSO) to differentiate the origin of the Ly« forest signal.

Our Lya(LBG)xLya(LBG) auto-correlation measurement represents the first detection
of the Ly« forest auto-correlation signal using exclusively LBG spectra, at an effective redshift
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Figure 5. LyaxLya auto-correlation from the COSMOS+XMM LBG forest combined sample as
a function of 7| (left) and r, (right), averaged over the 1 — 6 h~! Mpc range of the complementary
coordinate. The black line shows the results from the DESIDR2-Ly« [14] quasar forest sample where
forest pairs have been restricted to match the effective redshift of our LBG forest signal. The (almost
indistinguishable) shaded black region corresponds to the 1o uncertainty.

of zeg ~ 2.7. While previous works have included LBG forests [e.g., 26-29], they primarily
combined them with quasar forests to study Lya-galaxy cross-correlations.

Our measurement is consistent within uncertainties with the Lya(QSO)xLya(QSO)
correlation obtained from the DESI DR2 quasar sample when forest pairs are restricted to
match the same effective redshift (zef). We do not observe any additional systematic effects
beyond those already present in the quasar analysis. Furthermore, we verified that excluding
DLA masking in the DESI DR2 quasar forests introduces only minor differences, well within
the uncertainties of our LBG forest measurements.

We have also confirmed that the distortion introduced by the continuum-fitting procedure
is comparable between the quasar and LBG-based measurements at the scales relevant to
our study. This consistency supports the expectation that both signals should closely match.
A notable exception is observed in the Silll(1207) feature at rj ~ 20 Mpc at transverse
distances close to the line-of-sight (see Section 3.3.1), which appears more prominent in the
LBG sample. Interestingly, the strength of this feature diminishes as we increase the CNN
confidence threshold (see appendix B), suggesting that it likely arises from contamination by
objects misclassified as LBGs, redshift errors outliers, or from spectral noise.

Similarly, Figure 6 presents the Lya(LBG)xLBG (top) and Lya(LBG)xLAE (bottom)
cross-correlations on the (TH,T 1) grid for COSMOS, XMM, and the combined dataset.
Figure 7 shows the same cross-correlation signals averaged over four r slices. We include
the Lya(QSO)xQSO cross-correlation results from the aforementioned DESI DR2 quasar
forests and the position of quasar tracers, where forest-quasar pairs were restricted to match
the effective redshift of our LBG and LAE cross-correlation signals.

We observe that the Lya(LBG)xLBG and Lya(LBG)xLAE cross-correlation functions
differ from the Lya(QSO)x QSO signal, showing lower amplitudes at small-scales. This reflects
the fact that LBGs [73, 74] and LAEs [75-77] reside in lower-mass halos, resulting in reduced
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Figure 6. LyaxLBG (top) and LyaxLAE (bottom) cross-correlations in COSMOS (left), XMM
(center), and the combined (right) samples, shown over a (7, L) grid.
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Figure 7. Measured cross-correlation between the Ly« forest in LBG spectra and the positions of
LBGs (blue unfilled dots) and LAEs (red unfilled squares) from the COSMOS+XMM combined sample
as a function of 7, averaged over four distinct 7, bin slices. The black line shows the cross-correlation
between the Ly« forest from quasars and quasar tracer positions from the DESIDR2-Ly« [14] sample
with the shaded region corresponding to 1o uncertainties. The DESI DR2 forest-quasar pairs have
been restricted to ensure that the Lya(QSO)x QSO signal has an effective redshift comparable to that
of our Lya(LBG)xLBG and Lya(LBG)xLAE signals.

clustering amplitude (lower linear bias) and smaller intrinsic velocity dispersions compared
to quasars [78-81]. Moreover, redshift estimate errors introduce additional broadening of
the profile. Both the Lya(LBG)xLBG and Lya(LBG)xLAE cross-correlations peak at
T~ 0 h~1! Mpc, especially in the 1 < r; < 6 h™!Mpc and 6 < r; < 12 h~! Mpc slices,
confirming that our systematic redshift offset corrections (see appendix A) are appropriate.

Our detection of the LBG forest auto-correlation, together with its cross-correlations
with LBG and LAE positions, shows that correlations based on LBG forests alone can be
robustly measured. In contrast to the relatively high SNR LBG spectra used in LATIS and
CLAMATO, our measurement relies on lower SNR (~ 0.35 A~!) data, providing the first
direct demonstration of the viability of LBG forests in the context of wide-area surveys
such as DESI. These results indicate that LBG forests can complement quasar-based studies
by extending clustering measurements to higher source densities and redshifts. Looking
ahead, larger datasets such as those anticipated from DESI-II [82] will be required to test
this approach at higher precision and to explore whether the BAO feature can be detected
from LBG forests. We discuss these prospects further in Section 5.
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Fitting range ba Ba bLeG o.18G [ Mpc]  Arjppg [h™! Mpc] X2,/D.0.F

LyaxLya+LyaxLBG

1<r<28 —0.1525000%  1.46%32%  1.90 +0.13 < 0.780 0.04 +0.18 461.29/(462 — 10) = 1.02
6<r<28 —0.18710038  1.107038  1.85+£0.16 < 0.790 —0.37 £ 0.36 425.71/(438 — 10) = 0.99
10<r <28 —0.137+0.043 1.997%1% 1.93+0.24 < 1.350 —1.09+054  382.31/(402 — 10) = 0.98
1<r<34 —0.1671901%  1.24701%  1.88+0.13 < 0.760 0.04+0.19 711.19/(684 — 10) = 1.06
6 <1 <34 —0.2097594  0.851%1%  1.80+0.16 < 0.800 —0.294+0.36  672.01/(660 — 10) = 1.03
10<r<34  —0.1647003% 1.39702 1.90+0.25 < 1.220 —0.934+0.54  629.60/(624 — 10) = 1.03

Table 2. Parameter constraints at 68% confidence from joint auto+cross-correlation fits, applied to
the combined COSMOS+XMM LBG sample. Our full model is described in Section 3.3. We report
the best-fit model x2,;, value divided by the degrees of freedom (D.o.F). Results are shown for several

fitting ranges in comoving separation. Entries given as p + o denote Gaussian posterior distributions,
+o1

—0o2

while those of the form u indicate non-Gaussian posteriors.

4.2 Model parameter constraints

As noted in Section 3.3, deriving tight model constraints is beyond the primary scope of
this work. This is primarily because the statistical power of our measurements is insufficient,
and also because we adopt a simplified model that does not fully capture the underlying
physics on the small scales considered here, potentially biasing the results. Nevertheless,
we perform model fitting for completeness and emphasize that the following results should
be interpreted with caution.

For the remainder of this section, we focus only on the Lya and LBG-related parameters.
A more complete discussion of the other model parameters and their posterior distributions
can be found in appendix B.

We adopt a Gaussian likelihood and use the Vega package® to model the correlation
functions. Best-fit parameter values and statistics are estimated using the iminuit min-
imizer [83, 84], while posterior distributions are sampled via the Polychord nested sam-
pler [85, 86], both integrated within the Vega interface. We adopt wide flat priors for all free
parameters, except for the HCD redshift-space distortion parameter, for which we impose a
Gaussian prior of fgcp = 0.540.2. This is broader than the prior used in DESIDR2-Ly« [14] to
allow for possible redshift evolution of Sycp, given that our analysis targets higher redshifts.

We carry out auto+cross-correlation joint fits, also accounting for their cross-covariance.
We do not present auto or cross-only fits, as their statistical power is significantly lower
than that of the combined fit. We also attempted additional fits based on the LyaxLAE
cross-correlation; however, these proved unstable because most of our LAE sample lies in the
XMM field, whereas the bulk of our Ly« forest statistics come from COSMOS (see Table 1);
therefore, we omit these results from this work.

Table 2 presents the parameter constraints derived from our combined COSMOS+XMM
LBG sample auto+cross-correlation fits when varying the comoving separation fitting range.
From these results we draw the following conclusions:

e Ly« bias parameters (by, B4): These parameters exhibit significant variation depending
on the chosen fitting range, with b, spanning from —0.209 to —0.137 and [, ranging from

Shttps://github.com/andreicuceu/vega
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Variation ba Ba bLBG 0. LBG [~ Mpc] Ar| LBG [h~1 Mpc] X2in/D.0.F
Reference —0.15249047 1461023 1.90+0.13 < 0.780 0.0440.18 461.29/(462 — 10) = 1.02
CNN Confidence level

CL > 0.97 —0.15610:038 1.397920  1.32275952 < 0.760 —0.09 +0.17 504.20/(462 — 10) = 1.12
CL > 0.99 —0.18615:916 0977538 1714012 < 0.760 —0.07+0.18 492.76/(462 — 10) = 1.09
CL > 0.999 —0.168190%9 136702 218+0.15 < 0.750 —0.29 4 0.19 514.74/(462 — 10) = 1.14
Bin width AR

AR =1 h""Mpc —0.16315:0%7 1.2959020  1.79+0.12 < 0.960 —0.16 +£0.16 2095.91/(1854 — 10) = 1.14
AR =3 h~ Mpc —0.174+3:320 1257020 1.86+0.13 < 0.650 —0.02 £0.19 243.75/(207 — 10) = 1.24
AR =4 h~"Mpc —0.18613:0% 1.09792%  1.74+0.15 < 1.060 —0.03 +0.26 133.96/(117 — 10) = 1.25
Alternative model or priors

Gaussian Fgo™ —0.15475:087 1467022 1.89+0.13 < 1.130 0.04 £ 0.20 461.29/(462 — 10) = 1.02
Caussian prior 8, —0.14810:097  1.540+0.095 1.89+0.13 < 0.790 0.0440.19 461.80/(462 — 10) = 1.02
FRuto parameters —0.15413087 1414933 1907043 < 0.800 0.04 4 0.19 461.99/(462 — 10) = 1.02
Fixed §, and HCDs  —0.130 + 0.004 1.71 1.89 +0.13 < 0.740 0.04 4 0.20 463.92/(462 — 6) = 1.02

Table 3. Parameter constraints at 68% confidence from LyaxLya+LyaxLBG joint fits from
alternative analysis and modeling strategies when fitting over the 1 < » < 28 h~! Mpc range. We
adopt as a reference the results from the corresponding fitting range from Table 2. All our variations
have an effective redshift zeg = 2.71, except for the CL > 0.999 variation which has an effective

redshift zeg = 2.72.

0.85 to 1.99. While including smaller-scale separations tightens statistical uncertainties,
it also increases susceptibility to non-linear effects. On the other hand, within the limits
of our dataset, including larger-scale separations does not improve parameter stability.
The degeneracy of the Lya parameters with the HCD linear bias parameter, in addition
to the limited statistical power of our current dataset further complicates the robust
disentanglement of Lya and HCD contributions. Taken together, these factors prevent
a reliable measurement of b, and (5, within the scope of this analysis.

LBG bias (bypg): This parameter remains stable across all fitting ranges explored
ranging from 1.80 to 1.93. We note that the inferred values are systematically lower
than those reported in previous LBG clustering analyses at comparable redshifts [e.g.,
22, 73], which typically find brpg ~ 2.6-3.5. We attribute this discrepancy primarily to
sample purity. As will be discussed later in this section, the inferred brpg increases as
a function of the CNN confidence level threshold used for selecting LBGs, indicating
a strong dependence on contamination, classification reliability, and redshift errors
outliers.

Velocity dispersion (o, 1,8g): We are unable to robustly determine a central value for this
parameter, obtaining only upper limits that vary with the fitting range but consistently
remain below ~ 2.7 h~!Mpc at the 95% confidence level. We also note that this
parameter is stable against CNN confidence level. This upper bound is relatively smaller
than the ~ 3.7 h~! Mpc velocity dispersion measured for DESIDR2-Lya quasars [14].
Redshift offset (Arjppg): Across all fitting ranges, the inferred redshift offset is
consistent with zero, with the largest deviation reaching only ~ 20 when small scales
(r <10 h=! Mpc) are excluded. This supports the effectiveness of the redshift estimate
correction described in appendix A.
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We further assess the robustness of our measurements by exploring a range of alternative
analysis and modeling choices. In Table 3, we summarize the resulting parameter constraints,
taking as a baseline the LyaxLya+LyaxLBG joint fit over the range 1 < r < 28 A~ Mpc.
The variations explored include:

e CNN confidence level: We explore alternative LBG selection thresholds of CL > 0.97,
0.99, and 0.999, relative to our baseline of CL > 0.995. Increasing the threshold
systematically raises the inferred LBG bias, bypg, consistent with higher sample purity,
p, and a reduced fraction of catastrophic redshift errors, f. R24 [22] report p ~ 0.94
and f ~ 0.10 at CL > 0.995. Independently, our comparison with the COSMOS
spectroscopic compilation in Section 2.2 indicates a similar redshift outlier fraction.
Since our sample extends to fainter magnitudes than either the R24 [22] or the cross-
matched COSMOS samples, we expect slightly lower purity and a correspondingly
higher fraction of catastrophic redshift errors, which would further suppress bygg. In
contrast, we observe no clear trend in the Ly« linear bias b, with CL, partly due
to its degeneracy with 8, and the HCD parameters. This degeneracy is discussed
in appendix B, where we also present a complementary test that confirms a similar
dependence of b, on the CL threshold. Together, these results highlight the need
for a more refined treatment of interlopers and catastrophic redshift errors in future
large-scale clustering analyses with LBG forest.

o Bin width AR: We vary the bin width AR between 1 and 4 h~! Mpc, compared to
our baseline of 2 h~! Mpc. Focusing on the redshift estimate offset parameter Ar) LBG)
we find values consistent with zero across all choices of AR, confirming the robustness
of our previous results. In contrast, the parameters b,, B+, brpa, and o, 1,8G show
noticeable sensitivity to the bin width.

¢ Alternative parametrization for the LBG redshift dispersion: For the effect of velocity
dispersion and redshift eTTors on the cross-correlation, we adopt a Gaussian model,
F{pes(k) = exp(—%kﬁaix) 2 instead of the Lorentzian profile introduced in Eq. (3.9).
The inferred value in this case is O'iLBG < 1.71 h~! Mpc at 95% the confidence level,
consistent with our previous findings.

o Alternative constraints on 3, and F2}*® parameters: In a first fitting variation, we impose
a Gaussian prior 5, = 1.56 & 0.1 based on results from the ACCEL2 hydrodynamic
simulations [64]. In a second variation, we use an alternative set of (fixed) parameters
for the FEI° auto-correlation small-scales correction.® Both variations again highlight
the important sensitivity of our best-fit values for b, as a function of the fitting strategy
details, while the inferred values for by gg and redshift error parameters are stable.

e Fixed 8, and HCD parameters: We fix the Ly RSD parameter to 5, = 1.71 and the
HCD parameters to bycp = —0.092, Sucp = 0.56, and Lycp = 5.39 A~ Mpc. These
values were derived from fits to the Lya correlation functions of DESIDR2-Lya [14]
quasars, where forest-forest and forest-quasar pairs were restricted to match the effective
redshift of our LBG sample, and DLAs were not masked, in order to replicate the

SSpecifically: q1 = 0.7768, k, = 1.26735 hMpc™*, a, = 0.6094, b, = 1.645, and k, = 20.09 h Mpc !
obtained by interpolating the results from table 7 of [63] at zeg ~ 2.7
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conditions of the LBG forest sample. We allow b, to vary, as it is expected to be affected
by sample purity and the redshift outlier fraction, and therefore may deviate from the
quasar-based result. Taking the quasar-based measurement of b, = —0.144 + 0.016
as a reference, the value inferred from the LBG Ly« forest in this variation is ~10%
smaller in amplitude. This is consistent with the expected redshift outlier fraction in
our dataset and provides an independent cross-check of the trends identified in the
CNN confidence-level variations. While the effect of catastrophic redshift errors appear
to cause the majority of this difference, contributions from statistical fluctuations and
the higher noise of LBG spectra compared to quasars cannot be ruled out.

5 Prospects for cosmology

Our detection of the Lya forest auto and cross-correlations using a relatively low-SNR
and small sample of LBG spectra from DESI observations demonstrates the feasibility of
performing large-scale clustering analyses with the Lya forest from dense LBG samples
in future wide-area spectroscopic surveys. To quantify the cosmological potential of such
measurements, we present forecasts for the expected precision on Baryon Acoustic Oscillation
(BAO) and Full-Shape (FS) parameters of the correlation functions. We consider a future
survey covering 5,000 deg? with a surface density of 1,000 spectroscopically confirmed LBGs
per deg?, assuming target selection similar to that of our COSMOS sample. The expected
performance is evaluated using two complementary approaches: a forecast based on synthetic
LBG spectra (Section 5.1) and a Fisher-matrix analysis (Section 5.2). For context, we also
include analogous quasar-based forecasts over a 5,000 deg? footprint of the completed DESI
Lya quasar survey, allowing a direct comparison with the LBG-based results.

We define the parallel and transverse BAO dilation parameters as

 Du(zet)/ra

I [DH(Zeff)/Td]ﬁd’ (51)
 Du(zet)/7d

e [DM(Zeff)/rd]ﬁd7 52)

where Dy is the Hubble distance, Dj; the comoving angular diameter distance, and ry4 the
sound horizon at drag epoch. The subscript “fid” denotes the values given by the Planck 2018
fiducial cosmology [56]. Alternatively, we define the isotropic dilation parameter, aigo [13]
and the Alcock-Paczynski distortion parameter, asp, as

0150 = DY (zeit) DY (zeft) /75 = 0550045 (5.3)
[D?i%(zeﬁ)D?\)I%(zeﬁ)/r?i]ﬁd |
D D

aap = n(zet)/Dr(zer) oL (5.4)

[DM(ZeH)/DH(ZeH)]ﬁd Q) ,

where the exponent weights in ajgp correspond to the optimal combination found in the
DESIDR2-Ly« [14] analysis. While these coefficients are appropriate for quasar Ly« forest
analyses, the optimal values for LBG Lya forest may differ. This will be clarified once BAO
measurements from the LBG forest become available.
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As in Section 4, we adopt the notation Lya(LBG) and Lya(QSO) throughout this
section to explicitly differentiate between the Lya forest signal extracted from LBG spectra
and that from quasars.

5.1 Forecast with LBG synthetic spectra

For the LBG forecasts, we construct a single synthetic dataset of 1,000 LBG /deg? over a
5,000 deg? footprint, employing the following methodology.

1. Density field simulations: We use the Quasi-Linear implementation of CoLoRe’ to

generate a Gaussian random field matching an input matter power spectrum, and draw
LBG positions via Poisson sampling assuming a density distribution, n(z), similar to
our COSMOS sample, rescaled to 1000 LBGs/deg? (see Figure 8). For simplicity, we
assume a quasar-like linear bias evolution model.
At this same stage, we generate density and velocity fields along the line-of-sight (also
referred to as skewers) associated with each mock LBG. At last, we use LyaCoLoRe®
to post-process these skewers into a transmitted flux fraction field via a Fluctuating
Gunn-Petterson Approximation (FGPA), also incorporating small-scale corrections and
redshift-space distortions.

2. Synthetic Spectra generation: Each mock LBG is assigned a random r-band magnitude
drawn from the observed COSMOS distribution (in redshift and magnitude). Then,
we use the quickquasars script? to generate mock spectra, using a common LBG
continuum template (redshifted and magnitude-scaled, accordingly). We use specsim
package'? to introduce DESI-like instrumental noise assuming two-hour nominal dark-
time exposures (no moon, 1.1” seeing, airmass 1.0) for each LBG. This configuration
results in an average in forest SNR of 0.33 A~ for our mock spectra. We do not include
contamination due to metals, HCDs, or redshift errors.

For the quasar forecasts, we generate a corresponding synthetic spectra dataset (also
without contaminants) that emulates the characteristics expected for the completed DESI
Lya survey. The procedure follows the same methodology used for the mocks in previous
DESI Lya forest analyses [e.g., 88, 90, 92].

Then, we measure the auto and cross-correlations and associated covariance matrices,
following the same recipe described in Section 3, adopting a AR =4 h~! Mpc grid up to 0 <
.71 < 200 h~' Mpc for
the cross-correlations. We compute the covariance by sub-sampling into nside=16 HEALpix

Ty, rL < 200 h~1 Mpc separations for the auto-correlations and 0 < ‘r”

pixels and account for cross-covariance between the auto and cross-correlations. Due to
computational limitations arising from the high LBG target density, we restrict the LBG forest
analysis to a 1,000 deg? section and rescale the covariance by a factor of 5 to approximate
that of the full 5,000 deg? footprint. For the quasar analysis, we rescale the covariance matrix
by a factor of /14,000/5,000 to account for the difference in footprint area between the
completed DESI survey and the considered 5,000 deg? portion.

"https://github.com/damonge/CoLoRe [87, 88]

Shttps://github.com/igmhub/LyaCoLoRe [89]
“https://github.com/desihub/desisim/blob/main/py/desisim/scripts/quickquasars.py [90]
Yhttps://github.com/desihub/specsim [91]

— 20 —


https://github.com/damonge/CoLoRe
https://github.com/igmhub/LyaCoLoRe
https://github.com/desihub/desisim/blob/main/py/desisim/scripts/quickquasars.py
https://github.com/desihub/specsim

At last, we use the forecast mode of the Vega code to extract the expected BAO uncer-
tainties. This mode generates a noiseless synthetic data vector representing the correlation
function predicted by a given fiducial model. Forecasted errors are then obtained from
the covariance matrix via the Hessian of the likelihood function, ensuring that all survey
configurations are evaluated under consistent assumptions. We adopt the best-fit model from
the DESIDR2-Lya [14] analysis as our fiducial template; for the LBG forecasts, we exclude
quasar-specific terms and include redshift evolution of the Lya parameters around z ~ 2.7.
The BAO scale parameters are fixed to ay = oy = 1. The mock-based forecast results are
reported in Table 4: the first three rows correspond to LBG-based correlations, and the next
three (below the dashed line) to their quasar-based analogues.

As a complementary forecast, we use the same mock covariance matrices to estimate
Alcock-Paczynski constraints from a Ly« Full Shape (FS) analysis, under the same survey
setup and fiducial model. We follow the analysis methodology presented in [93], previously
applied to both mock [94] and observational data [95, 96]. This approach extends the
information extracted beyond the BAO peak by including a wider range of scales, leading
to significantly improved constraints on the AP parameter.

For the LBG case, we perform FS forecasts using three different minimum separation
thresholds for the fit, ranging from an optimistic case (r > 10 h~! Mpc) to a conservative
case (r > 50 h~! Mpc), while for quasars we only consider the r > 30 h~! Mpc case. The
results for the intermediate, and most realistic, choice of r > 30 A~ Mpc are shown in the
final column of Table 4. For the optimistic and conservative configurations on LBGs, we

obtain combined auto+cross-correlation constraints of o£> = 0.46% and 0.84%, respectively.

aap
5.2 Fisher forecast

To complement our mock-based BAO forecast (Section 5.1), we carry out a Fisher matrix
forecast under identical survey conditions. This analysis follows the formalism developed
by [97] and subsequently applied in [21, 98]. The forecast is implemented using the publicly
available lyaforecast code.!’ This approach allows for fast and consistent evaluation of
the expected BAO precision across different tracer combinations and survey configurations.
Unlike the mock-based forecasts, we do not include Full-Shape constraints here, as this
functionality is not currently available in lyaforecast.
The Fisher matrix F;; is related to the covariance of our dataset by the relation [99]:

1 _,6C _,_,6C
F”_2Tr<0 50.C 59), (5.5)

where § are a set of parameters, and C(0) = (0;0;), for a Gaussian distributed data vector
d with (0) = 0. Then, the best possible unbiased estimates on 6, given by the Cramer-Rao
lower bound [100], are related to the Fisher matrix via:

o > (Fﬁl)ii, (56)

where o; is the variance on the estimate of parameter 6;.

Yhttps://github.com/igmhub/lyaforecast
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Following [97], we construct our covariance matrix in Fourier space as:
(3(k)5"(K')) = (2m)36P (k = ) ((Pr(k) + Py PEP (k) + PET) (5.7)

where Pp(k) is the 3-dimensional Lya power spectrum (P3D), P}D(k”) is the 1-dimensional
Lya power spectrum (P1D). P is the power spectrum of the weight overdensity (&,(x1) =
w(x,)/w — 1), where w(x, ) is the weight assigned to each line of sight. The weight field is
treated as white noise in the transverse direction, reflecting the assumption that weights are
uncorrelated between different forests. In contrast, within each line of sight, the weights are
assumed to be perfectly correlated across pixels. Finally, Pﬁ,ﬁ is the weighted noise power,
dependent on the target density and spectral noise. A detailed description on the estimation
of each of the terms in Eq. (5.7) can be found in [97], here we will just give a brief summary.

In general, P~ depends on the distribution of galaxies with magnitude and redshift, the
survey area, target density and forest length. The weighting also depends on pixel variance
on, which is also a function of magnitude, redshift and observed wavelength (position within
the forest).!? The noise term Pﬁ,ﬁ also depends on all of the parameters mentioned above,
but features oy explicitly rather than just having dependence in the weights (P oc (0%)).

We adopt a SNR of 0.33 A~! for the Lya(LBG)xLya(LBG), Lya(LBG)xLBG, and
Lya(LBG)xLya(LBG)+Lya(LBG)xLBG correlation functions estimates. This corresponds
to the median SNR value found in the mock LBG spectra used in our mock-based forecast.
We note that this approximation is used because we lack noise estimates as a function of
redshift, magnitude, and observed wavelength.

Taking advantage of the flexibility of the Fisher matrix formalism, we also forecast
the uncertainties for the LBGXLBG and QSOxQSO auto-correlation as well as for the
Lya(QSO)xLBG cross-correlation that combines the DESI quasar forest with the LBG
distribution from our hypothetical survey. For all forecasts involving quasars, we adopt
the SNR distribution expected for the final DESI survey [21]. The luminosity functions
used in these forecasts are shown in Figure 8, with solid lines denoting quasars and dashed
lines representing LBGs, derived from DESI targeting projections and from our COSMOS
sample, respectively.

The Fisher forecast results are presented in the second part of Table 4. The two
forecasting methods yield consistent results, with the LBG forest auto and cross-correlations
combination agreeing within < 5%. The Fisher analysis also shows that the Lya(QSO)xLBG
cross-correlation is less constraining than the corresponding Lya(LBG)xLBG measurement.
In agreement with the mock spectra forecasts, quasar-based analyses exhibit larger forecasted
uncertainties due to their much lower tracer density, despite the higher SNR, of quasars. The
dense sampling of LBGs compensates for their lower SNR, yielding overall tighter BAO
constraints. Since quasar forest analysis typically probe lower redshifts (e.g., zex = 2.33
for DESIDR2-Lya [14]) than our LBG forest analysis (zeg = 2.7), the two tracers probe
complementary epochs of cosmic evolution. Their joint use therefore enables a continuous
mapping of large-scale structure across the range 2 < z < 3.5.

12Since we are assuming spectral noise is the same everywhere within a forest, we evaluate relevant terms at
a mean forest wavelength, rather than iterating across all pixels.
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Figure 8. Density distributions, as a function of r-band magnitude and redshift, used for both our
mock-based and Fisher forecasts. Solid lines: Quasar distribution for the completed DESI survey,

with a mean target density of 60 deg™2. Dashed lines: LBG distribution for a COSMOS-like survey,

scaled to a target density 1000 deg™2.

In the transverse direction, the LBG auto-correlation provides the most constraining
measurement, owing to the very high LBG target density. We find an average SNR per
mode for the LBG auto-correlation of nP 2 1, approaching the regime where cosmic variance
becomes significant. In the very low shot-noise limit (nP > 1), the benefit of combining
tracers for BAO constraints is minimal, and only increasing the survey volume improves
precision (see [98] for discussion). When combining measurements for the results in Table 4, we
therefore adopt the high-noise approximation in which parameter errors are combined through
a simple inverse-sum. For the Lya(LBG)xLBG and Lya(LBG)xLya(LBG) correlations,
nP ~ 0.3, meaning we may slightly underestimate the total errors. A more accurate treatment
would use the full Fisher matrix including cross-covariances between measurements, which

we leave for future work.

6 Summary and conclusions

Measurements of the Lya forest from quasar spectra have delivered groundbreaking cosmolog-
ical constraints at z > 2, including a sub-percent precision BAO measurement at zeg = 2.33
from DESIDR2-Lya [14]. However, such studies remain limited by the relatively low number
density of quasars. In this work, we present the first 3D Ly« forest correlation analysis based
exclusively on Lyman-break galaxy (LBG) spectra, using a pioneering DESI pilot sample
in the COSMOS and XMM fields selected via broadband imaging [22, 42]. By adapting
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Correlation ooy (%) oa, (B) oo (K)  Tanp () oS (%)

Mock-based Forecast

Lya(LBG)xLya(LBG) 1.08 1.13 0.57 1.90 0.67
Lya(LBG)xLBG 1.10 0.95 0.55 1.77 1.00
Lya(LBG)xLya(LBG)+Lya(LBG)xLBG 0.83 0.72 0.42 1.29 0.57
Lya(QSO)xLya(QSO) 182 203 098 331 1.07
Lya(QSO)xQSO 2.50 2.04 1.23 3.91 2.07
Lya(QSO)xLya(QSO)+Lya(QSO)x QSO 1.63 1.54 0.83 2.73 0.94
Fisher Forecast
Lya(LBG)xLya(LBG) 1.11 1.00 0.57 1.80 —
Lya(LBG)xLBG 1.26 0.86 0.62 1.82 —
Lya(LBG)xLya(LBG)+Lya(LBG)xLBG 0.87 0.68 0.44 1.34 —
LBGXLBG 1.04 0.59 0.51 1.41 —
Lya(QSO)xLBG 178 138 089 272
Lya(QSO)xLya(QSO) 1.89 1.99 0.99 3.34 —
Lya(QSO)xQSO 2.91 2.35 1.43 4.53 —
Lya(QSO)xLya(QSO)+Lya(QSO)x QSO 1.15 1.08 0.58 1.92 —
QSOxQSO 4.00 2.58 1.94 5.70 —

Table 4. Forecasted BAO scale uncertainties for a 5,000 deg? survey with 1,000 LBGs deg™2 and a
mean SNR of 0.33 A~1, using two approaches: synthetic mock-based fits and Fisher matrix formalism.
For comparison, we include analogous forecasts for a quasar forest analysis on a 5,000 deg® portion
of the completed DESI Lya survey. The Fisher forecasts additionally include the LBG and QSO
auto-correlations as well as the Lya(QSO)xLBG cross-correlation between the forest from DESI
quasars in a completely overlapping area with the LBGs in the hypothetical survey. The final column
(USEP) lists Full Shape (FS) constraints on the Alcock-Paczynski parameter from mock-based forecasts
at scales r > 30 h~! Mpc.

the DESI Lya forest analysis pipeline, we demonstrate that it performs robustly even on
lower signal-to-noise ratio (SNR) LBG spectra.

We measure the Lya forest auto-correlation function on a 0 < r,r; < 48 h~! Mpc
grid at an effective redshift zeg = 2.70, based on 4,151 forests extracted exclusively from
LBG spectra. Remarkably, the results show excellent agreement with those derived from
the significantly higher-SNR quasar sample in DESIDR2-Ly« [14], demonstrating that LBG
forests, even at the relatively low SNR of our sample, can reliably trace the intergalactic
medium across large volumes. In addition to the auto-correlation, we analyze the Lya-galaxy
cross-correlation using the positions of 4,931 LBGs and 8,431 Lyman-« emitters (LAEs) in the
same fields. The Lya-galaxy cross-correlation provides a powerful tool for calibrating galaxy
redshifts, allowing us to correct systematic redshift offsets of Avrpg = —169 & 22 kms—!
for LBGs and Avpap = —241 + 20 kms™—! for LAEs.

An important distinction between LBG and quasar-based analyses is the significantly
higher rate of catastrophic redshift outliers and the lower sample purity in LBG samples.
For our DESI LBG dataset, we estimate an outlier fraction of ~10% for galaxies with CNN
confidence level CL > 0.995, consistent with the findings of R24 [22], who additionally report
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a ~94% purity at the same threshold. Such contamination directly suppresses the observed
clustering amplitude and increases the uncertainty of correlation measurements. In contrast,
DESI Ly« quasars typically exhibit catastrophic redshift fractions of < 2% and purities
exceeding 98% [101, 102]. The relatively larger uncertainty in LBG samples highlights the
need for refined mitigation and modeling strategies to fully exploit the statistical power of
future dense LBG surveys, alongside a systematic characterization of effects impacting the
Lya forest specifically. Future improvements may build upon the experience from DESI
galaxy clustering analyses, which employ redshift-failure weighting schemes and mock-based
evaluations of catastrophic redshift impacts, along with additional systematic mitigation
strategies [103, 104], as well as from Ly« correlation studies that address correlated noise [72]
and other potential systematics that could specifically affect LBG-based forest measurements.

Despite these challenges, our results demonstrate that the Ly« forest extracted from
LBG spectra in DESI-like surveys can serve as a complementary cosmological probe to
quasar-based analyses and establish a promising path toward mapping large-scale structure
at redshifts z 2 2. Looking ahead, we forecast the BAO measurement capabilities of a future
spectroscopic survey targeting 1,000 LBGs per square degree over a 5,000 deg? footprint,
assuming a median SNR of ~ 0.33 A~!. Using both Fisher-matrix and mock-spectra forecasts
independently, we find that combining the Lya forest auto-correlation and the LyaxLBG
cross-correlation can deliver competitive constraints at z > 2.6, with expected uncertainties of
0o, = 0.8% and 0o, = 0.7%, corresponding to 0q,q, = 0.4% in the isotropic and oa,, = 1.3%
in the Alcock-Paczynski (AP) directions. This constraining power is further enhanced when
the BAO analysis is complemented by a full-shape analysis of the Ly« forest, yielding a
predicted uncertainty of 04,, = 0.6%.

This precision is crucial in light of recent DESI results hinting at possible deviations
from the standard dark energy model [105, 106]. Achieving such accuracy at high redshift
will require improved sample purity, optimized target selection, deeper imaging, and a careful
characterization of systematics, as highlighted by our analysis. This level of performance is
within reach of next-generation spectroscopic programs such as DESI-IT [82], MUST [107],
SPEC-S5 [108], and WST [109], especially when combined with wide-area imaging from the
DESI Legacy Surveys [110], UNIONS [43], Euclid [4], and LSST [111]. As such, the Ly« forest
from LBGs represents a key component of next-generation high-redshift cosmological probes.

A Correction for the bias in redshift estimate

The automatic redshift estimates for our LBG and LAE samples were calibrated against
visually inspected spectra, which primarily rely on strong absorption features from low-
ionization lines (SilI(1260), OI1(1302) + SilII(1304), CII(1335)) and high-ionization lines
(the SiIV(1394), SiIV(1403) doublet). As shown by [54], these interstellar absorption lines
are systematically blueshifted relative to the systemic redshift of the galaxy, leading to an
underestimation of the true redshift in visual inspections.

In our correlation-function framework (see Section 3), a systematic error in the galaxy
redshift translates into a shift of the cross-correlation along the line-of-sight. By measuring
the LyaxLBG cross-correlation using automatic redshift estimates we find a Ar)pg =
—1.54 4 0.20 h~! Mpc offset. Similarly, for Lyax LAE we measure an offset of Ar|LAE =
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Figure 9. Comparison of the LyaxLBG (left) and LyaxLAE (right) cross-correlation signals before
(gray open symbols) and after (colored filled symbols) applying the redshift-offset correction. The
measurements are shown as a function of transverse separation r||, averaged over two line-of-sight
separation bins: 1 < r; < 6 h~! Mpc (top panels) and 6 < r; < 12 h~! Mpc (bottom panels). For
improved visibility, we restrict the | range to —20 < rj < 20 h~! Mpc. Vertical dashed lines indicate
the best-fit Ar x offsets for each tracer, with colored and black lines corresponding to the results
before and after correcting redshift estimates, respectively.

—2.20 £ 0.18 A~ Mpc. These displacements correspond to a velocity offsets of Avipg =
—169 4+ 22 kms™! and Avpag = —241 + 20 kms™! at our effective redshift, respectively.

The LBG velocity offset we measure agrees with the typical —100 to —200 kms™!
blueshifts of interstellar absorption lines observed in z ~ 2 — 3 star-forming galaxies [e.g.,
54, 112-114]. For LAEs, the inferred offset is in line with values reported for interstellar
absorption features in LAE spectra [e.g., 115, 116], which are expected to be comparable
to those of LBGs.

We correct for these redshift offsets by applying a shift to each galaxy redshift, using
the transformation 2/ — z — Agx (1 + z), where c is the speed of light. The inferred residual
offsets after these corrections are A ypg = 0.04 £ 0.18 h~' Mpc and Arpag = —0.13 £

0.17 h~'Mpc, both consistent with zero which indicates that the procedure effectively

removes the systematic bias.

To illustrate the impact of this correction, Figure 9 compares the Lyax LBG (left panels)
and LyaxLAE (right panels) cross-correlation functions before and after applying the redshift
adjustments. The correlations are shown as a function of transverse separation r|, averaged
over line-of-sight bins of 1 < r; < 6 h~! Mpc (top panels) and 6 < r; < 12 h~! Mpc (bottom
panels). Vertical dashed lines mark the measured offsets Ar) x for each tracer, with colored
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Figure 10. Posterior distributions for every model parameter (see Section 3.3), from the
LyaxLya+LyaxLBG joint-fit of the combined COSMOS+XMM LBG sample fit over 1 < r <
28 h~ ' Mpc at zeg ~ 2.70, for different CNN confidence cuts.

lines indicating the best-fit offset values prior redshift estimate corrections and black lines
the results after corrections are applied.

B Impact of sample purity on posterior distributions

In Section 4.2, we presented key constraints on the model parameters derived from the
combined fits of the LyaxLya and LyaxLBG correlation functions. Here, we expand on
that summary by showing the full posterior distributions for all free parameters involved
in the joint auto and cross-correlation fit over the range 1 < r < 28 h~! Mpc. We also
examine the impact of the CNN confidence level (CL) threshold on the resulting parameter
estimates. These distributions provide a more complete view of parameter degeneracies and
the sensitivity of the results to sample purity. The full triangle plot for Lyax Lya+LyaxLBG
is shown in Figure 10.

We begin by examining metal and noise contamination. In our baseline fit, which adopts
CL > 0.995, we measure a SillI(1207) linear bias of bgir1207) = (—2.36 £ 0.77) x 1072
and detect correlated noise with an amplitude of apgise = (6.0 £ 3.2) X 10~*. These values
are significantly larger than those obtained from the joint auto and cross-correlation fit
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of DESIDR2-Lya [14] quasars, where we measured bg;y(1207) = (—0.97 £ 0.11) x 1072 and
Anoise = (3.39 £ 0.31) x 10~%. Note that in the quasar-based results, forest-forest and forest-
quasar pairs were restricted in the correlation-function estimation, and DLAs were not masked,
to match the effective redshift and observational conditions of our LBG sample. One might
therefore have expected closer agreement with the LBG-based measurements.

A plausible explanation for this discrepancy lies in differences in sample purity: as shown
in Figure 10, both bgj1r1(1207) and aneise Systematically decrease with increasing CL. This
trend suggests that the fitted parameters are sensitive to contamination from misclassified
objects or interlopers. Higher CL thresholds (i.e., higher purity) appear to suppress these
effects and may help bring the LBG-derived values into closer agreement with those from
the quasar-based analysis. For correlated noise, an additional contributing factor may be
the lower SNR of the LBG spectra at lower CL thresholds, which can amplify the apparent
noise signature in the auto-correlation.

Next, we examine the LBG, Lya, and HCD parameters. As discussed in section 4.2,
we find that the inferred LBG bias increases with CL threshold, while the LBG redshift
error parameters remain relatively stable. This behavior suggests a significant fraction of
interlopers in the LBG sample at lower CLs, which biases the inferred clustering amplitude.
A similar effect is expected for the Ly linear bias. However, as shown in Figure 10, b, is
degenerate with both the Lya RSD parameter and the HCD linear bias, complicating the
interpretation and limiting our ability to isolate the purity dependence.

In our baseline analysis, we obtain an HCD linear bias of bycp = —0.07970027. For
Bucp, we recover values consistent with the Gaussian prior set to 0.5 4= 0.20, while we are
not able to robustly constrain Lycp. We expect this limitation to be alleviated as the LBG
sample size increases and additional constraints (e.g., masking of DLAs) are applied.

As a complementary test to those presented in Table 3, we also examined the trend in b,
as a function of CL threshold while fixing 8, and the HCD parameters to the values derived
from DESIDR2-Ly« [14] quasars at the effective redshift of our sample, with DLAs unmasked to
match the LBG conditions. We find a consistent decrease in b, with increasing sample purity:
bo = —0.1276 £+ 0.0033 for CL > 0.97, —0.1286 + 0.0035 for CL > 0.99, —0.1304 + 0.0035 for
CL > 0.995, and —0.1339+0.0039 for CL > 0.999. This trend is similar as the observed in the
LBG linear bias and reinforces the interpretation that sample purity is having a considerable
impact on the inferred clustering amplitudes of both the Ly« forest and LBGs.
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