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ABSTRACT

In preparation for the first cosmological measurements from the full-shape of the Lyman-a (Ly@) forest from DESI, we must
carefully model all relevant systematics that might bias our analysis. It was shown in Youles et al. (2022) that random quasar
redshift errors produce a smoothing effect on the mean quasar continuum in the Ly forest region. This in turn gives rise to
spurious features in the Lya auto-correlation, and its cross-correlation with quasars. Using synthetic data sets based on the DESI
survey, we confirm that the impact on BAO measurements is small, but that a bias is introduced to parameters which depend
on the full-shape of our correlations. We combine a model of this contamination in the cross-correlation (Youles et al. 2022)
with a new model we introduce here for the auto-correlation. These are parametrised by 3 parameters, which when included in a
joint fit to both correlation functions, successfully eliminate any impact of redshift errors on our full-shape constraints. We also
present a strategy for removing this contamination from real data, by removing ~0.3% of correlating pairs.

Key words: (cosmology:) large-scale structure of Universe — (cosmology:) distance scale — (cosmology:) dark energy

1 INTRODUCTION 2017; du Mas des Bourboux et al. 2020). In each case the observable
is a feature imprinted in the clustering measurements at comoving
separation ~100 h_lMpc. This feature was created at the epoch of
recombination, where sound waves that were propagating through
the dense photon-baryon plasma ceased to travel because of proton-
electron recombination. The overdense regions at wave peaks gave
rise to the preferential clustering scale we observe as BAO today.
This scale can be measured in the CMB (Planck Collaboration et al.
2020), and as such can be used as a standard ruler to measure the

expansion of the universe (Adame et al. 2025b).

One of the major objectives in modern cosmology is to understand
the nature of dark energy. The discovery of the accelerating expan-
sion of the universe from measurements of distant supernovae (Riess
etal. 1998; Perlmutter et al. 1999) introduced the need for some form
of dark energy, in the simplest case a cosmological constant. Studies
of anisotropies in the Cosmic Microwave Background (CMB) with
experiments like Planck (Planck Collaboration et al. 2020) have at
the same time provided percent-level constraints on other key cosmo-
logical parameters. Another more recent probe of cosmic expansion
history is the measurement of Baryon Acoustic Oscillations (BAO),
first in galaxy clustering (Cole et al. 2005; Eisenstein et al. 2005) and
later with the Lyman-a (Lya) forest (Busca et al. 2013; Bautista et al.

The Dark Energy Spectroscopic Instrument (DESI) (Levi et al.
2013; DESI Collaboration et al. 2016a,b, 2022; Miller et al. 2024;
Poppett et al. 2024; Guy et al. 2023) survey will measure the spectra
and redshifts of more than 40 million galaxies (Hahn et al. 2023;
Raichoor et al. 2023; Zhou et al. 2023; Schlafly et al. 2023) and 3
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million quasars (Chaussidon et al. 2023) over the course of a 5-year
survey, covering 14 000 deg2 of the sky. Precise measurements of
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large-scale structure have already been made in galaxy and quasar
clustering for the first year of observations of DESI (Adame et al.
2025c¢; DESI Collaboration et al. 2024), comprising spectra of targets
between redshifts 0.1 < z < 2.1, and the Lya forest at z > 2.1
(Adame et al. 2025a). The Ly« forest is a series of absorption lines
present in the spectra measured from very distant quasars. They are
created when light from these quasars intercepts neutral hydrogen
in the intergalactic medium (IGM), and as such, are an effective
tracer of large-scale structure. A BAO measurement from the Ly«
forest, made using a combination of the autocorrelation of the Lya
flux-transmission field and its cross-correlation with quasars (Font-
Ribera et al. 2014, 2013), has a higher effective redshift than DESI
galaxies (2.33 (Adame et al. 2025a)). This allows us to probe an
earlier stage of the Universe than the DESI galaxy sample, which
additionally helps to break degeneracies in cosmological constraints
(Adame et al. 2025b).

It is possible to drastically improve the cosmological constraining
power of the Ly« forest (and galaxy) clustering by including infor-
mation from the Alcock-Paczynski (AP) effect (Cuceu et al. 2021,
2023a). It was projected in Cuceu et al. (2021) that including AP in-
formation from both the BAO peak and the smooth component of the
Lya clustering measurement will give 2.5% and 1% constraints on
Qm and Hyry, from the full DESI survey. This represents a factor of
~2 improvement over BAO-only analyses. Additionally, a sub-10%
level measurement of fog (at z ~ 2.33) should be possible when
combining AP + BAO measurements from the full set of Lya cor-
relation functions with redshift-space distortion (RSD) constraints
derived from the quasar autocorrelation function.

It was demonstrated in Adame et al. (2025a) that the analysis
method used to measure BAO is quite robust to various system-
atic effects, in large part due to the decomposition of the peak and
smooth components of the correlation function (Kirkby et al. 2013).
However, since we are interested in constraining both the peak and
smooth components of the AP effect, we expect to be more sensitive
to contaminants than the BAO-only measurement. The main con-
taminants usually considered are continuum fitting distortion (Slosar
et al. 2011), high column density (HCD) systems (Font-Ribera &
Miralda-Escudé 2012; Rogers et al. 2018; Pérez-Rafols et al. 2023),
broad absorption line (BAL) features (Ennesser et al. 2022), metal
absorption (Font-Ribera & Miralda-Escudé 2012; Pieri et al. 2014)
and redshift errors in quasars arising from both astrophysical pe-
culiar velocities and measurements Font-Ribera et al. (2013). Both
HCDs and BALs are identified using neural-network—based finder
algorithms (Guo & Martini 2019; Wang et al. 2022) and masked to
reduce their impact on the correlation functions. The former is also
modelled to account for bias introduced by lower-density, undetected
systems. Metals are modelled successfully by treating each absorber
as a biased tracer of structure, where the biases are marginalised
during the BAO fits.

Random velocities of galaxies or quasars distort clustering mea-
surements along the line of sight, producing anisotropies relative to
the transverse direction — an effect known as Fingers of God (FoGs).
This effect will be present in the cross-correlation of Ly« forests with
quasars (Font-Ribera et al. 2013), which we will marginalise over us-
ing a version of the model from Percival & White (2009) (see section
2). In the Lya autocorrelation, since the redshifts of Lya absorbers
are set by intergalactic hydrogen and not by quasar motion, we do
not need to model this effect.

Errors in redshift measurement produce both the FoG effect and a
second, distinct effect on our correlation functions. When computing
the Ly transmission field §, we use a weighted mean continuum
of all forests (equations 1, 2). As first described in Youles et al.
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(2022), this mean continuum is smoothed by quasar redshift errors,
causing spurious features in our correlation functions. They also
presented a model for this contamination in the cross-correlation
function, and showed that it had a small impact on the accuracy
of their BAO constraints. This was also confirmed as a source of
systematic bias in DESI DR1 (Cuceu et al. 2025b) and in DESI DR2
(Casas et al. 2025). In this paper we extend this work by modelling
the same contamination in the Ly autocorrelation, and introducing
free parameters that we marginalise over in our full-shape analysis.

To measure redshifts of DESI quasar spectra, a package called
Redrock is used (Bailey et al. 2025). It is a template-fitting algo-
rithm that uses Principal Component Analysis (PCA)-based quasar
templates to determine the best-fit redshift in a chi-squared (y2) min-
imisation. We expect a degree of systematic error in these estimations
due to spectral variation and limited performance of templates, which
was found to be ~ 340 km/s (Alexander et al. 2023) for DESI survey
validation. These variations are caused by Doppler shift of quasar
emission lines due to the physical processes happening in the line-
emitting region (Shen et al. 2016). The typical level of shift away
from the systemic quasar redshift depends on the line, but highly
ionised, broad emission lines tend to exhibit the largest shifts. Re-
cent work on new templates have significantly reduced this error
for DESI Data Release 1 (DR1; DESI Collaboration et al. (2025b)),
showing it to be ~50% smaller than survey validation (Bault et al.
2025; Brodzeller et al. 2023). This was partly done by incorporating
precise measurements of the Mg II line, which has relatively low bias
with respect to the systemic redshift of the quasar. Broad emission
lines within the Lya forest, listed in table 1 (Harris et al. 2016),
can also be Doppler-shifted, potentially contributing to errors in the
mean continuum estimation (see section 2.2).

This paper is organised as follows. In section 2, we describe the
mock datasets used to develop and test our model, the method for
generating the flux transmission field from quasar spectra, and the
procedures for computing and modelling our correlation functions.
In section 3, we show measurements of the Lya auto- and Ly«
—quasar cross-correlations from different mock datasets, both with
and without redshift errors. Section 4 presents the redshift error
model for both the auto- and cross-correlation functions, and section
5 shows results from AP and isotropic BAO fits on our mock datasets.
In section 6, we discuss the application of our model to real data and
how the contamination can be mitigated using data cuts. Finally,
section 7 summarises our findings.

2 METHOD

In this section we present the mock datasets we use (section 2.1),
and the analysis techniques employed to derive measurements of
BAO and AP parameters from synthetic quasar spectra. The latter
part begins with the flux transmission field measurement in section
2.2, followed by a description of how our correlation functions are
constructed in section 2.3. Finally, we describe the model of the
correlation functions and how we constrain BAO and AP parameters
in sections 2.4 and 2.5.

2.1 Data sets

To test our model, we use synthetic data sets developed to validate
the Lya BAO analysis in Adame et al. (2025a), described in detail in
Cuceu et al. (2025b); Herrera-Alcantar et al. (2025). These are based



Line  Wavelength [A]  Equivalent Width [A] o [A]

SilV 1064/1074 2.9/0.7 7.7/3.5
NII 1083 1.32 53
PV 1118/1128 0.76/0.46 5.3/4.1

CIr* 1175 2.49 7.7

Table 1. The emission lines within the Ly  forest included in our synthetic
spectra (Harris et al. 2016). We show from left to right, their rest-frame
wavelength (in Angstroms), the mean equivalent widths and mean FWHM.

on the CoLoRe! (Ramirez-Pérez et al. 2022) suite, which generates
log-normal density fields with quasars distributed according to a
specific biasing model. Lines-of-sight (also called skewers) are drawn
from quasar positions in this field, with modified small-scale power,
and converted to transmitted flux fraction using LyaCoLore? (Farr
et al. 2020a). The clustering of these noiseless skewers is designed
to be realistic at scales relevant for BAO systematics studies (~100
h~'"Mpc). LyaCoLore also stores skewers of metal absorption and
can include high column-density (HCD) systems, both of which are
major contaminants in standard Lye BAO analyses.

To generate realistic quasar spectra from the flux transmission
skewers, we use a final package called desisim’ (Herrera-Alcantar
et al. 2025). This takes the transmission skewers of LyaCoLore
as an input, multiplies them by a quasar continuum template, and
adds noise to mimic the observing conditions and the instrumental
model of DESI. Continuum templates are generated using SINMQSO*
(McGreer et al. 2021), which combines a broken power law with a
series of Gaussian emission lines. The slopes of the power law are
sampled from a Gaussian, with mean and dispersion tuned to better
reflect the continuum shape and variability of quasars in the e BOSS
DR16 dataset (du Mas des Bourboux et al. 2020). The Ly« forest
emission lines are simulated from the composite model of BOSS
spectra (Harris et al. 2016), with line diversity is drawn from the
distribution of equivalent widths (EWs). In table 1, we show the
properties of these emission lines.

To emulate the effect of redshift errors in our mock datasets, we add
Gaussian-distributed velocities dv with zero mean and a dispersion
of 400 km/s to each quasar redshift (1 +z4 = (1 + zg)(l +dv/c)).
The reason for doing this rather than using the error from a redshift-
fitting algorithm is that the latter has been shown to perform better
on simulated spectra than real data (Farr et al. 2020b). In Youles et al.
(2022), they differentiate between the Fingers of God (FoG) effect
and redshift errors that affect the mean continuum. In this paper we
focus on the latter.

We use two synthetic datasets: one has redshift errors added only
to the tracer quasar catalogue, emulating the effect of FoGs. In the
other we add redshift errors immediately after quasar spectra are
generated, which will additionally give rise to mean continuum er-
rors (see section 4). Note that in our measured correlation functions,
the latter set will exhibit the combined effect of FoGs and mean
continuum errors. This means that later in section 3 when we com-
pare the differences between the two sets, we will observe only the
contamination caused by continuum errors.

Each set consists of a stack of 100 mocks designed to emulate the
survey conditions of DESI DR1 (DESI Collaboration et al. 2025b),
including target density, footprint and signal-to-noise ratio. We will

1 https://github.com/damonge/CoLoRe

2 https://github.com/igmhub/LyaCoLoRe

3 https://github.com/desihub/desisim
4 https://github.com/imcgreer/simqso
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refer to these as DR1 mocks going forward. They also include all of
the major contaminants affecting the analysis on data: HCDs, metal
absorption and broad absorption lines (BALs). Using this synthetic
dataset, we can validate our model and test correlations between
various parameters in a controlled environment.

2.2 Continuum fitting

The flux transmission field used to perform our clustering analysis is
defined as:

S

= E e,

(L
where f(1) is observed flux, F(z) is the mean transmission and
C4(A) is the unabsorbed quasar continuum. Our analysis is discre-
tised into "pixels" at the dispersion of the DESI spectrograph, 0.8A.
At large enough scales, the delta field is a linear tracer of the under-
lying dark matter, but at small-scales the relationship becomes more
complex due to non-linear structure formation and gas dynamics.
Since we can’t measure the unabsorbed continuum C; (1) directly,
we re-characterise its product with the mean transmission F(2):

log A — log Anin

F(/l)Cq (/l) = f(ﬂrf) aq + bq m
max min

2
The term E(/lrf), referred to as the "mean continuum", is the weighted
mean of all forests in our analysis. This is multiplied by a first degree
polynomial in log A for each quasar g in our sample, to account for
continuum variability. The free parameters a4 and b, are estimated
by "continuum fitting", a process that involves maximising the log-
likelihood:

2L == ) = F2)Cq (L aq.bq) _ Doe, 3

2
q o (4) q
where 0"% (A) is the flux variance, a combination of pipeline noise and

large-scale structure. The mean continuum E(ﬁrf) is also computed
during this maximisation. For further details on exactly how this is
done, see Ramirez-Pérez et al. (2024).

A notable side effect of fitting (aq, bq) using data from entire
forests is that the measured 64 (4) will be distorted. In other words,
our measured §(4;) in pixel i will be a linear combination of all
true underlying 6(4;), such that §; = #,;6;. The solution to this,
described in detail in du Mas des Bourboux et al. (2017); Bautista
et al. (2017); Adame et al. (2025a), is to apply a linear projection
operator to our measured ¢’ that explicitly removes the mean and
slope of each quasar forest from the field:

5 =6 () = D agijoq.)» @
J
where

Wq,j + Wq,jiNq,ifNg,j
2k Wq,k

(%)

Qgij = .

qij T Wq,kAz’k
Here, A; = log(4;) — log A;, where i,j and k represent forest pixels.
The reason for doing this is that the projected field § has the same
distortion as our projected true field. We measure the correlations of
our projected field & and, as we will show in section 2.5, project the
model correlation function in the same way.
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2.3 Correlation functions

In this section we will show how we measure the Ly auto-correlation
and the Lya-quasar cross-correlations from the projected transmis-
sion field outlined in the previous section. Firstly, we measure our
correlations in configuration space as a function of transverse and
line-of-sight separation (7, ). To convert from redshift and angu-
lar separation we do the following:

r1 = (dm(zi) + dm(zy)) sin(6;;/2), (6)
7 = (de(zi) — de(zj)) cos(6ij/2), @)

where dy, is the transverse comoving distance and d. is the comov-
ing distance. A fiducial cosmology is required to compute both dis-
tances in terms of redshift, so we use the same Planck 2018 (hereby
P18; Planck Collaboration et al. (2020)) cosmology as Adame et al.
(2025a); Gordon et al. (2023). The correlation within each bin
(ri,r)) € Alis then determined by a simple weighted average:

S wiw 667
o= "g——— ®)
i jWiwj
where the weights are defined as:
1 k=1
wi=— (1+z) " ©)
o

l

Here o7 is the variance from equation 3, but with an extra term to
increase the large-scale structure contribution. This term was imple-
mented in Ramirez-Pérez et al. (2024), to maximise the signal-to-
noise of our correlation functions. The second term in equation 9
takes into account the correlation function amplitude scaling with
redshift. For Lya pixels, k = 2.9 and for quasars « = 1.44. Note that
for the cross-correlation, index j in equation 8 represents a quasar,
which we treat as points that effectively have 6; = 1. This is equiv-
alent to computing the weighted mean of  at set distances from a
quasar. In both cases we choose a bin size of 4 1~ !Mpc following
Adame et al. (2025a); Gordon et al. (2023). In the autocorrelation we
measure between 0 and 200 4~ Mpc in both directions, giving a total
of 2500 bins. The cross-correlation however is not symmetric along
the line-of-sight under permutation of pixels and quasars. Therefore,
we define r)| between -200 and 200 h~"Mpc, where negative separa-
tions correspond to a quasar being behind the Ly« pixel with respect
to the observer and vice-versa for positive separations. This gives us
5000 bins in total for the cross-correlation.

The covariance of our measurement, explained in detail in
du Mas des Bourboux et al. (2020), is estimated by splitting our
dataset into sub-samples and computing:

Sy WS W3 (€583 - Enép)
WaWpg

Cap = ) (10)
where A and B are bins of our correlation function, and s is a sub-
sample. In our case, each Ly« forest or quasar is uniquely set in one
HEALpix sample s. The covariance is then smoothed by averaging all

off-diagonal elements of the correlation matrix (C4g/+/(CaaCBB))

with the same Ar; = rf - rf and Ar” = rﬁ - rf. Furthermore,
as introduced in Adame et al. (2025a), we now include the cross-
covariance between the two correlation functions when doing fits to
the model.

In Adame et al. (2025a) and Cuceu et al. (2025a) they use two addi-

tional correlation functions that measure the autocorrelation of Lya

MNRAS 000, 1-19 (2025)

absorption in a bluer region of the quasar ("region B", between 920-
1020 ADESI Collaboration et al. (2025a)) and its cross-correlation
with quasars. For simplicity, and because the relative contribution to
cosmological constraining power is small (~ 10%), we choose not to
include them in our analysis.

2.4 BAO and full-shape information

In this section we outline the model used to extract cosmological
information and capture behaviour of contaminants in our analysis.
The full-shape analysis that we outline here was first described for
the Lya forest in Cuceu et al. (2021), and performed on eBOSS data
in Cuceu et al. (2023a). We follow the method of Kirkby et al. (2013)
and employ a template power spectrum, based on P18 cosmology,
that we allow to vary from the measured cosmology by re-scaling
our co-ordinate grid:

’

L=qanrns "j_=QJJ’J_~ (11)

We wish to distinguish between isotropic re-scaling « of the correla-
tion function and anisotropic re-scaling ¢ (AP effect), therefore we
define:

a(2) = Jgjqz and $(z) = qq_|l| (12)
The first step in standard Lye BAO analyses is to take the linear
isotropic input power spectrum from P18, Py (k), and decompose
it into peak (Pieak(k)) and smooth (P}™ (k)) components following
Kirkby et al. (2013). This is possible because the BAO is a dis-
tinct feature in the full correlation function, which also makes the
standard peak-only analysis more robust to systematics affecting the
smooth component. In the full-shape analysis we keep this peak-
smooth decomposition, but introduce scaling parameters a and ¢ for
each component:

g(er I"”) = gp(rJ.,rHaap, ¢p) +§S(r_L3r||,aSs ¢S)7 (13)

nan

where "s" and "p" refer to the smooth and peak components respec-
tively. The peak component is defined in terms of distances and the
sound horizon scale rq as:

dm(2)dp(2)/r3
Wp=3|————— 5. — (14)
[dm(2)dn(2)/r{laa

where dj, is the Hubble distance and "fid" is the fiducial P18 cosmol-
ogy. From this one can constrain the combination of Hyryq and Qp,,
where H is the Hubble constant. Both AP components are equiva-
lent to ¢ = dm(z2)H(z)/[dm(z)H(2)]fq. From this we can directly
measure Qp, and therefore break the degeneracy between Qp, and
Hyrq. A more detailed description of this is given in Cuceu et al.
(2021).

In Cuceu et al. (2023b), it was shown that including the smooth
component AP parameter ¢s doubled the precision of constraints
on Qp. Note that in Cuceu et al. (2023b) and in this work, we
treat @ as a nuisance parameter since it is not clear how to extract
cosmological information from it, and it’s more strongly correlated
with the Lya bias. Finally, while the information gain of including
the smooth-component is substantial, it is also more susceptible to
contaminants, thus motivating us to create the model presented in
this paper.



2.5 Correlation model

The Lya and Lya-quasar cross power spectra are given by linear
perturbation theory, with a Kaiser (Kaiser 1987) model of RSD:

Po(k, i, 2) = b2 (1 + Bapid)* Fm Pr(k, 2), (15)

Px(k, pt. 2) = babg(1+ Bapd) (1 + Bqud) Fsm L, g PL (k. 2),
(16)

where b; are the cosmological biases and 3; are the RSD parameters
for tracer 7 (quasar or Ly« pixel), and yy is the cosine of the k vector
with respect to the line-of-sight direction. The cross-correlation term
FNL,q accounts for quasar peculiar velocities, and is given in Percival
& White (2009):

1
FNLg (k) = 4 /W amn

This produces a smoothing effect at large k), where oy is a free
parameter in our fit. This is a distinct effect from the redshift error
continuum smoothing we model in this paper. We also account for
any systematic quasar redshift errors by introducing a free parameter
to our cross-correlation model: Ary| = 7| true = ||, measured-

Fsm 1s a Gaussian smoothing term that accounts for our log-normal
simulations having limited grid size (~2.4 h~'Mpc). This has two
free parameters (o1, o) which we marginalise over in our analysis.

In the contaminated mock dataset we introduce metal absorption
and HCD contamination. For HCDs, we mask systems with column
density > 2 x 102%cm~2, following the analysis of Adame et al.
(2025a). The remaining HCDs, which in real data are too small
to detect for masking, are biased tracers of large-scale structure.
Following Font-Ribera & Miralda-Escudé (2012), we treat re-write
the Lya bias and RSD parameters as effective combinations of signal
from Lya forest and HCDs:

b’y = ba + bycp exp (—LHCDkn) , (18)

byBa = baPa + bucDBHCD €XP (—LHCDk”) , (19)

where Lycp is the typical length-scale of the unmasked HCDs. In
our fits we marginalise over this and the bias and RSD of the HCD
systems.

In our analysis, we assume all of the absorption within the Ly«
forest is due to the Lye transition. However, in some cases we are
mistaking Lya absorption with absorption from different metals.
This leads to a contamination which we correct for using the same
process outlined in Adame et al. (2025a). In our fits, we marginalise
over a set of bias parameters for 4 metal lines: Silll(1207), Sill(1190),
SilI(1193), and SilI(1260) (section 5).

As mentioned in section 2.2, distortions introduced to ¢ during
continuum fitting lead us to use a "projected" field & (equation 4).
This is designed such that the projected distorted field has the same
distortion as the projected true field. We write the distorted model
(A) in terms of the undistorted model (B) using a "distortion matrix":
éa =24 DaBép. D can be written as:

1
Dap = Wi Z wiw Z ni'njj |» (20)
ijeEA i’j’eB

where 7, = 65,,1 — amn. Here, 5K is the Kronecker delta, and o
is the projection matrix of equation 5. Note for the cross-correlation

5

njj = 1, since there is only one correlating forest. To compute the
auto- and cross-correlation models in our analysis we use the package
Vega®. This is also used to fit cosmological parameters, shown in
section 5.

3 IMPACT OF REDSHIFT ERRORS

In this section we will show the impact of continuum redshift errors
on the measured correlation functions of our mock datasets. Then,
in section 4, we will discuss the origin of this contamination and
propose a model for it.

We use the two synthetic datasets described in section 2.1, both
of which are stacks of 100 DESI DR1 mocks. The "uncontaminated"
set has redshift errors added to the tracer quasar catalogue, emulating
FoGs. The "contaminated" set has errors added to the spectra, emu-
lating pipeline redshift errors. Using this method we isolate the effect
of redshift errors which enter during the continuum fitting process
(section 2.2). We refer to this contamination as continuum redshift
errors, to differentiate it from the effect of FoGs.

We then compute the Ly autocorrelation and its cross-correlation
with quasars using the method outlined in the previous section. For
each of the two sets, we compute the weighted mean and covariance
of the 100 correlation functions. We use these two stacks to model and
fit the effect of continuum redshift errors in our correlation functions
in the following sections. The auto- and cross-correlation functions
from the uncontaminated and contaminated sets are shown in figure
1. These are plotted as a function of the line-of-sight separation,
averaged over the first 4 bins in transverse separation ([0,16] A~ Mpc)
where the effect is strongest. We can also clearly see a peak at ~ 100
h’lMpC, a combination of BAO and SilI(1260) contamination, and
other peaks caused by metal contamination (section 2.5).

The contamination of continuum redshift errors (the difference be-
tween the two datasets) in the auto- and cross-correlations is shown
in figure 2. As discussed in Youles et al. (2022), there is a strong de-
pendence of redshift error distortion in the cross-correlation on the
small-scale quasar autocorrelation, which is significantly weaker for
positive r)| where host quasars of Ly pixels are much further from
the correlating quasars. Therefore, as we see in figure 2, the distortion
from redshift errors is only visible for negative r||. This dependence
on the quasar autocorrelation is also the reason the contamination
becomes negligible at transverse separations r, 220 h~'Mpc. The
behaviour is similar in the Ly autocorrelation, except the depen-
dence is now on the small-scale Lya-quasar cross-correlation. In
section 4, this dependence can be seen explicitly in our model. The
distortions in figure 2 are also localised around specific values of r ).
In section 4.1 we show how this pattern arises due to smoothing of
the mean continuum.

We can see that the continuum redshift errors will contaminate
our full-shape measurement, but also that part of the contamination
overlaps with the fiducial BAO position (~100 h_lMpc). In section
5, we show the effect of this contamination on the set of cosmological
parameters measured from the BAO peak (ap, ¢p) and the broadband
component (¢s, fog) of our correlation functions.

4 MODELLING THE CONTAMINATION

In this section we will outline our model for continuum redshift error
contamination. We start describing the effect of redshift errors on the

5 https://github.com/andreicuceu/vega

MNRAS 000, 1-19 (2025)



6 C. Gordon et al.

30

= N

oy =0km/s
oy =400kny/s

LI N S B I D % L N B B B I

Lya-quasar

Lya-Lya 40.0
—0.5

O\

| IS S I SO N T ST I B

. 1-1.5

200 =150 =100

50 100 150 200

r [Mpc/h]

Figure 1. The effect of continuum redshift errors on the Ly a-quasar cross-correlation (left) and the Ly a-Ly a auto-correlation (right) computed from our mock
datasets. Each dataset is the stack of 100 DESI DR1 mocks. We take the weighted average over the first 4 bins in transverse separation r; ([0,16] h‘lMpc)
where the effect of redshift errors is strongest, and plot as function of line-of-sight separation rj. We only include negative r for the cross-correlation, since as
shown in figure 2 there is no impact at 7 > 0 h~"Mpc. Note that at ~ +60 2~ Mpc we see bumps in the correlations due to Sill(1190/1193) lines.

mean continuum and flux-transmission field (following Youles et al.
(2022)), and carry this through to a full model of the contamination in
the autocorrelation. We also highlight the cross-correlation redshift
error model of Youles et al. (2022).

In Youles et al. (2022), redshift errors were identified to smooth
the mean continuum (equation 2) that is fit during the transmission
field estimation. They subsequently defined a term y(1'F):

é(ﬁrf) »

rfy _
(%) = T

@n

where C is the mean continuum estimate with redshift errors and C
is the true mean continuum. The Ly« forest region of our mock con-
tinua consists of a power law smooth component, superimposed with
many Gaussian emission lines. If quasar redshift errors are randomly
distributed, the mean continuum will be smoothed around emission
lines as shown in figure 3. In appendix B, we write an expanded
version of y (A1), accounting for the fact that the wavelength grid P
for each forest is shifted from the true grid, due to errors in zq.

In the top panel of figure 3, we show a measurement of (')
formed using mean continua from our mock datasets with redshift
errors of 400 kms~! and 0 kms ™. Combining equations 21 and 1 we
get:

501 = 1+6@ (22)
1 +y(art)

Assuming we can ignore second-order terms:

3() = 5(A) =y (™). (23)

Thus the measured autocorrelation function can be written as:

(BS)) = (DS = 2(6()y(AT)) + (y(AT)y(ah)).  (24)

To determine the most dominant term in this equation, we directly
compute (§y) and (yy) using § from mock datasets with no added
redshift errors, and the measured gamma in figure 3. The result is
shown in figure 4, where both terms are plotted over the measured
contamination in the autocorrelation. Clearly, (yy) is negligible.
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Therefore, we only model the contribution of the (§y) term. No-
ticeably, the trough in the correlation difference at ~ 25 h~'Mpc is
not captured by either term. In the following section we discuss the
behaviour of this feature.

4.1 Variation with wavelength

Spurious features in (§y) caused by redshift errors in the Ly« contin-
uum appear at specific separations. These separations (in comoving
distance) are determined by the difference in rest-frame wavelength
between the Ly« line and strong features in y(/lrf):

feature _ €(1+2) ( Afeature _ jar)
T HE  T—

where 7 is the effective redshift of the dataset and H is the Hubble
parameter. In the top panel of figure 3, we highlight key features in
Roman numerals: i at 1174 A, ii at 1187 A, iii at 1205.7 A and iv at
1211.6 A, the latter two of which fall outside of the fiducial rest-frame
limits (1205 A) of our clustering analysis. Using these values in equa-
tion 25 with an effective redshift of 2.3 predicts spurious correlation
features at separations of 99 h~'Mpc, 70 A~ 'Mpc, 26 h~'Mpc and
9p! Mpc respectively. In figure 5, we show the contamination in the
Lya autocorrelation as a function of the upper rest-frame wavelength
limit of the forest. We also include Roman numerals here, indicating
the aforementioned comoving separations, and see clearly that they
align with the strongest spurious correlation features.

Looking specifically at the rest-frame limit of our analysis,
1205 A(red line in figure 5), we see a trough at ~ 25 h~'Mpc. This
roughly overlaps with the feature iii (at 1205.7 A) in figure 3, but is
a trough where we expect a peak (peaks in y produce peaks in €4.q).
Therefore we posit that this trough is instead caused by feature iv
in figure 3, at a rest-frame wavelength of 1211.6 A. This is possible
because quasar redshift errors not only smooth the mean continuum,
but also shift the rest-frame wavelength grid with respect to the truth.
For any forest in our dataset, we apply the upper rest-frame wave-
length limit by converting observed wavelength A into rest-frame,
where A = A /(1 +Zq) for a measured quasar redshift Zq. If Zq > zq,
pixels which have A" > 12054 will fall into the accepted Lya re-
gion. Consequently, values of y (A > 1205 A) will contaminate our
analysis.

(25)
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Figure 2. (Top) difference in the Ly« auto-correlation measured from con-
taminated (with continuum redshift errors) and uncontaminated datasets, as a
function of (r,, r|)). (Bottom) difference in the Ly a-quasar cross-correlation
from contaminated and uncontaminated datasets.

In figure 6, we show (blue dashed line) the result of removing pixels
(for each forest in our correlation measurement) which are in reality
above the Ly« rest-frame wavelength limit, but are accepted into the
sample because of redshift errors. In this case, the trough feature is no
longer visible, and the contamination at small-scales is now roughly
consistent with 0. We have also verified that including pixels that are
in reality below 1205 A, but are excluded due to redshift errors, has
no effect on the shape of the contamination.

In appendix B, we make the shifting of the rest-frame wavelength

grid where we evaluate each ¢ explicit, by expanding C about small
redshift deviations. This produces extra terms that contaminate the
correlation functions, but to 1st order they do not capture the trough
at 25 h~'Mpc in our fiducial analysis. We also try to empirically

7

model the trough feature (equation B8), which works well in a direct
fit (see figure 8), but biases our full-shape analysis.

4.2 Auto-correlation model

To model the (6 (/l)y(/lrf)) term in equation 24, we follow a similar
approach to that used in Youles et al. (2022) to model the (y(art))
term in the Lya-quasar cross-correlation model.

We begin by considering a general expression for the expectation
value of (5y):

(67)a = /_ |4 /_ 1 dyP(8,y[F*)6y (26)

where P(d,7) is the probability of having a particular § and vy, for

separation 74 = {7 .7} between two Lya pixels. This can be

equivalently expressed as:

/lrf,max

(6y)a = / ds / arte(s, sy, 7
-1 /lrf,min

since y is uniquely defined by A'f, and the integration limits are given
by the fact that we only consider pixels within the defined Ly« forest
rest-frame region. We can write the quasar rest-frame wavelength of
any pixel as:

AT =221+ 27/ +9), (28)

where 1¢ is the rest-frame wavelength of the Lya transition, and z¢
is the redshift of a Lya pixel in the Lya forest region of a quasar
with redshift z9. Therefore, for a given /l§f for forest i, we have a

set of possible {z?, zlf’}. Furthermore, for separations r| € A and
pixel redshift z;¥, we have a unique z;.’ in forest j. Thus, we re-write
equation 27 as: A

IS ZQ,max Za,max Q Q A
(57>A=/_1 déjjz- - /Za,min dz7dz§ P(67.25 . 27 |r|)d i
(29)

We can expand this further as:

ZQ,max @, max

a ‘ Q Q
(6y)A 2/ dﬁj/ _ / ) le- dZ?P(ﬁﬂZ;l,Z[ )
-1 z ,min Za/,mm
x P22 [Z)P()8vi, (30)

where we have made the dependence on rﬁ‘ explicit. Expanding the
first term in this equation, we get:

P(z2187,29)P(6;129)
Q
P(z; Iz;’)
P(z2187,29)P(6129)P(z%)
- Q) p(,Q '
P(zj-’lzl. )P(z;7)

P(3jlzf.22) = (3D

(32)

Now we will make some approximations to evaluate the first two
terms in the numerator of this equation - note that the first term in
the denominator cancels with the second term in equation 30. We
begin by writing P(§ j|z;”) ~ P(6;). This is equivalent to ignoring
the redshift evolution of §, normally proportional to (1 +z;.’)’< , which
we find does not change the shape of (dy)4.
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Figure 3. (Top) the mean continuum distortion function y = C/C - 1 as a function of rest-frame wavelength. C (A, 0y) is the mean continuum with redshift
errors oy, as shown in the plot above. Roman numerals mark the location of prevalent features in y, which contaminate our correlation functions. We include
the approximate comoving distance between a quasar at z = 2.3 and pixels in its forest, along the top axis. (Bottom) the Ly @ forest mean continuum (equation
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analysis.
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Figure 4. The difference in the Ly a autocorrelation function between contam-
inated (with continuum redshift errors) and uncontaminated datasets (grey),
overlaid with direct measurements of (§y) (red dashed) and (yy) (blue dot-
ted). We plot only the first », bin where the contamination is strongest.

Next, we express the first term in equation 31 as P(z?|5 s Z;-l ) =

P(z?)(l + 6j§x(?x)), where 7X is the separation between z}’ and
Q

;> and £X is the Lya-quasar cross-correlation. Note that the de-

z
pendence of P(z?ld js z;.’) on z;’ is accounted for by the redshift
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Figure 5. The evolution of continuum redshift error contamination with the
maximum rest-frame wavelength of the Ly forest. The 1205Alimit (red) is
the limit used in the analysis of this paper. We include Roman numerals to
indicate the features in y (figure 3) which correspond to spurious correlations
in this figure.

evolution of the cross-correlation. This is not an analytically derived
expression, but rather an ansatz that produces the expected behaviour
of P(z?lé i zj.’). The definition of £X here is somewhat analogous
to the definition of the quasar autocorrelation as a measure of excess
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Figure 6. Contamination caused by redshift errors (grey), and the same
contamination after removing pixels with true rest-frame wavelength greater
than 1205 A (blue dashed). After removing these pixels the trough feature at
~ 25 h~"Mpc disappears, while the rest of the contamination is unaffected.

probability, £Q = P(Z?k?)/ P(Z?) — 1, but with a modulating §
term. Making the subsequent substitutions into equation 30 gives:

ZQ,max @, max

© z
<67>A=/ d‘sj/ , / _ dz?dz;'P(éj)P(z;.’)P(le)
—1 zQ.min Zz@min J y
x (1+6;65F) 6jvi. (33)

Multiplying the terms in brackets results in two parts (with and
without the cross-correlation). The integration over ¢ is independent
of the other two variables, and since it has mean 0, the part with one
0 term vanishes. In the second term, f_of P(6 j)didé j evaluates to

~ 0.6. We introduce a free amplitude for this model Aggg@, which
will absorb this value, but here we call this factor a 5, and write our

final expression as:

ZQ,max Z(l,max

na=asain [ [T aQag PP
7zQ.min Zz@min

(34)

Qualitatively, we evaluate this model by iterating over correlation
function bins (r_ , il ). For a bin A (width 4 h‘lMpc in our analysis),

we have N bins of zl.Q covering the redshift range of the quasars in the

dataset. This results in an array of NxM pixel redshifts z{* (equation
28), using M bins of rest-frame wavelength in the Ly« forest region
A € [1040, 1205]A). With these values we can compute P(z?)
from our normalised quasar redshift distribution, and the y; term for
each rest-frame wavelength in M. Then, given zlf’ and r| € A, we can
derive z;’ and the vector 7X between z;.’ and z?. Finally, we compute
the probability of z;.* using a normalised pixel redshift distribution,
and evaluate the cross-correlation & (7).

In figure 7, we present the model compared to the difference of
correlation functions with and without redshift errors. To compute
this, we directly measure y(1) from the mock datasets (via equation
21), and input it to equation 34. In theory, one could also use a
measurement of y from mock datasets to fit our model on data.
However, this relies on knowing the amount of redshift error present
in the data, so we opt instead for building a simple model described
in the next section.
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Figure 7. The contamination introduced by continuum redshift errors (blue
shaded) as a function of 7y, for the first (most contaminated) r, bin. The
black dashed line is the contamination model (equation 34), estimated using
a measurement of y (™).

4.3 Modelling y

In real data we cannot directly measure y(/lrf), since we don’t know
the true continuum (without redshift errors). Therefore, we need to
construct a model of y(A'F).

Recalling equation 21, we see y contains thAe ratio of the mean

continuum in the presence of redshift errors (E), to the true mean
continuum (C). Therefore, to construct a model of v, we need a
template quasar continuum and a parameter that controls the amount
of redshift error to input. The continuum template is a convolution of
a set of emission lines and a smooth broadband component. For the
former we use the emission line properties of the composite model
of BOSS spectra DR9 (Harris et al. 2016). We then approximate the
smooth component as flat, motivated by the fact that the majority of
the contamination we observe comes from the smoothing of emission

lines. To produce C from our template C, we need to emulate the
same smoothing. We do this by broadening the emission lines in our
template C (listed in table 1), via a parameter ocont representing the
amount of the velocity dispersion in kms=! ©. The width of each
emission line is then broadened according to:

2
Aine T
N _ 2 line Y cont
Oline = \/0-1]'ne + ( c ) B (35)

where o7, 1s the intrinsic line width, Ay, is the rest-frame wave-
length of the line, and ¢ is the speed of light in kms™!. Note that
since the emission lines are normalised Gaussians, the line ampli-
tudes are o 1/87i5e. With the broadened emission lines we can con-

struct C(A, ocont), and obtain y(1). As mentioned earlier, this is
robust to the choice of smooth component but highly dependent on
the emission line model.

The result of fitting our model directly to the redshift error con-
tamination is shown in figure 8 (using a model for ). We show fits
with the small-scale correction of appendix B (green solid line) and
without (red dashed line), which we see are identical with the ex-
ception of the small-scale trough. In the full analysis (section 5) we
choose not to use the small-scale correction model, to avoid biasing
our results. We are still able to fit our model and recover the true

6 The velocity dispersion here is related to redshift errors.
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Figure 8. Direct fits to the contamination introduced by redshift errors, or the difterence in the contaminated and uncontaminated Ly e autocorrelation, for the
first 4 bins in -, . We plot our model with (+correction) and without (( §) model) the addition of small-scale correction described in appendix B. Note we use
the y(2™) model described in section 4.3 to compute { 57 ), rather than a measurement from mocks. In this plot we show the stack of 100 DESI DR1 mocks,

used throughout this analysis.

input ocopnt Without it, but may fail to capture the full impact of the
trough at ~ 25 h~Mpc. We see that the contamination is well fit at
all scales, and that it drops off quickly with transverse separation.

4.4 Cross-correlation model

In Youles et al. (2022) they introduced a model of continuum redshift
errors for the Lya-quasar cross-correlation. The contamination in this
case is characterised as: (8) = () — (y(2)), where (5) = £X. The
model of y(A)) is then constructed using a similar method to the
one in section 4.2, resulting in:

a=ag [ [ aaredrEde . (36)
where there is now dependence on the quasar autocorrelation .fQ,
rather than the Lya-quasar cross-correlation. To include the Youles
et al. (2022) model in our fits, we use the same y model as in the
autocorrelation (section 4.3). For this we have two free parameters,
Ocont and AZS. Note that in the cross-correlation the model of
Youles et al. (2022) also fails to capture the behaviour of redshift
errors at ~ 25 h~!Mpc, where instead of a trough we now see a
peak (visible in figure 10). However, because we limit our cross-
correlation to scales above 40 h~'Mpc (see section 5), the impact of
this peak is much smaller.
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We ultimately combine both correlation functions in a joint fit,
shown in section 5. This allows us to break degeneracies between
certain nuisance parameters and key parameters like ¢s, as. As ex-
plained in Cuceu et al. (2021), we can also measure the combination
fog from the joint fit. We expect y to be the same for the auto-
and cross-correlations, so we use only one parameter ocont for both.
We have verified that allowing each correlation function to have a
different set of parameters give perfectly consistent results.

5 RESULTS

In this section we will explain our model fitting procedure, and
show the impact of redshift errors on the cosmological parameters
of our full-shape analysis. In particular, we discuss how large this
contamination is with respect to the precision of DESIDR1 and DR2.
We will then present the full-shape fits including the redshift errors
model for the auto- (section 4.2) and cross-correlations (section 4.4).
We show results of fits to these correlations individually, and together
in a joint fit which gives constraints on the combination fog.

5.1 Parameter degeneracies

The RSD parameter of the Ly« forest is given by:



bn,a(z)f(z)
ba(z)

where by, o is the velocity divergence bias of the Lya forest and f
is the logarithmic growth-rate. In practice we must assume a linear
matter power spectrum template (Planck Collaboration et al. 2020),
which has a fixed normalisation proportional to og(z) - the amplitude
of perturbations in 84~ Mpc spheres. In linear theory f and o are
fully degenerate (Percival & White 2009), so we are sensitive to the
combinations by o fog and b 0g. Since by, o is unknown, we treat
B« as a nuisance parameter to marginalise over.

For the cross-correlation, we are sensitive to both the quasar and
Lya RSD and bias parameters. Since for quasars Sq = f/bq, we are
sensitive to {bq0g, by, o f0s,bqoy, fog}. fog is difficult to con-
strain from the cross-correlation alone, since it’s dependent on several
biases (by, a» ba> bq)- But we break these degeneracies by combin-
ing both correlation functions in a joint fit, as the autocorrelation
provides precise measurements of by, o fog and b403.

Ba = (37

5.2 Fits

Following the full-shape analysis of DESI year-1 Lya data (Cuceu
etal.2025a), we restrict the autocorrelationtor € [25, 180] A~ I Mpc,
and cross-correlationto r € [40, 180] h_lMpc. This is a conservative
minimum scale cut designed to limit the impact of increasingly non-
linear scales and systematics (including redshift errors). We highlight
at this point that there are some key differences between the analy-
sis we perform here, and that of Cuceu et al. (2025a). First of all,
as mentioned in section 2, Cuceu et al. (2025a) use two additional
correlation functions measured from Lya absorption in Lyf region
(between 920-1020 A). These are the autocorrelation of Ly absorp-
tion in the Ly region, and its cross-correlation with quasars. We
omit these correlations from our analysis for simplicity, since we
would need to extend our continuum redshift errors model to incor-
porate this new region. We also do not expect redshift errors in the
Lyp region to have a large impact overall, since these correlation
functions have low statistical power relative to the two we analyse
in this paper. Furthermore, in this paper we measure the AP effect
separately on the broadband (¢s) and peak component (¢p) of the
correlation function, as opposed to Cuceu et al. (2025a) who measure
the AP effect across the full correlation function with one parameter
(é¢). We opt for the former to characterise the impact of redshift er-
rors more precisely, but it may result in a larger overall shift. Finally,
we use a Gaussian prior on Lycp, compared to Cuceu et al. (2025a)
who use a wide uniform prior. We do this to make fitting our new
redshift error model parameters easier, but it may also lead to slight
differences in our results.

Since we are only interested in our set of cosmological parameters
{ap, dp, ¢s, fog} and the parameters of the model introduced in this
paper { ocont, Agg}j‘;, AZDSS }, we treat all other parameters as nuisance.
Note that we have not included o5 in our parameters of interest, since
it is not simple to extract cosmological from it.

In the autocorrelation fits, we have 15 free parameters when using
the redshift errors model, and 13 without it. We fix Sgcp and Lycp
to values constrained in the joint fit, and set fog to value of the
fiducial cosmology. For our model (equation 34), we also need the
redshift distributions of Lya pixels and quasars in our dataset, our
gamma model y(A™) and an input cross-correlation function &X.
Ideally, one would use a model (i.e. one that we fit in this analysis),
but for simplicity and to reduce computing time we will use the
measured cross-correlation from our mock dataset (figure 1). This
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is a reasonable approximation since the stack of mocks has very
high signal-to-noise. For the DESI year-1 dataset, as we discuss in
section 6, the cross-correlation is noisy and therefore is a not a good
substitute for a model.

For the cross-correlation we have 16 free parameters with the red-
shift errors model and 14 without. We additionally fit for systematic
redshift errors (Ar|), and smoothing at large k|| due to redshift errors
and peculiar velocities (o). However, we now fix o 7 to the joint fit
value since it is degenerate with ov. For this we also provide a quasar
redshift distribution, the continuum smoothing function y(/lrf) (see
section 4.3) and the quasar autocorrelation fQ (section 4.4). Again
we make a simplification by using a measurement of the quasar
autocorrelation in-place of a model.

The joint fits have have 22 free parameters, combining the auto-
and cross-correlations. Our full list of priors for all free parameters in
the joint fit is given in table Al in appendix A. In most cases we use
a wide uniform prior, except for the HCD length-scale (Lycp) and
RSD parameter (Bycp), which where assign Gaussian priors based
on previous studies (Pérez-Rafols et al. 2018; Adame et al. 2025a).
Our joint fits in both cases have an effective redshift z ~ 2.3. We
compute our full-shape model using the Vega® library, which also
contains a set of analysis tools. For the auto- and cross-correlation
fits, we use the Vega interface for Iminuit, which performs a fast y2
minimisation. For the joint correlations we use the nested sampler
Polychord9(Handley et al. 2015) to sample the posterior space of
our parameters. The latter is slower, but is able to capture any non-
Gaussianity in our posterior space, and gives better error estimates
than a )(2 minimisation.

In figure 9 we present the posteriors of ¢, a, ¢s, fog, from nested
sampler runs on the joint correlation function for both the uncontam-
inated and contaminated datasets. For the latter we include two sets
of contours, for runs including (red dashed) and not including (blue
solid) the redshift errors model presented in this paper. We first note
that the errors on these differences are very small, because we are
analysing the stack of 100 DESI year-1 mocks. Later, when looking
at the full set of results in table 2, we will compare our results to
the precision of DESI DR1 (Cuceu et al. 2025a). We also note that
the uncontaminated contours are slightly shifted from our fiducial
cosmology (Planck Collaboration et al. 2020), but we will not dis-
cuss this here since we are specifically concerned about the impact
of redshift errors (shift from green to blue). In appendix A, we show
the full triangle plot of our joint correlation run, and discuss what
effect our model has on other nuisance parameters. We see that, in
general, the shifts introduced by continuum redshift errors are small
compared to the precision of DESI DRI1. In this paper, we consider
any shift greater than opr;/3 to be significant, in-line with the re-
quirements of Adame et al. (2025a). It should be noted however, that
the shift we refer to here is only due to the impact of continuum
redshift errors. In other words, this shift is not equivalent to a bias
with respect to the fiducial cosmology (dashed crosshairs in figure
9).

From figure 9, we see ¢}, is more affected than ay, but the shift is
still minor. The smooth AP parameter (¢s) is most biased by contin-
uum redshift errors because it depends on the broadband component
of our correlation functions, which is more affected by contaminants
in general. The observed shift may also be smaller because of the con-
servative minimum separations we choose for the auto- (25 A~ Mpc)

7 The line-of-sight smoothing due to limited simulation grid size.
8 https:/github.com/andreicuceu/vega
9 https://github.com/PolyChord/PolyChordLite
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Figure 9. Full-shape posteriors from fits to a stack of 100 DESI DR1 mocks. We compare fit results from an uncontaminated (without redshift errors) dataset
(green shaded), to fits on a contaminated dataset with (red dashed) and without our model (blue solid). Our fiducial cosmology is also indicated with black

dashed crosshairs.

and cross-correlations (40 h‘lMpc). A small but insignificant shift
occurs in the fog posterior, which is also sensitive to the broadband
of the correlation functions.

After introducing our model (red dashed contours), we see an
impact on each of our posteriors. Firstly, we successfully recover the
BAO peak parameters (ap and ¢p) from the uncontaminated case.
This result shows that our model can be used to correct for continuum
redshift errors on BAO measurements, without considering a small-
scale correction (e.g. equation BS).

The shift introduced by continuum redshift errors on ¢g is re-
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duced significantly upon introduction of our model, but still differs
slightly from the uncontaminated case. As discussed in section 4,
our model does not capture the redshift error contamination present
at~ 25 h_lMpc, which is responsible for the remainder of the shift.
The foyg constraint is shifted very marginally further from the un-
contaminated case when using our model, towards the fiducial value
(black dashed crosshairs). Indeed, it seems that all of our posteriors
are shifted marginally towards the fiducial value, which suggests our
new model is capturing some imperfections in the existing model.
However, as we will show in appendix A, our model parameters are



not correlated with the cosmological parameters of interest, thus we
are fitting for some other "nuisance" effect. The shift in foyg is still
small and consistent with the uncontaminated case to within 1-sigma.

In table 2 we show the differences in the cosmological parameters
of our full-shape model, between analyses on uncontaminated and
contaminated mocks. The columns under "+Model" give the same
differences after adding our models of the contamination (section
4) to the full-shape fits. We ignore nuisance parameters constraints,
except those of the model introduced in this paper, which we show
in table 3. As noted earlier, we are analysing the stack of 100 DESI
DR1 mocks with high signal-to-noise. For that reason, we include the
projected precision of the DESI year-1 full-shape analyses on data in
the final column of the table (see Cuceu et al. (2025a)).

The shift on a; (isotropic BAO parameter, equation 14) is never
more than ~ 10% of the DR1 68% confidence level (0.10pgrp).
For ¢p (AP effect on the BAO peak, section 2.4) and the growth-
rate, we also see shifts of ~ 0.1opg; in the joint fit. For each of
the latter 3 parameters, the shifts introduced by redshift errors are
notably consistent with zero to ~ 1o. However, the shift on ¢ is
0.44(+0.13)0pRr1, which is larger than the opgr;/3 criterion we
set earlier. Due to large computing time, errors on these shifts are
estimated from the stack of mocks, rather than the distribution of
shifts across the 100 individual mocks. This approximation is justified
because the shift is systematic in nature, and we are using the same
mock realisations on both sides of the comparison, so the impact of
noise is minimised.

While we have only included DESI DR1 projections, it is im-
portant to note that the relative sizes of the shifts shown here will
increase significantly for the DESI DR2 and future datasets. The DR2
constraints for example should be approximately ~40% tighter than
DRI, making the ¢ shift ~ 0.70pRr». It is also important to stress
that this shift is not a bias with respect to the fiducial cosmology,
rather it characterises the impact of a single contaminant. It may be
the case that parametrising the AP effect over the full correlation
function instead of the peak and broadband components separately,
as is done in Cuceu et al. (2025a), reduces the impact of redshift
erTors.

The next 3 columns (+ model) show the same differences as the
first 3, but including the continuum redshift errors model. For the
peak component parameters (ap, ¢p), our model is very successful
in removing the bias for all 3 fit cases. For ¢s, our model successfully
reduces the bias in the joint case to 0.19(+0.13)opRr1, now consistent
with zero to 1.5¢. Our model has almost no impact on foyg, but the
shift is small ~ 0.1opgr; and consistent with zero to ~1o. The
parameter values of our model constrained in the analysis are shown
in the section below.

As previously mentioned, we have a single set of parameters con-
trolling the shape of y: ocont, A4 (autocorrelation amplitude) and

cont
ACTO%S (cross-correlation amplitude), which have values given in ta-

blceon3t. In each case we are able to recover the input redshift error
(400 kms™1) to within a 1o confidence interval, and have strong de-
tections of the other 3 parameters. The cross-correlation amplitude
parameter is consistent between the cross and joint cases; however,
this is not true for the auto-correlation amplitude. The tension be-
tween the auto and joint cases may reflect the incompleteness of the
model at small-scales. For each of these parameters we apply wide
uniform priors, shown in table Al with the rest of the parameters in
the joint fit.

The y? probabilities of the analyses both with and without our
model are very low. This is expected, since we are fitting an extremely
high signal-to-noise dataset with a linear theory model (section 2.5)
that is suboptimal. Furthermore, it has been shown in Cuceu et al.
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(2025a) that our model is suitable for at least the level of precision of
DESI DR1. We see a large improvement in y2 value when using our
model in the autocorrelation (A )(2 = 655, 1564 bins, 15 parameters),
the cross-correlation (A XZ =726, 3030 bins, 16 parameters) and the
joint (A ,\(2 =970, 4594 bins, 22 parameters) correlation runs.

6 DISCUSSION

In the previous section, we showed and discussed the results of fits to
synthetic data sets with the model introduced in this paper. In section
6.1 we will discuss the application of this model to real data, and
highlight potential differences with the synthetic datasets we use. We
will also show in section 6.2, that the effect of continuum redshift
errors can be mitigated by removing pairs where the quasar auto-
correlation (for contamination in the Lya-quasar cross-correlation)
or the Lya-quasar cross-correlation (for contamination in the Lya
autocorrelation) is large.

6.1 Contamination on real data

In Youles et al. (2022), they found a strong dependence of (y)
on small-scale quasar clustering. Likewise, we verify that (§y) has
strong dependence on the small-scale cross-correlation function. This
is discussed further in section 6.2. We also find that the quasar clus-
tering in our lognormal mocks deviates more from linear theory
at small-scales than more realistic n-body simulations (see figure 6
of Youles et al. (2022)), which is likely to increase the amount of
contamination relative to real data.

As mentioned in section 5.2, we use a measurement of the cross-
correlation in our () model, and a measurement of the quasar
autocorrelation in (y). For our mock datasets, where we have high
signal-to-noise these measurements are smooth, and are a better
alternative to using a model of the respective correlation functions.
However, in e.g. DESI DR1, our correlations are relatively noisy
and, in the case of £X, and are themselves affected by redshift errors.
It is also important to note that because of our strong dependence
on small-scale clustering, using a linear model of £X in equation
34 (or ¢Q in equation 36) would likely be a bad approximation. For
these reasons, we choose to leave a full analysis on data for future
work where we have a higher signal-to-noise data set, or a cross-
correlation (and quasar autocorrelation) model that is realistic at
small-scales. At the level of precision of DESI DR1, our model is
also not yet necessary to perform an un-biased analysis (i.e. Cuceu
et al. (2025a)).

Another contributing factor in our analysis realism is our syn-
thetic spectra, or specifically the quasar continua that we use. As we
discussed in section 2, we generate quasar spectral templates using
convolutions of power law smooth components, and emission lines
(table 1) from the composite spectrum of BOSS quasars (McGreer
et al. 2021; Harris et al. 2016). We sample from a Gaussian dis-
tribution of power law slopes, tuned to have mean and scatter that
better reflected the eBOSS DR16 dataset (du Mas des Bourboux
et al. 2020). Likewise, for the Ly forest emission lines we sample
from a Gaussian distribution of EWs, tuned on BOSS DR9Y data. The
distribution of emission line EWs is particularly important for our
study, since the dominant contribution to the contamination is around
the positions of these. If, for example, the mean EW in our spectra
was higher than in e.g. DESI DR1, we would observe a higher level
of contamination. Also, since the scales of the spurious correlation
features are directly related to the rest-frame wavelength of the emis-
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Contaminated fit + Model oyl
Parameter .. ..
auto Cross joint auto Cross joint
103A(tp 0.1+14 1+12 08+10 -02+14 003+12 -0.1+09 11
103A¢, 8+5  4x4  4x3 S5+£5 1+4 07+3 38
103A g 4+24 10+4 Tx2 3+24 10+3 3+2 16
102Af og 05+05 - - 0.6 +0.5 6.2

Table 2. Differences in parameter constraints on fits to mocks with and without redshift errors. We fit a stack of 100 DESI DR1 contaminated mocks, without
(Contaminated fit) and with (+ Model) our continuum redshift errors model, and measure the shift with respect to the uncontaminated set. The last column
shows the projected errors (68% confidence interval) on the same parameters for the joint constraints from DESI DR1 dataset. Note that the values presented
here are shifts introduced solely by continuum redshift errors, not the bias with respect to the fiducial cosmology.

Parameter auto
Oeonc[kms™!] 401 =19
A‘;“‘" -6.6 + 0.4

Cross
A7

Cross joint
406 + 11 411 + 18
- -89+04
-6.2+03 -5.8=+0.2

Table 3. Constraints on free parameters of the model we introduce to capture continuum redshift errors (section 4), from a fit to a stack of 100 DESI
DRI contaminated mocks. We show the constraints (section 4) for the auto-, cross- and joint correlations separately. The input amount of redshift error was

o = 400kms™! , which we recover to within 1o in the each case.

sion lines in our Ly« forests (see section 4.1), we are sensitive to the
relative strength of individual lines.

The way we introduce redshift errors into our spectra should also
reflect the magnitude and nature of redshift errors in real data. How-
ever, this is difficult to emulate because there are several ways in
which redshift errors are produced. We add errors drawn from a
Gaussian with dispersion o = 400 kms ™! to each quasar in our sam-
ple, representing errors which might occur in our redshift estimation
pipeline Redrock. However, as mentioned in section 1, it is also
typical for emission lines to shift away from the systemic redshift
of the quasar. The level of shift depends on the emission line, but is
larger in general for broad, high-ionisation lines like CIV, SiIV and
CIII. Therefore, the level of error depends on the set of lines being
used to estimate the quasar redshift. There has been progress made
in this area recently, with work on improving spectral templates in
DESI (Bault et al. 2025; Brodzeller et al. 2023).

There is further complication due to the fact that the contaminating
lines within the Ly forest are high-ionisation. If these are strongly
correlated with the high-ionisation lines used to estimate quasar red-
shift, then there would be little impact on the mean continuum. The
latter point requires further studies like the one of Shen et al. (2016);
Bault et al. (2025); Brodzeller et al. (2023), but is difficult in practice
because Ly« forest lines are less prominent, and visible at a higher
redshift (z > 2.1). One could improve the way we add redshift errors
to mocks using these studies to input typical relative line shifts into
our spectra, and use a redshift estimator (i.e. Redrock) to estimate
our redshifts.

6.2 Mitigating contamination in real data

Youles et al. (2022) identified that the level of redshift error contam-
ination in the cross-correlation between Lya and quasars, depends
on the correlation between the host quasar of the forest and the
correlating quasar. This correlation is larger for neighbouring pairs
of quasars, and avoiding these configurations significantly reduces
the contamination. Here we extend this further by explicitly remov-
ing Lya-quasar pairs where the forest host-quasar and correlating
quasar are separated by less than a given separation. The situation
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is similar for the Lya autocorrelation, except that, as we showed in
section 4.2, the contamination is now dependent on the Lya-quasar
cross-correlation.

The result of removing contributions to our model from pairs
where the host quasar of a Lya pixel and the correlating quasar
are separated by less than rg, is shown in figure 10 (bottom). We
choose two cuts at 52~ 'Mpc and 10 s~ Mpc, which removes only
~ 0.1 = 0.3% of our total number of pairs, but ~ 10% in the first 5
transverse bins (up to r; ~ 20 h~'Mpc). From figure 10, we see that
by 10 A~ !Mpc, the contamination is effectively negligible.

In the top panel of figure 10 we show an analogous test with
the contamination in the Ly« autocorrelation. Here we remove pairs
where the host quasar of one forest is separated from the correlating
pixel in the other forest by less than rx = 5, 10 2~ "Mpc. In this case,
we see a similar same level of success in removing the contamination.
The fraction of correlating pairs that is removed in this test is also
sub-percent level overall, but ~ 10% in the most line-of-sight bins.

These tests were undertaken in Casas et al. (2025); DESI Col-
laboration et al. (2025a) and shown to have very little impact on the
precision of BAO constraints, where the most line-of-sight bins are at
much smaller separation than the BAO feature. However, there was a
significant impact on the Ly« bias, which may suggest this approach
is not suitable for full-shape analyses. We leave this to be studied in
future work, as a possible alternative to the model we present in this

paper.

7 SUMMARY

Random errors in our quasar redshift measurements smooth the mean
continuum used to estimate the Lya flux transmission field. This
smoothing gives rise to spurious features across the length of the Lya
forest, which in-turn distort the full-shape of the Ly autocorrelation
and its cross-correlation with quasars.

In this paper we presented a model of these spurious correlations
for the Ly autocorrelation function, building upon work in Youles
et al. (2022), where they presented an equivalent model for the Lya-
quasar cross-correlation. We then created a model for the distortion
as a function of rest-frame wavelength (y(/lrf, Ocont)), and introduced
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Figure 10. (Top) the contamination in the Ly & autocorrelation introduced by
redshift continuum errors and our model of it (black solid). Also plotted is the
same model evaluated only for separations rx greater than 5k~ 'Mpc (blue
dashed) and 10 2~ "Mpc (green dotted), where rx is the separation between
one pixel and the host quasar of the other pixel. (Bottom) continuum redshift
errors contamination in the Ly a-quasar cross-correlation, over-plotted with
the model of the same contamination. The model is evaluated with the same
cuts as the autocorrelation, but with 7y now referring to the separation between
a correlating quasar and the host quasar of the correlating Ly « forest pixel.
In both cases we have used the small-scale correction of appendix B.

three new parameters to our standard full-shape model. These control
the amount of smoothing introduced by redshift errors (ocont), and
the amplitude of the effect in the auto- (A%‘,“to) and cross-correlation
functions (Afymss).

We show using a high signal-to-noise synthetic dataset that con-
tinuum redshift errors shift the measurements of the growth rate
(fog), isotropic BAO parameter (ap), anisotropic BAO parameter
(¢p) and anisotropic broadband parameter (¢s) to varying degrees,
with respect to a dataset which does not contain redshift errors. At
the level of precision of DESI DRI, this shift is relatively minor in
the first 3 parameters (~10%). However, we find that ¢ is shifted
from the uncontaminated dataset (without redshift errors) value by
0.44(+0.13)opRr1, where opR is projected the 68% confidence re-
gion of the DESI DR1 constraint. Note that this relative shift will
increase as analyses on future datasets (e.g. DESI DR2) improve the
constraining power on these parameters. We demonstrated that our
model reduces the shift introduced to ¢s by ~ 60%, and completely
removes any shift on @p and ¢,. We also recover to within 1o the
input dispersion of the Gaussian distribution of redshift errors we add
(400kms™1), and strongly detect each of the amplitude parameters
of the model.

On real data, one should use models of the Lya-quasar cross-
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correlation and the quasar autocorrelation as inputs for the redshift
errors model in the autocorrelation ((d7y)) and the cross-correlation
({y)) respectively. This is because measurements of these functions
are noisy compared to the high signal-to-noise stack of mocks we
used throughout this work. We also show that continuum redshift
error contamination could be mitigated in real data by removing
pairs in the cross-correlation where the quasar autocorrelation is
strongest, and removing pairs in the autocorrelation where the cross-
correlation is strongest. In section 6.2, we showed that removing
pairs where rq, rx'9< 10 h~'Mpc is enough to make (y) and (6y)
negligible. This corresponds to ~ 0.3% of total correlating pairs,
but ~ 10% of the most line-of-sight (up to r, ~ 20 A~ Mpc) pairs,
meaning this cut may be suitable for removing the effect of redshift
errors on BAO constraints, but not for full-shape analyses.
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APPENDIX A: FULL MODEL RESULTS

In section 5 we showed the posteriors of our set of cosmological
parameters from nested sampler runs, for three different cases: un-
contaminated (no redshift continuum errors, baseline model), con-
taminated (baseline model) and contaminated (baseline + redshift
errors model). We showed that the model introduced in this paper
(see section 4) successfully removed the effect of continuum red-
shift errors on the BAO peak parameters (¢p,ap). It also removes the
majority of the shift on ¢, but has little impact on foy.

In table A1, we show the priors on parameters in the joint fit. In
the first section, we show the cosmological parameters of interest,
and in the second we show the nuisance parameters of the baseline
model. In the final section, we show the parameters introduced in this
paper to capture the effect of continuum redshift errors. For most of
the parameters, we choose conservative uniform priors, except in the
case of Sycp and Lycp, where we follow Adame et al. (2025a) and
place more informative priors based on HCD studies to improve the
performance of the sampler. The priors placed on parameters in our
model are physically motivated, i.e. we can’t have negative velocity
dispersions, or positive values for the amplitude of the effect (see
section 4). The value of o¢ont directly reflects the size of the redshift
errors in our dataset, meaning the upper bound of 2000 kms™ ! would
be very extreme.

In figure Al, we show the triangle plot of posteriors for each
parameter in our sample runs. Looking first at the parameters intro-
duced in this paper (A, Agg;‘;, Ocont), We see that they are mostly
uncorrelated with all of the other parameters. There is a correlation
between ocont and the amplitude parameters (AZ:S, Aggg{), due to
the fact that broadening the (Gaussian) emission line profiles in the
Lya forest also reduces their amplitude. We can also see that while
our model successfully reduces the bias on the key cosmological
parameters, it often fails to recover the value of other nuisance pa-
rameters in the uncontaminated case, and in one case (bsjyi(1206)) 1S
significantly more discrepant than the fit to the contaminated dataset
without our model. One of the main reasons for both of these is-
sues is the large parameter space with, in some cases, high levels of
degeneracy. These differences in nuisance parameters result in the
very marginal over-fitting we see in figure 9, but really only serve to
indicate that there are some systematic signals that we do not account
for with our previous baseline.

APPENDIX B: MEAN CONTINUUM EXPANSION

For a forest of a given quasar q, the delta field is evaluated at A in the
observed frame. The mean continuum C is a function of rest-frame,
which we can write as a function of 4 and zq as:
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Figure A1l. Posteriors of all free parameters in our sampler runs on the joint auto+cross correlation function, measured from a stack of 100 DESI DR1 mocks.
The uncontaminated (without continuum redshift errors) run is shown in green, and the contaminated runs with and without the redshift errors model are shown
in dark red and blue respectively. We exclude the smoothing parameters o7 and o, since they marginalise the effect of grid size in our simulated data sets, and

are not relevant to real data.

1+6(2) = = A (BI)

C(+)(aq +bgh)

1+24

where A is a function of logA given in equation 2, and C is the
measured mean continuum in the presence of redshift errors. We can
see from this equation that ¢ will be contaminated by the smoothed

C, but also that the conversion from 1™ to 1 will be incorrect, given

we measure a quasar redshift that has some error, Zq = zq + €. We
can therefore expand the mean continuum about the true redshift as:

e d’C

SN 2 dé
CAH=Cc +e=—= +

+ B2
qu 2 dzé ( )

Now, we re-write the differential with redshift as:

MNRAS 000, 1-19 (2025)
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Parameter Prior
a, ¢* U[0.01,2]
fos U[0,2]
bao Ur-2, 0]
Ba Uupo, 51
bq U, 10]
Oy Uuro, 15]
Ar UL-3, 3]
bucp U[-0.2,0]
Brcp NI10.5, 0.09]
Lycp N[5, 1]
bsin(ii90)  U[-0.02, 0.02]
bsin(i193y  U[-0.02, 0.02]
bsim(i207y  U[-0.02,0.02]
bsim1260) ~ U[-0.02,0.02]
) Uro, 10]
oL Uio, 10]
Ocont UI0, 2e3]
Aot U[-50,0]
ACrOSS (Ll[—S0,0]

cont

Table Al. Priors on free parameters used in the joint fits to our stack of 100
DESI DRI contaminated mocks. *Recall that there are two « and two ¢
parameters, corresponding to the BAO peak and broadband of the correlation
function.

dc _daxtac  at dc
qu - qu dﬂrf - 1+ 2q d/lrf.
Substituting equations B2 and B3 into equation 21, we can derive a
new expression for our measured transmission field Sq:

(B3)

5q=0q -7 +7z (B4)

where as usual we ignore 2nd order terms, and

B Ate dé
E(l + Zq) art’

Now, as we did in section 4, we propagate our expression for our
measured delta through to the cross- and autocorrelation functions:

Yz (B5)

() = (8) = () + (¥2) (B6)
(66) = (86) = 2(0y) + 2(y2) — 2(yy2) + Yy} + (Yz¥2)- (B7)

Modelling the additional terms analytically may prove to be difficult,
but as we did for figure 4, we can use mock datasets to measure each
term in equation B6. In figure B1, From this measurement, we see
that only (67y,) is non-negligible, and that this is roughly constant
across r| for the usual range of 7, (< 20 h~"Mpc). An explanation
for the trough feature ~ 25 h_lMpc is therefore still required, where
perhaps higher-order terms cannot be ignored.

B1 Small-scale contamination model

Here, we try to model the 25 h_lMpc contaminating trough feature
of our fiducial analysis (see e.g. figure 4) empirically. We do this by
adding an extra term to the original y function (equation 21):

aj

P ——— B8
(/lrf _/1r1t)2 (B8)

'Y(/lrf) = %(/lrf’ Ocont) +
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Figure B1. Contaminating terms in the Lya autocorrelation, due to rest-
frame wavelength grids shifts in the presence of quasar redshift errors. y, is
defined in equation BS, and is the result of expanding the measured mean
continuum C about small redshift errors e. The contamination in the first
transverse bin is shown in grey, as a function of line-of-sight separation (ry).

where the function is offset by /lﬁf =1207.6 A, and ¥y is the function
we model in the previous section. This value was constrained in
a direct fit to the difference in the Lya autocorrelation with and
without continuum redshift errors, together with a;, the redshift
error parameter (Ocont, section 4.2) and a free amplitude. Note this
function diverges for A" = /lrlf = 1207.6 A, but this is not an issue

since in our analysis we always have A'f < /lrlf.

We show in figure 8 that in a direct fit to the redshift error contam-
ination, our additional correction captures the trough feature very
well. However, when performing a full-shape fit to our auto- and
cross-correlations we find that a; takes much larger than expected
values !, This consequently biased our measurements of ¢s, so it
was decided to proceed for now without the additional correction.

AFFILIATIONS

Unstitut de Fisica d’Altes Energies (IFAE), The Barcelona Institute
of Science and Technology, Edifici Cn, Campus UAB, 08193,
Bellaterra (Barcelona), Spain

2Lawrence Berkeley National Laboratory, 1 Cyclotron Road,
Berkeley, CA 94720, USA

3nstitut d’Astrophysique de Paris. 98 bis boulevard Arago. 75014
Paris, France

4IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette,
France

5Department of Physics, Boston University, 590 Commonwealth
Avenue, Boston, MA 02215 USA

6Dipartimento di Fisica “Aldo Pontremoli”, Universita degli Studi
di Milano, Via Celoria 16, I-20133 Milano, Italy
TINAF-Osservatorio Astronomico di Brera, Via Brera 28, 20122
Milano, Italy

8Department of Physics & Astronomy, University College London,
Gower Street, London, WC1E 6BT, UK

9Institute for Computational Cosmology, Department of Physics,
Durham University, South Road, Durham DH1 3LE, UK

01ngtituto de Fisica, Universidad Nacional Auténoma de México,
Circuito de la Investigacion Cientifica, Ciudad Universitaria, Cd. de

11 Our expected value of a; is computed in a direct fit to the contamination,
where the only free parameters are ocont, Acont and aj.



México C. P. 04510, México

11Department of Astronomy & Astrophysics, University of Toronto,
Toronto, ON M5S 3H4, Canada

12Df:partment of Physics & Astronomy and Pittsburgh Particle
Physics, Astrophysics, and Cosmology Center (PITT PACC),
University of Pittsburgh, 3941 O’Hara Street, Pittsburgh, PA 15260,
USA

3Departamento de Fisica, Universidad de los Andes, Cra. 1 No.
18A-10, Edificio Ip, CP 111711, Bogota, Colombia

14Opservatorio Astronomico, Universidad de los Andes, Cra. 1 No.
18A-10, Edificio H, CP 111711 Bogota, Colombia

Binstitut d’Estudis Espacials de Catalunya (IEEC), ¢/ Esteve
Terradas 1, Edifici RDIT, Campus PMT-UPC, 08860 Castelldefels,
Spain

161pstitute of Cosmology and Gravitation, University of Portsmouth,
Dennis Sciama Building, Portsmouth, PO1 3FX, UK

Mpstitute of Space Sciences, ICE-CSIC, Campus UAB, Carrer de
Can Magrans s/n, 08913 Bellaterra, Barcelona, Spain

18Fermi National Accelerator Laboratory, PO Box 500, Batavia, IL
60510, USA

19Center for Cosmology and AstroParticle Physics, The Ohio State
University, 191 West Woodruff Avenue, Columbus, OH 43210, USA
20Departrnent of Physics, The Ohio State University, 191 West
Woodruff Avenue, Columbus, OH 43210, USA

21The Ohio State University, Columbus, 43210 OH, USA
22De:pamrnent of Physics, The University of Texas at Dallas, 800 W.
Campbell Rd., Richardson, TX 75080, USA

Z3Department of Physics, Southern Methodist University, 3215
Daniel Avenue, Dallas, TX 75275, USA

Z4Department of Physics and Astronomy, University of California,
Irvine, 92697, USA

25Sorbonne Université, CNRS/IN2P3, Laboratoire de Physique
Nucléaire et de Hautes Energies (LPNHE), FR-75005 Paris, France
26Departament de Fisica, Serra Hnter, Universitat Autonoma de
Barcelona, 08193 Bellaterra (Barcelona), Spain

ZTDepartment of Astronomy, The Ohio State University, 4055
McPherson Laboratory, 140 W 18th Avenue, Columbus, OH 43210,
USA

Z8Ynstitucié Catalana de Recerca i Estudis Avancats, Passeig de
Lluis Companys, 23, 08010 Barcelona, Spain

29Department of Physics and Astronomy, Siena College, 515
Loudon Road, Loudonville, NY 12211, USA

30pepartamento de Fisica, DCI-Campus Leén, Universidad de
Guanajuato, Loma del Bosque 103, Ledn, Guanajuato C. P. 37150,
México

3nstituto Avanzado de Cosmologia A. C., San Marcos 11 - Atenas
202. Magdalena Contreras. Ciudad de México C. P. 10720, México
32Department of Physics and Astronomy, University of Waterloo,
200 University Ave W, Waterloo, ON N2L 3G1, Canada
33perimeter Institute for Theoretical Physics, 31 Caroline St. North,
Waterloo, ON N2L 2Y5, Canada

34Waterloo Centre for Astrophysics, University of Waterloo, 200
University Ave W, Waterloo, ON N2L 3G1, Canada

3Snstituto de Astrofisica de Andalucia (CSIC), Glorieta de la
Astronomia, s/n, E-18008 Granada, Spain

36Departament de Fisica, EEBE, Universitat Politecnica de
Catalunya, c/Eduard Maristany 10, 08930 Barcelona, Spain
37Department of Physics and Astronomy, Sejong University, 209
Neungdong-ro, Gwangjin-gu, Seoul 05006, Republic of Korea
38CIEMAT, Avenida Complutense 40, E-28040 Madrid, Spain
3Department of Physics, University of Michigan, 450 Church
Street, Ann Arbor, MI 48109, USA

19

40University of Michigan, 500 S. State Street, Ann Arbor, MI 48109,
USA

41Department of Physics & Astronomy, Ohio University, 139
University Terrace, Athens, OH 45701, USA

4ZNSF NOIRLab, 950 N. Cherry Ave., Tucson, AZ 85719, USA
43National Astronomical Observatories, Chinese Academy of
Sciences, A20 Datun Road, Chaoyang District, Beijing, 100101,
P. R. China

This paper has been typeset from a TEX/I&TEX file prepared by the author.

MNRAS 000, 1-19 (2025)



	Introduction
	Method
	Data sets
	Continuum fitting
	Correlation functions
	BAO and full-shape information
	Correlation model

	Impact of redshift errors
	Modelling the contamination
	Variation with wavelength
	Auto-correlation model
	Modelling 
	Cross-correlation model

	Results
	Parameter degeneracies
	Fits

	Discussion
	Contamination on real data
	Mitigating contamination in real data

	Summary
	Full model results
	Mean continuum expansion
	Small-scale contamination model


