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ABSTRACT: The standard cosmological analysis with the Ly« forest relies on a continuum
fitting procedure that suppresses information on large scales and distorts the three-dimensional
correlation function on all scales. In this work, we present the first cosmological forecasts
without continuum fitting distortion in the Ly« forest, focusing on the recovery of large-scale
information. Using idealized synthetic data, we compare the constraining power of the full
shape of the Lya forest auto-correlation and its cross-correlation with quasars using the
baseline continuum fitting analysis versus the true continuum. We find that knowledge of the
true continuum enables a ~ 10% reduction in uncertainties on the Alcock-Paczynski (AP)
parameter and the matter density, (2;,. We also explore the impact of large-scale information
by extending the analysis up to separations of 240 h~'Mpc along and across the line of sight.
The combination of these analysis choices can recover significant large-scale information,
yielding up to a ~ 15% improvement in AP constraints. This improvement is analogous
to extending the Ly« forest survey area by ~ 40%.
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1 Introduction

Ever since the discovery of the universe’s accelerating expansion [1, 2], determining the nature
of dark energy has become a central goal in modern cosmology. Multiple independent probes
— Type la supernovae, the cosmic microwave background, and the clustering of tracers of the
matter-density field — consistently confirm this late-time accelerated expansion. Among the
most powerful tools for constraining the expansion history are baryon acoustic oscillations
(BAO), which provide a standard ruler originating from oscillations in the photon-baryon
plasma prior to recombination. While galaxies and quasars are often used as tracers of the
matter-density field [3, 4] in which we can measure the BAO scale, their number densities
decline with increasing redshift, necessitating alternative high-redshift probes.

The Lyman-alpha (Ly«) forest is the collection of absorption lines seen in the spectra
of distant quasars resulting from intervening neutral hydrogen along the line of sight. At
redshifts z > 2, the Lya forest is observable from the ground and becomes a valuable probe
for cosmological measurements at high redshifts, as the BAO scale can be measured from the



distribution of matter in the intergalactic medium. The Baryon Oscillation Spectroscopic
Survey [BOSS; 5], as part of the third stage of the Sloan Digital Sky Survey [SDSS-III; 6]
was the first to obtain cosmological measurements from the BAO scale in the Ly« forest [e.g.
7-9]. This was repeated by its successor, extended-BOSS [eBOSS; 10] within SDSS-IV [11]
with a sample of ~ 250,000 Ly« forest quasars [e.g. 12, 13].

The Dark Energy Spectroscopic Instrument [DESI; 14-17] is a Stage-IV spectroscopic
survey operating on the Mayall 4-meter telescope at Kitt Peak National Observatory [18].
DESI is on schedule to measure the spectra of approximately 50 million galaxies and quasars
within the first five years of operation [19]. Approximately one million of these targets are
high-redshift (z > 2.1) quasars whose spectra include the Ly« forest. DESI selects targets
with a sophisticated pipeline for survey tiling and optimization [20]. The observations are
then processed by the spectroscopic pipeline [21] for further analysis. The main DESI survey
began in May 2021 following successful commissioning and survey validation periods [22].
Data Release 1 [DR1; 19] is publicly available, containing data from the first year of the
survey, alongside their cosmological interpretation [e.g. 23]. Recently, cosmological results
from the first three years of data (DR2) were also released, based on nearly one million Ly«
forest quasar spectra [24] and over 14 million lower redshift galaxies and quasars [25]. The
results have revealed tension between the best-fit model describing the universe’s expansion
history and the ACDM concordance model, instead favoring an evolving wow,CDM model. In
addition to the collection of more data, new analysis methods will be crucial in elucidating this
tension. In particular, [26] highlights the potential of the Ly« forest to constrain dynamical
dark energy at high redshift.

Most cosmological studies with the Ly« forest have only used measurements of the BAO
peak position. While robust, this method discards additional information contained in the
full shape of the correlation functions. When the fiducial cosmology used to convert observed
angular and redshift separations into comoving distances differs from the true cosmology,
this introduces an anisotropy in the measured correlation functions. This anisotropy, known
as the Alcock-Paczynski [AP; 27] effect, can be extracted to provide even more precise
cosmological constraints. It impacts both the BAO scale and the broadband of the correlation
functions. A full-shape analysis with the Ly« forest which extracts information from the
broadband in addition to the BAO scale can provide up to twice the constraining power as a
BAO-only analysis [28-30]. In a full-shape analysis, [31] showed that most of the large-scale
cosmological information is captured in compressed parameters that describe the BAO scale
alongside anisotropies introduced by the AP effect and redshift space distortions (RSD). The
Lya RSD signal is sensitive to the product of the linear growth rate and the amplitude of
matter fluctuations on 8 A~ Mpc scales, fog, but is degenerate with an unknown velocity
divergence bias [e.g. 32-36]. However, fog can be measured from the quasar RSD signal with
the Lya-QSO cross-correlation. While the joint full-shape Ly« forest analysis allows for a
measurement of fog, its most powerful cosmological constraint comes from the AP signal [e.g.
28]. A full-shape analysis with the Lya forest has recently been performed for the first time
with DESI DR1 data, yielding a 1.6% constraint on the AP effect [26].

Multiple systematics complicate the Lya forest full-shape analysis. One such systematic
is the quasar continuum fitting method. The standard approach estimates a mean continuum



from the dataset and performs a power-law fit to each forest. This process biases the mean and
slope of each forest to zero, projecting out large-scale modes and correlating all pixels in the
forest. Variations in quasar diversity become coupled with large-scale over- or under-densities
during continuum fitting, leading to a distortion of the correlation function on all scales.
The current solution is to model this effect with a distortion matrix prior to fitting the
model to the measured correlation functions [37, 38]. The distortion matrix relies on several
assumptions that must be validated using mock datasets [38]. So far, validation has focused
on the BAO and AP parameters in the regimes typically studied [e.g. 26, 30, 39], but it has
not yet been extended to other parameters. We do not study potential biases induced by
the distortion matrix and instead focus on the idealized case assuming perfect knowledge of
this distortion. Of particular importance to this work is that the continuum fitting process
removes information about large-scale over- or under-densities that could in principle be
recovered if the true unabsorbed continuum were known. Extending the analysis to larger
scales may further enhance the recovery of this information.

Recently, alternative continuum fitting approaches have shown promise in accessing this
previously lost information. These include principal component analysis [PCA; e.g. 40-42],
nonnegative matrix factorization [NMF; e.g. 43], and more sophisticated machine learning
methods [44-48]. Approaches such as Quasar Factor Analysis [45] and SPENDERQ) [47] use
both the red side and the blue side of the Lya emission line to estimate the unabsorbed
forest continuum. More recently, neural network approaches [e.g. 44, 46, 48] predict the
unabsorbed continuum independently of the forest region, thereby avoiding the coupling
between large-scale structure and quasar diversity that drives distortions in methods that
use data in the forest region. However, such predictions are not necessarily free of spurious
correlations, for example from correlated continuum errors, and it remains important to
test for and characterize these effects. Predicting the continuum independently of the forest
also offers other advantages; for instance, LyCAN has been applied to DESI DR1 data to
measure the evolution of the effective optical depth [46]. PCA-based approaches, along
with the neural networks iQNet [44] and LyCAN [46], have published predictions of the
forest continuum based solely on the red side. Of these, the latter was developed to achieve
accurate performance on DESI-like spectra. Tools such as LyCAN offer a path forward
toward unlocking the full constraining power of the Ly« forest.

The current state-of-the-art analysis [e.g. 24, 49] fits a model to the two-point correlation
functions over separations from r = 30-180 A~ Mpc, and estimates the covariance matrix
from the data by subsampling correlation function measurements from ~ 1000 individual sky
regions [24]. While modeling small-scale correlations (rmin < 30 h~! Mpc) is challenging due
to nonlinearities, extending the analysis to larger scales may be more feasible. Full-shape
analyses can access additional cosmological information at these larger scales, particularly
from the AP effect. However, a significant challenge arises from the fact that the correlation
functions are measured in two dimensions, resulting in a large p X p covariance matrix, where
p is the number of correlation function bins. As p increases, it becomes increasingly difficult
to accurately estimate the covariance matrix from the data alone.

The goal of this work is to investigate potential gains in cosmological constraining power
through two key avenues: (1) assuming knowledge of the true continuum, which eliminates



the distortion introduced by continuum fitting and is expected to better preserve large-scale
information, and (2) extracting additional information by extending the analysis to larger
scales. Our forecasts focus on the idealized case of perfect continuum knowledge to probe the
limit of how much information could be gained with access to the unabsorbed continuum.
Throughout this work, we refer to analyses that use the true continuum as undistorted
methods, as they do not require the distortion matrix. We assess improvements in both
compressed and uncompressed (direct) cosmological parameters. Our aim is to quantify the
additional constraining power achievable with the idealized undistorted analysis relative to
the continuum fitting (distorted) method, as well as the benefit of recovering large-scale
information in both analyses.

This paper is organized as follows: we describe the synthetic data we use and different
ways of estimating the quasar continuum in section 2. In section 3 we describe how we
estimate covariance matrices and our forecasting methodology. We present our cosmological
forecasts on compressed parameters in section 4, and on direct cosmological parameters
in section 5. Throughout this paper we assume the flat ACDM cosmology from Planck
2018 [50]. In section 6 we provide a discussion including future work, and we summarize
our results in section 7.

2 Quasar spectra

In this section we describe the synthetic quasar spectra that are the foundation of this analysis,
as well as how the quasar continuum is modeled. We first describe the synthetic data used
for our forecasts in section 2.1. In section 2.2 we summarize the continuum fitting procedure
employed in the DESI Ly« forest analysis and compare it to the true unabsorbed continuum.

2.1 Synthetic data

We use 50 independent synthetic realizations (mocks) of the first three years of DESI to
compute covariance matrices. The mocks were generated by quickquasars,' a DESI software
suite that simulates realistic quasar spectra and is described in [51]. These mocks include
input quasar continua produced by simgso,? a package that generates mock quasar spectra
and photometry [52]. This package models the continuum as a broken power-law and is
optimized to better match the mean continuum observed in eBOSS DR16 [13] using principal
component analysis (PCA). These unabsorbed continua are then multiplied by transmission
files generated with LyaCoLoRe, a package that produces synthetic Ly« forest datasets [53].

The LyaCoLoRe mocks were recently updated to include more realistic small-scale clus-
tering and broadening of the BAO peak due to the nonlinear growth of structure [39]. We
use these improved mocks for this work. Each mock is representative of the DESI DR2 Ly«
forest dataset with realistic noise and a comparable magnitude and redshift distribution.
For more details on the DESI mock creation process, see [51] and [39]. For this work, we
use mocks without contamination from metals, broad absorption lines (BALs), or optically
thick absorbers to isolate the effects of the distortion introduced by continuum fitting. We

"https://github.com/desihub/desisim/blob/main/py/desisim/scripts/quickquasars.py.
’https://github.com/imcgreer/simgso.
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use the true continua of the mocks for the undistorted analysis, and compare this to the
continuum fitting (distorted) analysis to quantify the improvement in constraining power
enabled by perfect knowledge of the true continuum. The computation of the covariance
matrix is described in section 3.1.

2.2 Forest continuum

The current state-of-the-art in Ly« forest cosmology involves fitting the expected flux in each
forest in order to measure the amount of absorption present in each pixel. While this approach
effectively captures the BAO signal, it removes information on scales comparable to the forest
length, limiting the ability to fully exploit the full shape of the 3D correlation functions.

The DESI Ly« forest analysis pipeline, picca, is a package that performs continuum
fitting, measures correlation functions and power spectra, and computes the covariance
matrices [13]. During continuum fitting, the expected flux F(A\)Cy(\) is estimated by fitting
a two-parameter model to the forest region of each quasar [54]:

A— Amin >

qua - Amin (21)

FNC, () = COnr) (aq +b
where A = log\, C(Arr) is the mean continuum measured from the data, Cy(\) is the
unknown unabsorbed continuum, and F(A) is the mean flux. The parameters a, and b,
account for variations in quasar diversity and the redshift evolution of the mean flux. This
procedure removes information on large scales, since fluctuations in the density field on scales
comparable to the forest are absorbed into the fit parameters. It also introduces spurious
correlations that affect all scales, which must be taken into account using a distortion matrix.
The distortion matrices for the auto- and cross-correlation are defined as [37, 38, 55]:

1

DR = Wa > wiwy Y g, (2.2)
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where w; ; are the weights, A and B refer to the data and model bins, respectively, and
the sums are over pixel-pixel pairs for the auto-correlation and pixel-quasar pairs for the
cross-correlation. The projection matrices, 7;;, are given by:
wj wj/-imj
SEWk Y WeKE

where 55 is the Kronecker delta. The quantity ki = log A, — log A4, where ); is the observed
wavelength in pixel ¢ and log A, is the mean of log A in the forest of quasar ¢. The measured
distortion matrix is multiplied by the undistorted correlation function model to achieve a
distorted correlation function model, which is subsequently fit to the data. This method
has been shown to yield robust, unbiased constraints for BAO and AP parameters [see
e.g. 26, 30, 39], but its performance for other parameters has not yet been established [38].
Figure 1 shows an example DESI mock spectrum with the fitted continuum (expected flux)
and its true continuum. Continuum prediction models such as LyCAN [46] aim to reconstruct
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Figure 1. An example DESI DR2 mock quasar spectrum with its true continuum (black dashed line)
and the product F'C, fit by the picca pipeline (teal line).

this true continuum independently of the forest region to achieve undistorted correlation
function measurements. Recent results from LyCAN, presented in appendix A, indicate this
may be feasible and therefore motivate this study.

In this work, we present the first analysis of the cosmological impact of bypassing the
distortion matrix and preserving all of the large-scale information. To forecast the limiting case
of perfect knowledge of the true continuum, we use the true continua from our mock dataset.

3 Method

We perform cosmological forecasts using a noiseless synthetic data vector built from the
fiducial cosmology [50] and DESI DR2 mock covariance matrices for the true continuum and
continuum fitting analyses. Section 3.1 describes how we compute mock covariances for the
undistorted and distorted analyses. We provide an overview of the analysis framework in
section 3.2, and in section 3.3 we describe how we perform our forecasts in two different
parameter spaces to constrain compressed (section 3.3.1) or direct (section 3.3.2) cosmological

parameters.

3.1 Correlations and covariance

We use two versions of synthetic 3D Lya correlation functions without contaminants. The
distorted version includes a model for the distortion effect due to continuum fitting and a
distortion matrix computed from one mock, while the undistorted version is based on the true
continuum and does not require the distortion matrix. In the distorted analysis, the model for
the correlation function is multiplied by the distortion matrix. We generate our synthetic data
vector following the framework of [28], built from a model based on cosmological parameters
from the Planck 2018 results [50] and nuisance parameters from DESI DR2 [24]. The data
vector is noiseless and we calculate covariance matrices from uncontaminated synthetic data
based on the first three years of DESI.

We use picca to compute correlation functions and synthetic covariance matrices from
the mock data described in section 2.1. We only use the covariance matrices since we are only
concerned with forecasting, while the noiseless synthetic data used in our forecasts is generated
from the fiducial model described in section 3.2. In the baseline continuum fitting analysis,
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Figure 2. The unsmoothed correlation matrix as a function of line-of-sight separation for the true
continuum (undistorted) and continuum fitting (distorted) analyses. We show correlation matrix
elements for the Ly« auto-correlation (left) and the Lya-QSO cross-correlation (right) in two bins of
transverse separation. The correlation quickly approaches zero with increasing separation, especially
for the true continuum case which exhibits smaller correlations.

the covariance matrix is normally computed through subsampling of HEALPix pixels [56]
with NSIDE = 16. This assumes that the correlation function in each ~ 250 x 250 (h~!Mpc)?
patch covered by one HEALPix pixel is independent. While this is a good assumption for
the continuum fitting analysis where large-scale modes are projected out and the fits only
extend to 180 Mpc/h, it may no longer be accurate for an undistorted continuum analysis
where we expect large-scale correlations. There are therefore two main considerations when
deciding how to compute the correlations and covariance: (1) the size of the HEALPix pixels
relative the largest transverse separations, and (2) the number of independent correlation
function measurements that we use to derive the covariance. To ensure independence at larger
scales, we use larger HEALPix pixels (NSIDE = 14, corresponding to patches of linear size
~ 280 h~'Mpc) to compute the subsamples for the true continuum analysis. Since the larger
HEALPix pixels reduce the number of available subsamples for estimating the covariance
matrix, we mitigate this by using 50 independent mock realizations, providing a sufficient
number of independent correlation function measurements (N = NgparLpix X Nmocks ~ 43000)
relative to the size of the data vector. We compute the covariance up to separations of
240 h~'Mpc in both the transverse and line-of-sight directions to investigate the additional
constraining power that may come from larger scales, particularly for the undistorted analysis.
For consistency, we compute the covariance matrix for the distorted analysis in the same
way. We rescale each covariance matrix to one mock by multiplying them by a factor of
50. We also calculate the cross-covariance between the Lya auto- and cross-correlation
functions as in [49] and [24]. Figure 2 shows representations of the correlation matrix for each
analysis for the Lya auto- and cross-correlation functions. The variance of the undistorted
correlation function is about 5-10% larger than that of the distorted correlation function
in the line-of-sight bin (Ar; = 0 Mpc/h).

In the baseline continuum fitting analysis, the noisy measurement of the covariance
matrix from the data is smoothed. This process replaces all off-diagonal elements of the
correlation matrix with equal line-of-sight and transverse separations with their average [e.g.
13, 24, 37, 49, 57, 58]. While the smoothing procedure has been validated in the context of



continuum fitting for BAO and AP parameters [26, 30, 58], it has not been validated in the
true continuum analysis or for other parameters of interest. We choose not to adopt the
assumptions implicit in the smoothing procedure, as they may not hold in the undistorted
analysis. They also may not hold at larger separations as the smoothing erases some large-
scale structure in the correlation matrix (e.g. due to cosmic variance). For these reasons,
we do not smooth our covariance matrices in either analysis, except to compare our results
to the current baseline.

Because we use a limited number of independent samples to measure covariance matrices,
these estimates will be noisy, particularly at larger separations. Noise in the covariance matrix
tends to result in underestimated uncertainties in inferred parameters due to the bias in the
inverse covariance [59]. Since we do not smooth our covariance matrices, we apply the Hartlap
correction [59, 60] to the inverse covariance during the likelihood analysis. We validate that
the Hartlap approximation is accurate and sufficient in the regimes we explore in appendix B.

This work uses the standard estimators of the correlation function and its associated
covariance matrix currently employed in the DESI Ly« forest analysis [24, 49]. However, these
current estimators are sub-optimal. During correlation function estimation, pixel weights
are assigned independently without accounting for covariance between pixels within the
same forest (cross-pixel) or between different forests (cross-forest) [e.g. 8, 54], whereas an
optimal estimator would take into account the full covariance matrix of all pixels in the
survey. The size of the Ly« forest dataset precludes the use of an optimal estimator at present.
Instead, [54] introduced an empirical correction term tuned on mock datasets that improves
the precision of the correlation function measurements. In the context of the covariance matrix,
the subsampling estimator is also sub-optimal. While these estimators have been extensively
validated for the traditional continuum fitting analysis, their performance in true continuum
analyses remains relatively untested. Developing a more optimal covariance estimator tailored
for undistorted continuum analyses will be an important goal for future work.

3.2 Theoretical framework

The correlation functions are computed on grids of comoving coordinates along and across
the line of sight. For two tracers at redshifts z; and z; separated by an angle Af, their
separations in comoving coordinates are [13, 28, 61]:

7 = [Dcsd(zi) — Do a(z))] cos(A0/2), (3.1)
r. = [DM’ﬁd(Zi) + DM’ﬁd(Zj)] Sin(A@/Q), (3.2)

where D¢ = ¢ [ d2'/H(Z') is the radial comoving distance, Dy is the transverse comoving
distance, and the fid subscript denotes the fiducial cosmology. Throughout this work, we
adopt the Planck 2018 ACDM model as our fiducial cosmology [50]. The mismatch between
the fiducial and true cosmology induces an extra anisotropy in the correlation functions due
to the AP effect, which we extract for additional constraining power.

The tracer separations r| and r correspond to the separations computed in the fiducial
cosmology. If this differs from the true cosmology, the true separations are instead described
by transformations of the fiducial separations, r"‘ (r,mL,2) and 7', (7,71, 2) [28, 62]. Since



the AP effect changes the ratio 7 /r), these true separations can be related to the fiducial
ones through anisotropic rescalings,

7‘|’| =q|7| (3.3)
' =qur]. (3.4)

The AP parameter at effective redshift z is defined as the ratio of the transverse comoving
distance Djs(z) to the Hubble distance Dy (z):

Dy (z)
Fap = . 3.5
AP =) (3.5)
To isolate the anisotropy introduced by the AP effect, we measure the parameter
Fap(z q1(z Dy(2)H(z
b(2) = (2) _a(2) _ (2)H(2) (3.6)

© Farsa(2)  qi(z)  [Dum(2)H(2)lsa’

A measurement of ¢(z) therefore corresponds to a measurement of 2, in flat ACDM [28].
This information is commonly summarized as ¢, which captures the full-shape AP signal.
Alternatively, the AP information can be separated into two components: ¢,, which isolates
the contribution from the BAO peak, and ¢, which captures the broadband (smooth)
contribution. Similarly, we can define an isotropic rescaling of coordinates as

a(z) = /qL(2)q)(2). (3.7)

The compressed parameters a(z) and ¢(z) will both be unity if the true underlying cosmology
is equal to the fiducial cosmology. The parameter a(z) has different interpretations for the
peak and broadband (smooth) components. For the peak component, this corresponds to

() = Dy(z)Dy(2)/r73
p(2) = V Dar(2) D (2)/ s (3.8)

where 74 is the sound horizon scale at the end of the drag epoch. The broadband (or smooth)

isotropic component «y is less straightforward to model [28], and is typically marginalized
over as most of the cosmological information is contained within «;, and ¢y, which contains
the AP information from the full shape [30]. A measurement of the BAO scale corresponds to
a constraint in the {Hyrg, O} parameter space. When including the full-shape information
on (), this tightens constraints by a factor of ~ 2 [28]. Since this additional constraining
power comes from the broadband, the parameter ¢, is of particular interest. The key
cosmological parameters in our compressed analysis are therefore ¢, ¢,, and ;. We return
to this in section 3.3.1.

In order to proceed with the analysis, we need to model the power spectrum of the
biased tracers. Following the modeling of [13] and [28], also detailed in [31], the model
for the power spectrum is

PLyﬂé(ka Kk, z) - bi(l + Ba/‘%)QFI?I,Lya(k7 ,uk)P(kv Z), (39)

for the Lya forest and

Py (k7 s Z) = ba(l + /Balu'%)(bQ + f(z)M%)Fnl,QSO(kH)P(k? Z) (310)



for its cross-power spectrum with quasars. In each of the above equations, P(k,z) is the
linear isotropic matter power spectrum, and py = k| /k where k is the modulus of the wave
vector and k| is its projection along the line of sight. For Lya forest tracers, b, is the
linear bias of the Lya forest, and the Ly« forest RSD parameter 8, = by 1yaf(2)/ba is
degenerate with an unknown velocity divergence bias b, 1y, and the logarithmic growth
rate f(z) [32-36]. We treat both b, and j, as nuisance parameters to marginalize over.
The FyLye term encodes nonlinear corrections modeled by [63], whose parameters we keep
constant. We restrict our main analysis to linear scales (r > 30 h~! Mpc), so this choice
should not significantly affect our results.

In the cross-power spectrum, the linear bias of quasars bg is also relevant, and the RSD
term for quasars is Bg = f(2)/bg. We treat the QSO linear bias as a nuisance parameter
and marginalize over it. Lastly, we model the effects of redshift errors and nonlinear peculiar
velocities of quasars with the parameter FnLQSo(kH), which we define by the Lorentzian
function used in [13],

Fnl,QSO(k”) = [1 + (k”O'Z)Q]_l, (3.11)

where the free parameter o, captures the effects of redshift errors and the velocity dispersion.
This is also a nuisance parameter that we marginalize over.

3.3 Implementation

We perform our analysis by fitting the models for the two-point correlation functions to the
noiseless synthetic data defined by the fiducial cosmology with the appropriate covariance
matrix. During the sampling process, Vega® [64] computes the theoretical correlation functions
from the fiducial cosmology by decomposing the biased power spectrum into multipoles and
transforming them into the correlation function with the FFTLog algorithm [65]. Vega
then jointly fits the model correlation functions to the noiseless synthetic data using the
user-provided covariance matrix to estimate uncertainties on the nuisance parameters and
either compressed (section 3.3.1) or direct cosmological parameters (section 3.3.2).

3.3.1 Compressed analysis

In the compressed analysis, the correlation function is modeled by first decomposing the
power spectrum into a peak (wiggles) and broadband (smooth) component [62]. This is
done because the BAO peak represents a well-defined feature in the power spectrum, and
the decomposition allows us to determine how much additional information is coming from
the broadband. Since the BAO peak is localized to ~ 100 h~'Mpc, the ability to constrain
its position is robust against a variety of analysis choices and scale ranges. During the
decomposition, nonlinear broadening of the BAO peak along and across the line of sight are
also added as fixed parameters. The broadening is due to the nonlinear growth of structure,
which is represented in the quasi-linear mock dataset [39].

We use Vega to fit the model correlation functions to the noiseless synthetic data. We fit
the compressed parameters {a,, as, ¢p, o5} where the o, ; parameters denote the isotropic

Shttps://github.com/andreicuceu/vega.
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Parameter Fiducial 68% limits
Distorted Undistorted Distorted Undistorted

(180 R~ Mpc) (180 A~ Mpc) (240 b= Mpc) (240 h=1 Mpc)
Qyp 1.0 1.0 £0.0061 1.0 £ 0.0059 1.0 £ 0.0060 1.0 £ 0.0057
Qg 1.0 1.0 £0.012 1.0 £0.016 1.0£0.012 1.0 £0.016
dp 1.0 1.0 £0.021 1.0 £0.018 1.0 £0.020 1.0 £0.018
s 1.0 1.0 £0.0081 1.0 £ 0.0070 1.0 £ 0.0079 1.0 £ 0.0069
fos 0.298 0.298 £ 0.025 0.298 £ 0.029 0.298 £ 0.024 0.298 £ 0.028
bo —0.1352 | —0.1352 £ 0.0014 —0.1352 +0.0041 —0.1352 +£0.0014 —0.1352 £ 0.0040
Ba 1.445 1.445 + 0.027 1.445 + 0.041 1.445 + 0.025 1.445 + 0.040
bq 3.545 3.545 £0.041 3.545 +£0.10 3.545 +0.038 3.545 +0.10
o 3.18 3.18 +0.82 3.18 +0.92 3.18 £ 0.79 3.18 +0.90
ArH 0.0 0.0+0.13 0.0+0.14 0.0+0.13 0.0+0.13

Table 1. The full set of parameters for the compressed analysis. The second column lists the fiducial
values used to generate the synthetic correlations. The last four columns show the one-dimensional
marginal constraints in different cases, where the scale indicated on the second line denotes either
Tmax = 180 or 240 h~! Mpc. The units for o, and Ar are h~! Mpc.

BAO scale (peak) or broadband (smooth) information, respectively, and ¢, ; denotes the
same for the anisotropic (AP) information. We also fit and marginalize over the nuisance
parameters {ba, Ba,bq, 0, Ar|}. Table 1 shows the fit parameters and their fiducial values,
including the derived quantity fos.

3.3.2 Direct fit

In the direct fit framework, we sample cosmological parameters through a direct fit of the
full shape of the 3D correlation functions. We use a custom likelihood for the Cobaya
framework [66, 67] which uses CAMB [68] to compute the linear matter power spectrum and
interfaces with Vega to model the correlation functions. We perform a joint fit to the full
shape of the Ly« autocorrelation and Lya x QSO cross-correlation by sampling the parameter
space with Markov chain Monte Carlo [MCMC; 69-71].

At each sampling step, Cobaya generates a template power spectrum over the range
1073 < k < 10 h Mpc~!. Vega transforms this full power spectrum into correlation function
models for the Lya auto- and cross-correlation without any separation into peak and smooth
components. Because the decomposition is skipped in the direct fit analysis, this means that
we do not add any nonlinear broadening to the BAO peak. The cosmological parameters we
sample are {Hg, Oy, O h2, A, ns}, where Hy is the Hubble constant, €2y, is the present-day
matter density parameter, 2y, is the present-day baryon density parameter, and A, and ng are
the amplitude and slope of the primordial power spectrum, respectively. We also sample the
nuisance parameters {bq, S, bg, 0y} and marginalize over them. Table 2 lists the parameters
we sample with their fiducial values and priors. Any parameters that we do not explicitly
sample are fixed to their Planck 2018 values [50].
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Parameter Fiducial Prior 68% limits
Distorted Undistorted Distorted Undistorted

(180 A= Mpc) (180 h~1 Mpc) (240 h=1 Mpc) (240 L= Mpc)
Hy 67.36 (40, 100) 69.772% 69.8723 69.5720 69.7723
O 0.31509  ¢(0.01,0.99) | 0.318 £0.011 0.318+0.010 0.318 £0.011 0.318 + 0.010
Qh? 0.02237  1(0.01,0.05) 0.025370:0022  0.025570 0028 0.0251709920  0.02537000%)
1094, 21 Uggor04,(05,6) | 1.98492 1.97+0:32 1.9910:29 1.97+032
ng 0.9649 U(0.8,1.2) 0.950 0050 0.94670932  0.951700%2  0.94775:539
ba —0.1352  Uiog(—po)(—2,0) | —0.1380005 —0.13870:011  —0.13710:005,  —0.13870 011
Ba 1.445 U(0,5) 1.448 £0.024 1.458 +£0.046 1.448 +£0.022 1.458 +0.045
b 3545 Ulgpy)(—2,1.3) 3.6210-28 3.6410-% 3.6119-2¢ 3.6410-33
0. 3.18 U(0,15) 2.8415 L 2772 2.87 54 2.79703

Table 2. The full set of sampled parameters for direct cosmological inference. The second column
lists the fiducial values used to generate the synthetic correlations. The priors for sampling are shown
in the third column, where U denotes a uniform prior and the ‘log’ subscript indicates sampling in
logarithmic space. We provide the one-dimensional marginal constraints in the last four columns for
different cases, where the value corresponds to the mean of the posterior. The scale indicated on the
second line denotes either ry.x = 180 or 240 A= Mpc. The units for Hy are km/s/Mpc and the units
for o, are h~! Mpc.

4 Compressed analysis results

In this section, we present the results of our cosmological forecasts on compressed parameters
using Vega. The following subsections explore three main categories of changes to the standard
analysis: the impact of using the true continuum (section 4.1), variations in the scale range
(section 4.2), and modifications to the covariance estimation (section 4.3).

Throughout this section, we fit the isotropic scale parameters {a,, as} and the AP scale
parameters {¢p, ¢s}. We marginalize over the nuisance parameters.

4.1 True continuum

The true continuum should provide better cosmological measurements, at least on scales that
are not measured well in the continuum fitting approach. The exact scales impacted by the
continuum fitting are difficult to quantify, as the effect is not localized in real space. If all
forests were the same length, the continuum fitting procedure would erase all power on the
scale of the forest length and larger, resulting in a sharp cutoff at this low-k mode in the
power spectrum. For example, in the mock datasets employed here, the maximum forest
length is ~ 450 h~! Mpc, corresponding to a complete loss of power at k < 0.014 h Mpc ™
in the distorted analysis. In practice, all forests are different lengths, resulting in a more
gradual effect over a range of scales [72].

Figure 3 shows the forecast results from the distorted and undistorted analyses with
unsmoothed covariances computed in the same way. Since these forecasts also employ
the same scale cuts, this isolates the effect of the true continuum. We show constraints
on three cosmological parameters (¢s, as, fog) and three nuisance parameters (b, Ba,bQ).
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The greatest improvement is seen in the broadband AP scale parameter ¢, where the
true continuum enables a nearly 15% improvement in constraining power over continuum
fitting. The constraint on the BAO AP parameter ¢, also improves by ~ 10% with the
true continuum, though this is not shown here.

Figure 3 also shows constraints on fog, the linear biases, and the RSD parameter, all of
which degrade when using the true continuum. In several cases, the degeneracy directions shift
between the distorted and undistorted analyses, altering how information is recovered. The
distortion matrix and projection formalism rely on a number of assumptions that have been
validated for the BAO and AP parameters, but not yet for a;; or the bias terms [26, 30, 58].
Additionally, the distorted analysis allows small-scale information below ryi, to leak into the
fit [38]. This could cause a significant improvement in constraining power in the context of
a forecast which fits an idealized synthetic data vector built from the model. In practice,
we cannot yet model these small scales sufficiently well. As a result, constraints on these
parameters may be biased in the distorted analysis, which could translate to a bias in the
inferred growth rate, as seen in [26]. This also implies that our forecast improvement on
AP parameters with the true continuum could be underestimated. Importantly, the Ly«
forest is not a competitive probe of fog compared to galaxy surveys, and its most impactful
cosmological constraint beyond BAO comes from the AP effect. Table 1 summarizes the one-
dimensional marginal constraints on all parameters for two scale ranges in each analysis type.

The improvement on ¢, is also shown in figure 4, where the undistorted analysis yields the
tightest constraints across all tested scale cuts. As previously mentioned, the true continuum
analysis achieves ~ 15% tighter constraints than the unsmoothed distorted analysis, and this
relative improvement remains roughly constant even as 7,y increases. This consistency may
be in part due to the fact that most Ly« forests in our mock dataset have lengths exceeding
the largest scales probed here. Relative to the current baseline with a smoothed covariance,
the improvement from the true continuum is ~ 10%. This is in addition to the improvement
with extensions to larger scales (see section 4.2).

The ~ 15% improvement on ¢, corresponds to a covariance rescaling factor of feo, ~ 0.85%
in the below relation (adapted from eq. 15 in [28]):

fcov . AAdistorted 7 (4'1)
undistorted
where Aundistorted a0d Agistorted refer to the survey area in the undistorted and distorted anal-
ysis, respectively. Therefore, a 15% reduction in uncertainty corresponds to the constraining
power achievable with an additional ~ 40% of Ly« forest survey area.

4.2 Changes in scale range

In addition to changes in the analysis method, additional cosmological information should
be accessible when extending the analysis to a broader range of scales. To quantify the
information gain from different physical scales, we examine how forecast constraints on ¢,
change when varying the minimum and maximum separations used in the analysis. The current
baseline continuum fitting analysis typically adopts a scale range of r = 30-180 A~ Mpc [24].
Figure 4 shows the improvements in constraints on ¢s as a function of these isotropic scale
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Figure 3. Forecast constraints on compressed cosmological parameters using two analyses at the
standard scale range (rmax = 180 h~! Mpc) with unsmoothed covariances: the continuum fitting
(distorted) analysis (solid blue contours) and the true continuum (undistorted) analysis (red contours).
This comparison isolates the impact of continuum fitting versus knowledge of the true continuum, as
both analyses use identically computed covariance matrices with the same corrections applied. The
advantage of the true continuum is evident in the broadband AP scale parameter, ¢s. The BAO AP
scale parameter, ¢, also improves with the true continuum but is not shown here (see table 1). See
sections 2.2 and 4.1 for further discussion.
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Figure 4. Forecast 1o precision (%) on the AP broadband scale parameter ¢ for changes in the
minimum and maximum scale range of the correlation function. The left-hand panel shows these as a
function of the minimum isotropic scale cut ryy,: filled circles indicate a common cut for both the
auto- and cross-correlation, while open triangles denote the specified cut in the auto-correlation and
a fixed rpin = 30! Mpc in the cross-correlation. The right-hand panel shows the precision as a
function of the maximum isotropic scale cut ry.x. Results from three analysis types are shown: the
distorted analysis with a smoothed covariance matrix (black dashed line), the distorted continuum
fitting analysis with an unsmoothed covariance matrix (blue line), and the undistorted true continuum
analysis with an unsmoothed covariance matrix (orange line). The latter two analyses use covariances
computed in the same way and include the Hartlap correction in the likelihood analysis. The current
baseline analysis is indicated by the black stars and corresponds to the distorted analysis with a
smoothed covariance and scale cuts of ryin = 30 A~ Mpc and 7max = 180 A~ Mpc.

cuts, comparing the current baseline analysis, the distorted analysis using an unsmoothed
covariance, and the true continuum (undistorted) analysis with an unsmoothed covariance.

In the left-hand panel of figure 4, we vary ryin while fixing the maximum isotropic
separation to rmax = 180 A~ Mpc. The open triangles for rmin = 10 and 20 A~ Mpc indicate
that the ryin choice was adopted for the auto-correlation but fixed at 7min = 30 A~ Mpc for
the cross-correlation. This is motivated by the fact that nonlinearities are more difficult to
accurately model in the cross-correlation due to the stronger bias of quasars relative to the
forest, whereas modeling these smaller scales may be more feasible for the auto-correlation.
As shown in the figure, decreasing 7y, results in similar improvements for all three analyses.
Specifically, reducing rmi, from 50 to 102~! Mpc (in the auto-correlation) leads to a ~ 60%
improvement on ¢,. Relative to the typical baseline analysis choice of 7y, = 30 h~! Mpc,
the improvement enabled by decreasing the minimum scale cut to 7y, = 102~ Mpc in the
auto-correlation is ~ 40%, or ~ 50% when also exploiting the true continuum. However,
for consistency, we adopt the standard minimum scale cut of rmin = 30~ Mpc for the
main results in this paper.

The right-hand panel of figure 4 shows the effect of increasing the maximum isotropic
separation rmax while fixing the minimum scale cut to rmin = 30 A~ Mpc. Increasing max
from 140 to 240 h~' Mpc results in a ~ 5% gain in information on ¢,, including for the
distorted analysis. The advantage of the undistorted analysis over the distorted case remains
roughly constant as ry.x increases, as described in section 4.1. For the main results presented
in this paper, we adopt maximum scale cuts of .y = 180 and 240 h~! Mpc.
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Figure 5. Forecast 1o precision (%) on the AP broadband parameter ¢; with different line-of-sight
scale cuts 7| max- The point at rya, = 180 h~!Mpc uses this cut both along and across the line of
sight, while the remaining points fix the maximum transverse separation to r| max = 200 h~! Mpc.
The distorted (blue) and undistorted (orange) analyses both use unsmoothed covariances computed
up to separations of | n.x = 460 h~'Mpc along and 7 max = 200 h~*Mpec across the line of sight.
This is in contrast to figure 4, where larger separations are probed in both directions. The undistorted
analysis consistently outperforms the distorted case at all scale cuts tested, but information gain at
very large scales is minimal.

We also investigate whether additional information can be extracted at even larger scales.
To do this, we compute covariance matrices from correlation functions measured up to
7|, max = 460 h~! Mpc along the line of sight and T max = 200 h~! Mpc in the transverse
direction. These anisotropic limits are chosen to ensure a sufficient number of independent sky
regions when using NSIDE = 16 HEALPix pixels. In this case, the unsmoothed covariance is
estimated from a stack of 150 mocks to compensate for the larger size of the data vector. The
results of this test, for both the distorted and undistorted cases, are shown in figure 5. We
find that the undistorted analysis consistently outperforms the distorted case by = 10% across
all tested scale cuts. The shallow slope of each curve indicates that only minimal additional
information is gained at the largest scales; however, separations beyond 200 ~~! Mpc are
only probed in the line-of-sight direction in this test.

4.3 Covariance modifications

We also explore the effects of choices we make to estimate the covariance. One key choice
for estimating the covariance is the size of the HEALPix pixels used to compute individual
correlation functions, since this affects the number of samples N, where N = Npyocks X
NyuEALPix- In our main analysis, we fix the number of mocks and the HEALPix size as
described in section 3.1. The other choice directly affecting the covariance matrix is whether
or not to apply the smoothing algorithm that is currently used in the baseline analysis.

In figure 4, the smoothed (current baseline) and unsmoothed distorted analyses show
similar constraints (< 3%) on the AP scale parameter. Therefore, the impact of covariance
smoothing in the baseline distorted analysis is insignificant. Although not shown, we did not
find a significant difference in the performance on the isotropic BAO parameter o, between
the current baseline and the unsmoothed distorted analysis.
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Figure 6. Forecast constraints on direct cosmological parameters obtained using MCMC sampling
with Cobaya. We compare results from the continuum fitting (distorted) analysis with an unsmoothed
(solid blue contours) or smoothed (dashed black contours) covariance and the standard maximum
isotropic scale cut of rmax = 180 A~ Mpc to those from the undistorted, unsmoothed covariance
analysis with an extended scale range of 7. = 240 h~! Mpc (red contours). The latter represents the
best possible improvement on recovered cosmological information studied in this paper. We find the
largest improvement on €, (approximately 10%), which is consistent with our findings for compressed
parameters in section 4. The degradation of constraints on other parameters with the true continuum
is likely a consequence of the sub-optimal correlation function estimator (see sections 3.1 and 6).

5 Direct cosmology results

While the compressed parameters provide a valuable comparison point to models, they
may not capture all of the cosmological information [31]. We therefore also perform direct
cosmological inference with Cobaya. Figure 6 shows our forecasts for cosmological parameters
from a direct fit to the full shape of the correlation functions. This figure shows results from
the standard scale range of r = 30-180 h~! Mpc for the distorted analysis with smoothed and
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unsmoothed covariances, and a larger scale range of r = 30-240 h~! Mpc for the undistorted
analysis. Table 2 lists the one-dimensional marginal constraints for the two different scale
ranges for each of the unsmoothed analyses.

We find a ~ 10% improvement in £, with the undistorted analysis, consistent with
our results from the compressed forecasts. Interestingly, the constraints on the other flat
ACDM cosmological parameters worsen in the undistorted case. This may be related to the
degradation of bias parameter constraints when using the true continuum, as described in
section 4.1. However, the Ly« forest alone provides only modest constraining power on these
remaining parameters, which are much more tightly constrained in combination with other
probes such as the cosmic microwave background [e.g. 31].

6 Discussion

We showed that knowledge of the true continuum leads to approximately 10% tighter con-
straints on the AP scale parameter and §2,,, compared to the current continuum fitting approach
in the idealized case without contaminants. This improvement holds across all scale cuts tested.
Moreover, additional constraining power is accessible at larger scales in both the continuum
fitting (distorted) and true continuum (undistorted) analyses, leading to an overall ~ 15%
improvement relative to the current baseline when extending the true continuum analysis to
rmax = 240 ™1 Mpc. Interestingly, forecasts on other parameters such as fog, ng, and Ay re-
vealed a degradation in constraining power with the true continuum; however, these parameters
are not well constrained by the Lya forest and may be prone to bias in the distorted analysis.

The results presented in this work rely on accurate estimates of the covariance matrix. As
discussed in section 3.1, the current estimators for the Lya two-point correlation function and
its covariance are sub-optimal. While they have been extensively validated in the baseline
distorted analysis, their impact in an undistorted analysis must be studied further. It is
possible that the projection inherent in the distorted analysis results in artificially tight
constraints on nuisance parameters and fog, for example because the distorted analysis allows
small-scale information to leak into the fit [38]. As a result, our measured improvements in
the AP parameters with the true continuum may be conservative. Directly testing the impact
of the sub-optimal estimator would require the development and validation of an optimal
estimator. If one wishes to constrain RSD from the 3D Ly« forest, our results suggest that
tighter constraints than the current baseline will first require the development of an optimal
estimator for these parameters. In contrast, we find that access to the true continuum could
already enable a ~10-15% improvement on the AP effect with the current estimators.

As shown in figure 3, the undistorted analysis yields different degeneracy directions
between several parameters. For instance, the correlation coefficient between the linear bias
b, and the RSD parameter S, shifts from roughly 0.29 in the distorted analysis to 0.88
in the undistorted case. Perhaps more importantly, the correlation coefficient between ¢,
and ag reduces from approximately 0.22 to —0.08. This may be particularly beneficial for
a full-shape cosmological analysis on data, as oy may be biased by large-scale distortions
introduced in the continuum fitting analysis. These changes in degeneracy structure may
also be related to the correlation function estimator and the projection in the distorted
analysis. Different degeneracy directions between nuisance parameters can also influence the
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amount of cosmological information that may be present on different scales. Additionally,
the cosmological information appears to be highly sensitive to the off-diagonal structure of
the covariance matrix. For example, ignoring the cross-covariance between the auto- and
cross-correlations in both the distorted baseline and undistorted analyses reduces the relative
improvement on ¢4 enabled by the true continuum from approximately 14% to 8%. This
impact is lessened when comparing instead to the unsmoothed distorted case, where the
relative improvement drops more modestly from roughly 16% to 12%. These shifts highlight
the importance of including the cross-covariance to obtain more accurate uncertainty estimates
and fully realize the benefits of the true continuum.

There may be even more cosmological information accessible at larger scales. We tested this
with forecasts using covariance matrices computed up to line-of-sight separations of 7| ,ax =
460 h~! Mpc, while we fixed the maximum transverse separation at r 1, max = 200 h~! Mpc
to avoid even larger HEALPix pixels and thus fewer subsamples for the covariance matrix
measurement. While we found hints of extra information up to rmax =~ 450 h~! Mpc, the
relative gain is modest, likely due to the weak clustering signal and the fact that we are
only probing these large scales along the line-of-sight.

There are several ongoing and upcoming spectroscopic surveys such as DESI (including
DESI-II [73]), Euclid [74], and Roman [75] that will extend our reach into the z > 2 universe.
However, the next major advance in Ly« forest datasets is expected to come from a Stage-V
spectroscopic survey with Spec-S5 [76], anticipated in about a decade. In this context,
developing new analysis methods that extract additional information from existing and
forthcoming data can significantly enhance the scientific return of these surveys. This is
particularly timely given the emerging tensions with ACDM [23, 25, 77].

Full-shape measurements of the Ly« correlation functions using the new avenues explored
in this work offer a promising path to extract more information from current datasets. To
realize the gains suggested by this work, several future directions are essential. These include
validating that predictions of the true continuum yield accurate two-point correlation mea-
surements, and improving the estimation of the covariance matrix especially with extensions
to larger scales. This may entail alternative binning strategies and validation of mock-based
covariance estimates. Since we only observe one realization of the universe, it may be necessary
to compute the covariance matrix with mocks or analytically, rather than relying on the
assumptions currently employed to smooth the data covariance matrix (see section 3.1).

It may also be worthwhile to explore full-shape analyses in multipoles, as this would
greatly simplify the covariance estimation and make the gains enabled by the true continuum
more tractable. In addition, the true continuum could potentially enhance measurements
of the three-dimensional power spectrum, especially in light of recent developments in
optimal estimators [e.g. 78, 79]. Furthermore, extending the analysis to larger scales (rmpax >
180 h~! Mpc) will require careful assessment and accurate modeling of potential systematics
at these scales, such as UV background fluctuations [e.g. 80-83] and He1I reionization [e.g.
84-86]. It will also be important to develop a more optimal estimator of the two-point
correlation function, and ideally include the effects of continuum errors in this estimator. This
would enable a more robust study of how continuum prediction errors impact cosmological
constraints. In the context of the standard continuum fitting approach, the distortion matrix
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relies on several assumptions that have so far only been tested within the regime typically
studied [38]. Extending the analysis to new regimes will require validating the distortion
matrix in those contexts, and may necessitate modifications or more complex algorithms if the
underlying assumptions no longer hold. For example, it is necessary to compute the distortion
matrix up to sufficiently large line-of-sight separations (r| = 300 h~'Mpc) to accurately
model the auto-correlation up to 7| = 200 h~!' Mpc, but this is still insufficient for modeling
the cross-correlation to r = 200 h~* Mpc [38]. The reliability of the distortion matrix at
large scales will be an important consideration for extending the analysis to r > 200 A~ Mpc.
However, our results indicate that most of the improvement in AP arises from the use of
the true continuum, making this approach particularly promising.

Our work focused exclusively on the idealized case of Ly« forest measurements without
contamination from metal absorption lines, optically thick absorbers, or broad absorption lines
in the forest, and assuming perfect knowledge of the true continuum. Future studies will need
to investigate the impact of these contaminants on the potential gains from the true continuum.
Additionally, in practice, any continuum prediction method will introduce errors that will
degrade our results. For example, current LyCAN predictions exhibit continuum errors at the
~ 2% level [46]. Quantifying the impact of these errors on cosmological constraints will be an
important direction for future work, as the exact level of degradation will depend on whether
the errors are correlated and how well we can model them. We plan to use improved versions
of LyCAN to measure the two-point correlation functions with DESI data in a future paper,
enabling the next step toward full-shape Ly« forest cosmology with the true continuum.

7 Summary

We presented the first forecasts with the Ly« forest auto-correlation and its cross-correlation
with quasars that are unaffected by continuum fitting distortion. We performed forecasts on
compressed cosmological parameters through maximum likelihood estimation with Vega and
sampled posteriors of direct cosmological parameters using a custom likelihood for Cobaya
that interfaces with Vega. Given a model power spectrum, Vega creates a model for the
two-point correlation functions and fits the model to the noiseless synthetic data defined
by our fiducial cosmology.

To forecast constraints on cosmological parameters, we required estimates of the covariance
matrix for the distorted and undistorted analyses. To study the additional constraining power
from larger scales, we computed covariance matrices over separations from r = 30-240 h~! Mpc
using 50 mocks with HEALPix pixels covering areas of linear size ~ 280 h~' Mpc. We applied
the Hartlap [59] correction to the inverse covariance matrix in our likelihood analysis and
validated its robustness for our specific regime of sample size and number of data bins
in appendix B.

We found that using the true continuum and extending the analysis to rmax = 240 A~ Mpc
can enable up to ~ 15% tighter constraints on the AP scale parameter and §2,,, when compared
to the baseline continuum fitting analysis at rmax = 180 h~! Mpc. This improvement is
analogous to an extra ~ 40% of Ly« forest survey area. When not exploiting larger scales and
instead comparing constraints using the same standard scale range of » = 30-180 h~! Mpc,
knowledge of the true continuum still results in ~ 10% tighter constraints on these parameters,
analogous to an additional ~ 25% of Lya forest survey area.
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To explore even larger scales, we extended our forecasts on compressed parameters to
include separations up to rmax = 460 h~' Mpc. This required computing covariance matrices
from a larger set of mocks (150), using HEALPix pixels with areas of linear size ~ 250 h~! Mpc.
This setup allowed us to probe scales up to | yax = 460 h~! Mpc along the line of sight,
while limiting the transverse separations to 7| max = 200 h~! Mpc. We found evidence for
additional constraining power at these larger scales; however, extending only the line-of-sight
range provided minimal improvement.

This work has significant implications for cosmology. Recent DESI results have found
evidence for significant tension with the Planck ACDM model [23, 25]. While results from
the full five-year DESI survey (DR3) may increase the statistical significance of this tension,
future major advancements in cosmology will arise from next-generation surveys including
Roman, Rubin, and Spec-S5. In the meantime, meaningful progress will rely on improved
analysis techniques that can extract more information from existing data. The forecast
improvement in the Alcock-Paczynski parameter from this work suggests that the Ly« forest
may soon have the ability to help distinguish between the best-fit ACDM and wow,CDM
models. Further, the improved precision on {2, offers a promising avenue for shedding light
on the emerging tension between DESI and Planck measurements within the ACDM model.
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Layer type Size  Activation function

ConvlD (input) 64 ReLU
MaxPooling1D 2

Conv1D 16 ReLU
MaxPooling1D 2

ConvlD 48 ReLU
MaxPooling1D 2

ConvlD 32 ReLU
MaxPooling1D 2

Flatten

Dense 96 ReLU
Dense 160 ReLU
Dense 224 ReLLU
Dense 256 ReLU
Dense (output) 699 Linear

Table 3. Updated LyCAN architecture. The first column specifies the layer type. The size column
specifies the number of filters for convolutional layers or neurons for dense layers. In the case of the
max pooling layers, pixels are pooled in groups of two. We use the linear activation function for the
output layer, and the ReLLU activation function for all other layers where applicable. The number of
nodes in the output layer is equal to the number of pixels in the predicted continuum. The kernel size
is six for the convolutional layers.

A Potential feasibility with LyCAN

The Lya Continuum Analysis Network [LyCAN; 46] is a convolutional neural network that
predicts the unabsorbed quasar continuum between 1040-1600 A strictly based on the longer-
wavelength region (1216-1600A). Since the network predicts the unabsorbed continuum
independently of the forest region, it retains large-scale information and may eliminate
the need for the distortion matrix. LyCAN was trained on a combination of DESI mock
spectra representative of the five-year survey and synthetic spectra generated from low-z
Hubble Space Telescope (HST)/Cosmic Origins Spectrograph (COS) observations. It achieves
excellent performance on spectra from these datasets reserved for testing purposes (< 2%
median error in the forest region).

We have made several updates to LyCAN since its introduction in [46]. While the original
network demonstrated strong overall performance in forest continuum prediction, it introduced
some spurious correlations in the 3D Ly« correlation functions relative to the true continuum
case. We found that this was due to the addition of systematic perturbations in the synthetic
spectra generated from high-resolution HST/COS data to dampen emission line strengths
(see section 3.2 of [46]). After modifying this perturbation scheme to be centered around
zero, we re-optimized and re-trained LyCAN using the procedures described in section 4.1
of [46]. This updated version of LyCAN yields an undistorted measurement of the correlation
function when applied to a DESI mock reserved for testing that is representative of the
five-year survey, as illustrated in figure 7. This result motivates this work, as a continuum
prediction method that produces undistorted correlation function measurements may soon
be within reach. The revised neural network architecture is presented in table 3.
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Figure 7. Three measurements of the Lya autocorrelation function £(r) in four wedges of p = | /r
on an uncontaminated DESI mock representative of the full five-year survey: the measurement from
the standard continuum fitting approach (teal), the measurement from the true continuum analysis
(black), and the measurement from LyCAN-predicted continua (blue). These measurements are shown
for illustrative purposes, demonstrating the future feasibility of a LyCAN-based full-shape analysis.

LyCAN continuum predictions also show slight biases with respect to signal-to-noise ratio
(SNR) and redshift, under-predicting the true continuum in low-SNR or low-redshift spectra
and over-predicting it at high redshift [46]. While this is a small effect (~ 2%, as seen in
figure 12 of [46]), it may still warrant correction or further network optimization before LyCAN
can be reliably applied to measure undistorted correlation functions. Ongoing efforts aim to
improve LyCAN and mitigate these biases in order to achieve accurate correlation function
measurements across a wide range of mocks. We therefore do not use LyCAN continuum
predictions in our forecasts and instead focus on the idealized case of the true continuum.

B Validation of the Hartlap correction

When a covariance matrix is estimated from a limited number of samples relative to the
size of the data vector, its inverse is a biased estimate of the true inverse covariance [e.g.
59, 60, 87]. If left uncorrected, this bias leads to underestimated uncertainties on inferred
parameters. A common mitigation is the Hartlap correction [59], which rescales the inverse
covariance matrix during likelihood evaluation:

N—-p-—1
N
where N is the number of independent samples used to estimate the covariance matrix and

h= (B.1)

p is the size of the data vector.
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Figure 8. Forecasts using two covariance matrices from fully contaminated NSIDE=16 mocks based
on stacks of 300 (N/p = 73.9, solid gray contours) or 50 (N/p = 12.3, black contours). Appropriate
Hartlap corrections are applied in each case. The results are indistinguishable, validating the correction
in the lower N/p regime.

However, the Hartlap correction is only an approximate solution, and its accuracy degrades
as N approaches p. To validate its reliability in our analysis, we test its performance across
a range of N/p values. We first compute a reference covariance matrix from 300 fully
contaminated mocks in the baseline continuum fitting analysis, which includes separations
from 30-180 h~! Mpc in NSIDE=16 HEALPix pixels. This setup corresponds to N = 344, 040
measurements and a data vector of size p = 4653, yielding N/p ~ 74. In this regime,
the Hartlap correction is negligible and the covariance is expected to be robust. We then
compute the same covariance using only 50 fully contaminated mocks, matching the number
of realizations available for our uncontaminated analysis. We apply the corresponding Hartlap
correction in both cases and perform maximum likelihood analysis. As shown in figure 8,
the resulting constraints are indistinguishable, confirming that the Hartlap-corrected inverse
covariance is reliable at N/p ~ 12.
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Figure 9. Fractional error in the inferred uncertainty on ¢y in different N/p regimes using Hartlap-

corrected inverse covariances. We require N/p = 5 to limit our error on inferred parameter uncertainties
to within ~ 2%.

To test the limits of this approximation, we compute additional covariance matrices
from the uncontaminated mocks by varying the number of realizations and examining the
resulting forecasts for ¢,. For each value of NV, we apply the Hartlap correction and evaluate
the fractional error in the inferred uncertainty on ¢ relative to the result from the full
50-mock covariance (our reference “truth”). The results are shown in figure 9. We find that
achieving N/p 2 5 is sufficient to limit errors in parameter uncertainties to within ~ 2%.
This criterion motivates our use of covariances computed from NSIDE=14 HEALPix pixels
up to 240 ! Mpc in the main analysis.

We note that the Hartlap factor does not account for the additional uncertainty arising
from the sample covariance matrix being a single realization of an underlying distribution,
which propagates to increased parameter uncertainties [88]. This results in a non-Gaussian
likelihood [89], but can be approximated using a Gaussian likelihood and additional correction
factors [e.g. 60, 87, 88]. We do not apply these additional corrections since our validation tests
demonstrate that the Hartlap correction alone can sufficiently recover the truth in our analysis.

Data Availability Statement. Data points from each figure are available at https://
doi.org/10.5281/zenodo.19927452.
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