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ABSTRACT

Since the early 2000s, ground- and space-based cosmological surveys have pro-
duced increasingly detailed 3D maps of galaxies to study the energy content and
expansion history of the Universe. Clustering measurements of galaxies in the late-
time Universe reveal signatures of Baryon Acoustic Oscillations (BAO)—fluctuations
in matter caused by sound waves propagating through the pre-recombination
plasma. The maximum distance travelled by these waves at recombination defines
the sound horizon (74), which manifests as a peak in the galaxy correlation func-
tion. By measuring this scale across redshifts, surveys such as the Dark Energy
Spectroscopic Instrument (DESI) constrain the expansion history and probe the
nature of dark energy (DESI Collaboration et al., 2025¢).

Around the same time, the Lyman-a (Lya) forest emerged as a tracer of the
matter density field. These are a series of absorption lines in the spectra of quasars
1, formed when light from these objects at the Lya wavelength (~ 1216 A), is
absorbed by neutral hydrogen in the Intergalactic Medium (IGM). Because quasars
are relatively bright objects, the Lya forest can be measured at relatively high
redshift (z ~ 2 —4), making BAO measurements from it extremely complementary
to the lower redshift galaxy measurements. In chapter 5, I present the first
clustering measurements in the Lya forest from early DESI data, comparing them
to earlier measurements from the Extended Baryon Oscillation Spectroscopic
Survey (eBOSS) - the previous benchmark. We also discuss any changes to
analysis and data processing techniques that have improved upon eBOSS.

Beyond BAO, cosmological information resides in the full shape of the galaxy
and Lya correlation functions. These analyses can utilise Redshift-Space Distor-
tions (RSD) — the warping of clustering in redshift space due to peculiar motions
of tracers — or the Alcock-Paczyniski (AP) effect, which measures anisotropies in

clustering. The former can also be used to measure cosmic growth, as peculiar

IThese are also visible in galaxies, but have primarily been observed up until now in quasars.



motions are a direct consequence of it. While full-shape measurements enhance
our cosmological constraining power, they are also more sensitive to systematics.
In chapter 6, I present work that addresses the effect of one such systematic -
quasar redshift errors. Using synthetic datasets from the DESI survey, we create
and apply a new model of this effect to our full-shape measurements, which we
show to de-bias a key set of parameters used for cosmological inference.

After the DESI survey has finished, it will be succeeded by DESI-II. This will
build on the DESI survey, by observing a larger number of galaxies and quasars,
to even greater depth (in a partially overlapping footprint). This includes a high-
redshift survey up to z ~ 4, which will increase the target density of quasars from
60 to 100 deg™? (with respect to DESI), and observe two new tracer types: Lyman
break galaxies (LBGs) and Lyman-« emitters (LAE). Both of these galaxy types will
be observed to high density, ~ 1000 deg~2, and LBGs additionally contain visible
Lya forests which can be used for cosmology. In chapter 7, I detail a set of DESI-II
forecasts, which emulate the conditions and target selection of the survey. We
forecast a full set of BAO measurements from LBGs, LAEs and quasars, including
cross-correlations between the tracers and their forests. Our cross-correlation of
LBGs/LAEs with quasars Ly« forests for example, will take advantage of the high
signal-to-noise of the latter, and the high target density of former.
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Flux in the Lyman-a forest of a quasar at z = 2.5, as a function of
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Observed galaxies and quasars from the first year of DESI data, known
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1

THE COSMOLOGICAL BACKGROUND

Cosmology is the study of the Universe: its origins, its expansion history and its
evolution. Modern cosmology is built upon the principle that matter is homoge-
neously and isotropically distributed at large enough scales. The theory of General
Relativity (GR; Einstein, 1915), developed by Einstein in the early 20th century,
is a framework used to describe the behaviour of matter and radiation at large
distances, linking the underlying geometry of the Universe to the energy densities
of its constituent parts.

In this chapter, we will introduce the tools necessary to understand the cos-
mological background. These include the metric, which gives invariant distances
between two points in a curved spacetime, and Einstein’s field equations, which
connect spacetime with the energy and momentum contained within it. We will
then go on to derive a set of equations governing an expanding Universe, under
a perfect fluid assumption. Finally, we will discuss distance measurements in
an expanding Universe, as well as the concept of redshift. The formation of the
complex structure that we observe today, caused by quantum perturbations in the
early Universe, will be explored in the chapter following this one.

1.1 Spacetime

The theory of GR is founded upon several key postulates. The first is the Weak
Equivalence Principle (WEP), the statement that particles accelerate at the same
rate under the influence of a gravitational field, or that inertial and gravitational
mass are the same. This was first experimentally observed by Galileo, and was later
incorporated into Newton’s theory of gravitation. Expanding upon this, Einstein
noted that the laws of physics are the same whether observed in a reference frame
in a constant gravitational field, or an accelerating reference frame. This expansion

of WEP (known as the Einstein Equivalence Principle, or EEP) is consistent with
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Special Relativity, and implies both local Lorentz invariance and local positional
invariance. Noting then that the effect of gravity can be eliminated by switching
to a free falling frame, Einstein had a famous realisation: that gravity was not a
force acting within spacetime, but rather a consequence of spacetime itself.

To encapsulate this idea mathematically, we introduce the metric. The metric
is a tensor that relates coordinate distance to proper distance, for any spacetime.
The metric also encodes the effect of gravity, and allows one to derive the motion
of particles as a consequence of spatial curvature. The invariant interval ds? is

defined using the metric, as:

ds? = Suvdxtdx”. (1.1)

Here g, is the metric tensor, and dx is an infinitesimal interval for u,v =
{0,1,2,3}, where 0 is the time-like coordinate and 1 to 3 are spatial coordinates
1. For any coordinate system in any spacetime, the metric g preserves ds?. For

example, Special Relativity is described by the Minkowski metric:

100 0
010 0

v = 1.2

=g 01 0 (12)
0 00 1

7

where we are using the "mostly positive" convention, with a negative time com-
ponent and positive spatial components. We can then write the invariant interval

as:
ds? = —cdt® + Z dxf (1.3)

If ds? < 0, the interval is said to be time-like, where two events are separated
by more time than space, implying it is possible to find a frame where the two
events occur in the same place. If ds? > 0, the interval is space-like, and cannot
be traversed by an object moving at v < ¢, where c is the speed of light. It also
represents the interval between two events that occur at the same time, but cannot
be causally connected. Finally, ds? = 0 is a "light-like" interval, that can only be

travelled by massless particles travelling at c.

Note that we are using Einstein summation convention to implicitly sum over repeated indices.
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1.1.1 Geodesics and Christoffel symbols

In Newtonian physics, a particle travels in a straight line unless acted upon by
external forces, like gravity. In curved spaces, a straight line is generalised to the
geodesic, the shortest path between two points. In GR, spacetime curvature is a
result of gravity, so the geodesic is the shortest path between two points for any
particle in the absence of forces other than gravity.

Mathematically, we want to generalise d2x/dt?> = 0 in Newtonian physics, to
other more complex spacetimes and coordinate systems. To begin, we transform

between coordinate systems x and x’, by writing:
dx!  ox' dxi
dt — ox dt’

Taking the time derivative of both sides of this equation results in the geodesic

(1.4)

equation:

d?xt_, dxd dxk
vz ey = 49
where we have replaced time with A, representing any choice of evolution. We

have also introduced the Christoffel symbol, which can be written in terms of the

metric as?:

i 8" [98ii L 98k Ik
k2 1 oxk T o9xi oxl |

Using only equations 1.5 and 1.6, we could calculate how a massless or massive

(1.6)

particle moves in a flat expanding Universe described by the FLRW metric.

1.1.2 Einstein’s field equations

The geometry of the Universe is connected to the energy-momentum tensor (section

1.3) through FEinstein’s field equations:

1
RI — 2R + AgH” = 8nG Ty, (1.7)

The terms on the left hand side are completely defined in terms of the metric,
where RV is the Ricci tensor and R is the Ricci scalar, a contraction of the Ricci
tensor and the metric (R = g,,,R""). The Ricci tensor itself is defined purely by the
metric and its derivates:

RMY =T%,  =T%, , +T5 I — T4, (1.8)

2This can also be written in terms of coordinates, but it’s usually less convenient.

3
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recalling the definition of the Christoffel symbol (equation 1.6), and T, , =
8Fﬁv /6x“. Note that the cosmological constant (A) term can also be included on
the right-hand side, where it is effectively the energy-momentum tensor of the
vacuum, with form:

uv A

= ow
T = “5g8" (1.9)

1.2 An expanding Universe

In 1927, Georges Lemaitre found a linear relationship between the distance of other
galaxies, and their recessional velocity. This experimentally supported the notion
of an expanding Universe, which had been a solution derived from Einstein’s
field equations by Alexander Friedmann in 1922 (see section 1.4). In 1929, Edwin
Hubble confirmed the measurements of Lemaitre, cementing what is now known
as the Hubble-Lemaitre law:

v = Hox. (1.10)

The constant of proportionality between recession velocity v and distance x is
known as Hubble’s constant. Note that this equation is only strictly true for small
recession velocities (i.e. nearby galaxies), since the expansion rate of the Universe
evolves with time.

The relative size of the Universe at any time ¢ is described by the scale factor
a(t), which relates the proper (physical) distance of an object x to its coordinate,
or comoving distance x:

x =a(t) x(t). (1.11)

The Hubble parameter H(t), which is a measure of the expansion rate of the
Universe, is defined by the scale factor:
1da

Note that Hubble’s constant Hy in equation 1.10 is the Hubble parameter at the
present (H(to)).

It will also be important to define a new metric which accounts for the expansion
of the Universe. In the simplest case, where the Universe is Euclidean (flat), this is
the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric:
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-1 0 0 0
0 a%(t) 0 0
y = : 1.13
Sk 0 0 4%t 0 (1.13)

0 0 0 a?(t)

Note that the only difference between this and the Minkowski metric (equation
1.2) is that we now multiply the spatial components g;; by a%(t). We will explore
how the metric changes when we introduce perturbations and curvature, in
chapter 2.

1.2.1 Redshift

Light that is emitted from distant galaxies will be subject to the expansion of the
Universe, as it travels towards us. This causes the wavelength of the light to stretch,
in a phenomenon known as cosmological redshift. We define redshift in terms of
wavelength as:

y = /\observed - /\emitted (1,14)

/\emitted

One can also write a direct relation between redshift and the expansion of the
Universe from the FLRW metric:

l+z=—. (1.15)

1.2.2 Comoving distance

Measuring distances in cosmology is complicated by the expansion of the Universe,
and the curvature of spacetime. Accounting for the expansion of the Universe, the

comoving (or coordinate) distance travelled by light from time ¢ to now is:

t
1 I4
x(t) = /to ) dt’. (1.16)

Here we have written the small distance element dx as dt/a(t) (setting ¢ = 1). It is
normal to write this relation in terms of redshift, using the relations of equations
1.12 and 1.15. Doing this gives us:

2 dz
o H(z)

x(z) = (1.17)
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These expressions can likewise be used to calculate the comoving separation
between any two objects. Distances to an object can also be measured through the

angle 0 subtended by that object in the sky, given by:

s
9 4
where s is the physical size of the object. This is known as the angular diameter

da = (1.18)

distance. In an expanding Universe, the comoving size of the object is equivalent
to s/a(t), and the comoving distance to the object (from equation 1.16) is x(t).
This means that the angular size of the object evolves as s/a(t)x(t), which we can
substitute into equation 1.18 to derive an expression for da in terms of redshift:

da(z) = {‘(fi (1.19)

The angular diameter distance increases with time, until a turnover point (at

a ~ 0.5, z ~ 1), where it starts to decrease. Remembering equation 1.18, this
means that after the turnover point, objects start to appear larger with time, rather
than smaller as one would naively expect. This occurs because the Universe,
and therefore the physical separation between the observer and the object, were
smaller in the past.

Equation 1.19 is only valid for a Universe of zero curvature. The general

expression in the presence of curvature is:

da(z) = a(z)dm(z), (1.20)

where dy is the transverse comoving distance given by:

1 sinh(VQiHox(z)), Qx > 0
Ho/|Qy| [sin(V-QxHox(z)), Qx <0,

where () is the curvature critical density parameter - the contribution to the

dni(z) = (1.21)

energy content of the Universe from intrinsic curvature. In the following sections,
we will go into detail about how the expansion of the Universe is related to its

energy contents.

1.3 Constituents of the cosmos

At large scales, we can approximate the Universe as a perfect fluid since it is

statistically uniform and isotropic. In such a fluid, there are no internal mechanisms
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(like conduction or viscosity) that cause net transfer of momentum or energy. We

can represent this with the energy-momentum tensor given by:

T = (p + p)utu” +pgt, (1.22)

where p is energy density, p is pressure and u# is the four-velocity. In the rest

frame this is u# = (1,0, 0,0), which leaves us with energy-momentum:

p 00 0

, loP oo

™=l 0 s ol (1.23)
00 0P

In GR, local energy and momentum conservation are no longer described
by the continuity (6p/6t = 0) or Euler equations (6p/6x = 0), since these are
coordinate dependent. Instead, we express it with the covariant derivative:

6’1"[.[1/ i
vV, TH = 5o+ Loy T + 1, THY = 0. (1.24)
Using the FLRW metric, we find that the only non-zero part of this equation is the

energy conservation part, for v = 0:

b+ 3%(;; +p)=0. (1.25)

From this we can derive a general expression for the evolution of the density of
any constituent of the Universe:

px(a) oc a7+, (1.26)

where wy is the equation of state parameter for constituent x, defined as wx = px/px-
In figure 1.1 we show the evolution of p for matter, radiation and dark energy. Note
that equation 1.26 is only valid for a time-independent w, which is not necessarily
true in general.

To measure the relative contributions of each constituent to the total energy
content of the Universe, it is useful to define the density parameter:

Px(a)
Pc(a) '

where p. is the critical density, or the energy density that gives a Euclidean

QOx(a) = (1.27)

Universe. We will see why this is the case in section 1.4, and for now simply define
it as:
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Figure 1.1: The evolution of density (p) for matter (dark + baryonic), radiation
(relativistic neutrinos + photons) and dark energy, relative to the total density
today (po). The dashed black vertical lines indicate the rough positions of the
transfer from radiation to matter domination (left) and matter to dark energy
domination (right).

(1.28)

where G is the Newtonian gravitational constant.
In the standard model of cosmology, known as ACD M, we distinguish between

the following constituents to the energy density of the Universe:

* Non-relativistic matter: Denoted by €),,, this is the combination of baryonic
matter (()) and cold dark matter (QQ.). The latter was first introduced to
explain the peculiar motions of galaxy clusters and stars within galaxies (i.e.
galaxy rotation curve measurements) (Zwicky, 1933). These motions could
only be explained by the presence of an additional, unobservable (hence
"dark"), gravitationally-interacting substance. Furthermore, dark matter
is also needed to explain the level of structure observed in the Universe
today, where current measurements suggest it is much more abundant than
baryonic matter (. ~ 5(),). The observed amount of structure is also the
reason dark matter is "cold"; "hot" dark matter particles (e.g. neutrinos) are

too energetic to form bound objects like galaxies from an initially smooth
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Universe. Finally, non-relativistic matter is pressureless, so w = 0 and energy

density evolves with a=.

* Relativistic particles: Denoted by (), it is composed of photons and rela-
tivistic neutrinos, with p = p/3, w = 1/3. The energy density of radiation
decays with time as a7*, with an extra a term coming from the fact that the
wavelength of these particles is stretched with the expansion of the Universe.
In current times, the radiation density (£);) is a negligible fraction of the total
energy density, mostly consisting of free streaming photons that make up

the cosmic microwave background (CMB)?.

e Dark energy: The final, and most dominant energy contribution today, is
dark energy represented by (5. The discovery of the accelerating expansion
of the Universe from observations of distant supernovae (Riess et al., 1998;
Perlmutter et al., 1999) cemented the need for a new form of energy, with
strong negative pressure. At its simplest form, this is the cosmological
constant (A), originally introduced by Einstein to his field equations (equation
1.7) to give a static Universe solution *. In this form, dark energy is effectively
the energy of the vacuum, with a negative equation of state (w = -1).
According to current measurements, dark energy dominates the energy

density in the Universe today.

1.4 Friedmann’s equations

Einstein’s field equations (equation 1.7) can be used, for a given metric and energy-
momentum tensor, to derive a set of equations that govern cosmic expansion. This
was done by Alexander Friedmann in 1922, assuming both Universal isotropy and
homogeneity as defined by the FLRW metric, and the perfect fluid approximation
given in section 1.3.

Let us first start by writing the FLRW in spherical coordinates, including a
factor to allow for Universal curvature k:

2
ds? = —dt* + a?(t) 1d—rkz +r2d¢? + r? sin® pdO? | . (1.29)
— Kr

Then, computing all of the necessary components of equation 1.7, for T}, defined

by equation 1.23, we arrive at the first Friedmann equation:

31t is possible that the mass of one neutrino species is very close to 0, such that it would also
be relativistic today.

4There is recent evidence that the dark energy is not a constant field, but is time-evolving DESI
Collaboration et al., 2025c.
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() _8nGp kA
a2(t) 3 a2(t) 3’

Now, recalling our definitions of the Hubble parameter (equation 1.12) and the

(1.30)

density parameters (equation 1.27), we can re-write this as:

H?(z)
2
Hy

= Qn(1+2)° + Q1+ 2)* + Qu(1 + 2)* + Q4 (1.31)

where we have changed variables from a to z. We define Qi = —k(1 + z)?/H?(z),
which is related to the sum of all other components by Qi = 1 — Q. We can
infer () from measurements of expansion history, or through measurements on
H(z). If OQx = 0, we say the Universe is flat. If Qi > 0 or Qg < 0, we say the
Universe is open or closed respectively. One can see in section 1.2.2, that our
distance measurements are connected to redshift via the Hubble factor H(z). This
means that we can, given measurements of e.g. supernova redshifts and distances,
derive values of the Hubble constant and energy densities. It is not unusual to
simplify equation 1.31 at late-times, by assuming €, = Qy = 0.

1.5 A brief history of the early Universe

In the moments after the Big Bang (up to ~ 107%s), extremely high temperatures
prevented the formation of hadrons, and the Universe is a dense quark-gluon
plasma. As expansion continues, temperatures cool enough (~ 0.1 GeV) to form
protons and neutrons®. Just before the temperature of the Universe reached
1 MeV, neutrinos decoupled from the rest of the plasma, as the rate of weak force
interactions dropped below the expansion rate of the Universe. During this time,
most of the plasma is in equilibrium through electromagnetic/weak interactions,
and the mean free path of photons is roughly the size of an atom. In this period
the Universe is radiation dominated, and the scale factor evolves as a(t) o +1/2.
The Universe continues to expand, and at T~0.5MeV, almost all of the electron-
positron pairs are annihilated, dumping energy into the photon bath. This left
behind a small number of excess electrons - enough to make Universe charge
neutral. The weak interactions that govern proton-to-neutron conversion also
freeze-out, resulting in protons being 6xX more abundant than neutrons. At
~ 0.1 MeV, a process called Big Bang Nucleosynthesis (BBN) begins. This is marked

SAt this stage anti-quarks also combine to form anti-hadrons, which are mostly annihilated,
leaving a net amount of matter. If there there was a no matter excess, the baryons that we observe
in the Universe today would not exist.

10
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by the formation of deuterium (*H), which started to occur when most photons
dropped below the energy required to splititapart. This was immediately followed
by the formation of heavier elements through nuclear reactions, predominantly
Helium (“He), but also trace amounts of Lithium and isotopes like *He and *H.
After this period of light element production, the Universe remained ionised
for along time. At z ~ 3400, or roughly 50 000 years after the Big Bang, the energy
density of matter becomes greater than the energy density of radiation. This
happens because, as we’ve shown, the density of radiation decreases faster (o< a4,
compared to a~3). After this point, the scale factor evolves with time like a(t) o« £2/3,
At z ~ 1100, or roughly 380 000 years after the Big Bang, the mean temperature of
the Universe drops below the ionisation energy of Hydrogen (T~ 0.25eV) ¢, and
neutral atoms begin to form. When this occurs, photons no longer scatter from
free electrons (via Compton scattering), and begin to free stream. This marks the
formation of what we observe today as the Cosmic Microwave Background (CMB),
a snapshot of the early Universe. We will see in the next chapter, that although the
CMB is an almost perfect blackbody at 2.7 K, there are small anisotropies caused

by density fluctuations which are the seeds of structure in today’s Universe.

®This also happens for Helium but in two stages, one of which begins earlier, at T~1¢€V.

11
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THE GROWTH OF STRUCTURE

In this chapter we will discuss inhomogeneities in the early Universe, and describe
how these grew over time to produce the stucture we observe today. In the last
chapter we worked with the approximation that the Universe was completely
smooth and uniform. Here we will show how quantum fluctuations produced

anisotropies at small scales, visible in the CMB and the clustering of galaxies.

2.1 Inflation

Structure is a result of small perturbations to the metric and the constituents parts
(dark matter, baryons, radiation, dark energy!) of the Universe. Understanding
how these perturbations evolve, requires solving a set of Boltzmann and Einstein
equations for each constituent, and this in turn requires a set of initial conditions.

These initial conditions are closely tied to a fundamental issue in cosmology:
the horizon problem. Observations of the CMB (Smoot et al., 1992) reveal that
the Universe is extraordinarily uniform on large angular scales. Yet, under the
standard Big Bang model, regions of the CMB that are widely separated could
not have been in causal contact at the time of recombination. That is, they were
separated by more than the comoving distance that light could have travelled since
the Big Bang. This comoving distance, known as the comoving horizon, can be

Loay a |
n(a):/o () :‘/0 dlna TH@) 2.1)

where 1/a’H(a’) is the comoving Hubble radius - the distance light can travel

defined as:

over one e-fold of expansion. In the standard radiation- and matter-dominated

The nature and in fact, existence or not, of these perturbations depends on the type of dark
energy considered - a cosmological constant for example does not perturb.

13
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Universe, the comoving horizon at recombination 1, is ~280 h™*Mpc (integrating
equation 2.1 from t = 0 to t.). Further, the comoving separation of two points in
the CMB sky (for small angles) is x(0) ~ 0 (19 — 1), where 19 ~ 14200 h~'Mpc is
the comoving horizon today. From this, we derive that points separated by more
than ~1.2° could not have been in causal contact in the standard picture.

A solution to this, is that the comoving Hubble radius, (aH )‘1, shrank in the
early Universe. This behaviour could be realised during a phase of exponential
expansion, known as inflation (Guth, 1981). In that epoch, quantum fluctuations
that begin well inside the horizon are stretched to scales far beyond causal contact
and effectively “freeze out". After inflation ends and the horizon grows again,
these super-horizon modes re-enter, seeding the large-scale structure we see today:.
Inflation also solves other discrepancies in cosmology, like the flatness problem.

The simplest and most widely studied mechanism for inflation involves a scalar
tield, the inflaton ¢, minimally coupled to gravity. Its energy density and pressure

in a homogeneous FLRW background are given by

Py = %(132 +V(P), po = %4)2 = V(p), (2.2)

yielding an equation of state:

172
w=F = ?(P_—V((P) (2.3)
P 392+ VI(9)

Inflation occurs when the potential energy (V(¢)) dominates over the kinetic
term ((f)z), driving w = —1 and accelerating the expansion. This slow-roll regime
requires that V(¢) be sufficiently flat, so the field evolves slowly toward the
minimum of its potential. Note that w here is not related to dark energy, despite

taking the same value during inflation.

2.2 Evolution of perturbations

Our goal is to understand primarily how small perturbations in the early Universe
evolve over time, focusing particularly on the distribution of matter. In this
section, we will mostly work in Fourier space, and define fluctuations in terms of
wavenumber k. Fluctuations in Fourier space (6(k)) and configuration space (5(r))

are related by the Fourier transform:

5(k)=/6(r)e_ikrd3r, (2.4)

and inverse Fourier transform:

14
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1
(2m)®

where r is the separation vector between two points, and the prefactor 1/(27) is

o(r) =

/ S(k)e™d%k (2.5)

included in the inverse transform by convention. Among other things, k-space is
convenient when describing linear evolution because modes evolve independently.

Building on the work of the previous chapter, we now introduce perturbations
to the metric using the conformal Newtonian gauge:

ds® = —(1 +20(t, x))dt? + a®(t)(1 + 2W(t, x))5;jdx" dx! (2.6)

where @ is the Newtonian gravitational potential, and W is a spatial curvature
perturbation.

The next step is to relate these metric perturbations to the perturbed Boltzmann
equations describing the equation of state of matter. This can be done through
Einstein’s field equations (equation 1.7). This gives us an expression relating the
potential @ to dark matter and radiation densities:

K2k, a) + 3% Dk, a) + %q)(k, 0)| = 4nGa*[pede + 4p:Orp].  (2.7)

where 6. = dp./p. is the dark matter overdensity, and ©; is the radiation tem-
perature perturbation monopole. We have also changed to taking derivates with
conformal time dn = dt/a(t) (indicated by a’ rather than 4). This equation is de-
rived from the time-time component of Einstein’s equation for scalar perturbations,
with some simplifications. Namely, we neglect baryon perturbations using the
tight-coupling approximation in Fourier space, and merge the neutrino/photon
contributions. We have also set W = —®, which is true when photon (and neutrino)
quadrupole moments are negligible, and there is no anisotropic stress component
of TH.

To find solutions to equation 2.7, we make use of inflationary initial conditions,
and consider both sub- and super-horizon modes, and how these evolve with time.
It will also be useful in general to characterise perturbations as small fluctuations
in curvature, or the gauge-invariant quantity R = W + %6 p. Outside of the horizon,
R is conserved and potentials do not evolve significantly.

There are two important events that affect the evolution of perturbations, one
is the matter-radiation equality, and the other is horizon crossing. For a given
k-mode, these two events will have a different impact. For the large-scale (initially

super-horizon; k < aH) modes which are relevant to large-scale structure studies

15
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today, the potential falls moving through matter-radiation equality (denoted by

feq) as:

%ﬂ(k), matter domination

(k) = (2.8)

%ﬂ(k), radiation domination.
Modes which enter the horizon during radiation domination (before keq ~
0.01 Mpc™1), have oscillating and decaying potentials equivalent to (a solution to

equation 2.7):

cos(kn/V3)
(k3?7

for a plane wave perturbation. Physically, these are sound waves where radiation

D(k) o R(K) (2.9)

pressure counteracts gravity. In these potentials, matter overdensities can be found
to grow as the logarithm of the scale factor, 6 o Ina.

In the matter dominated era, we can ignore radiation terms in equation 2.7,
giving us the solution ® = constant 2. In this regime, sub-horizon overdensities

evolve according to the Meszaros equation Meszaros, 1974:

d26C+ 243y do. 3 5 =0
dy2  2y(y+1)dy 2yy+1) °

where y = a/aeq. The general solution to this equation contains a growing and

(2.10)

decaying mode, which scale with 2 and a3 respectively.

2.2.1 Transfer function and growth factor

In general, as long as the initial perturbations R are adiabatic, we can write the
matter density fluctuation 6, (k, 2) at late times as:
2 kP

Om(k, @) = £ =——ROIT(K)D(a). (2.11)

mg

where T'(k) is the transfer function, describing how different k modes are affected
by processes like horizon crossing and matter-radiation equality crossing, and
D(a) is the growth factor, describing k-independent evolution with time. The
transfer function is defined in terms of the Newtonian potential (D) as:

(D(k, alate)
Dd(k,a=0)"

2After matter domination, as dark energy begins to dominate (a > 0.1), ® begins to decay with
time, and growth begins to cease.

T(k) = (2.12)
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Figure 2.1: (Solid lines) the linear matter power spectrum (Pr) at various redshifts,
where the red shaded region represents the approximate k-range of the BAO
signature. (Dashed lines) the matter power spectrum including non-linearities.

where a1y is the scale factor far into matter domination. This expression is
normalised such that the transfer function describes how the potential at k is
suppressed relative to the largest modes.

In the matter dominated era, as a consequence of the fact that all modes grow
at the same rate, the transfer function effectively becomes constant (hence we write
T (k) instead of T'(k, a)). Then, the growth factor is the relevant function describing
the potential evolution, defined as:

Ok, a)
(D(k/ alate) ’

where this convention is set such that at late times, overdensities grow as 6, o D(a)

D(a)=a a > diate (2.13)

(D(a) « a in matter domination).

2.2.2 Linear matter power spectrum

The 2-point correlation function of linear-order density fluctuations in Fourier
space is equivalent to: (5(k)5(k’)) = (2m)36P(k + k’)PL(k), where Py (k) is the
linear matter power spectrum. In figure 2.1 we show Pj (k) for several different
redshifts, including deviations from linear fluctuations at high-k (dashed lines).
This is a key measurement in modern cosmology, and we can relate it to the power
spectrum of inflationary perturbations (Pg(k)) using the functions defined above:
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Pi(k,a) = T(k)*D(a)*Pg(k). (2.14)

Pg(k) is the primordial power spectrum of the initial Gaussian perturbations R(k).

It is parametrised as:

k

ns—1
Pr(k) = Aq (k—) ) (2.15)

where A; is the amplitude of the power spectrum, ns is the spectral index and k.

is the pivot scale at which A is evaluated.

2.3 Baryon Acoustic Oscillations

In the period just before recombination, a dense hot soup of protons and electrons
were tightly coupled to photons (via Compton scattering). As a result, the mean
free path (Amfp) of these photons was negligible compared to the cosmic horizon.
We can describe this epoch using the Boltzmann equations for photon and electron-
baryon fluids, in the limit where Ang < 1/H.

To begin with we write a second order equation describing small perturbations
W and @ (equation 2.6) in the coupled photon-baryon-electron soup, using the
fluid approximation where only the monopole moment of the photon temperature

perturbations is relevant:

a’R , k2
mq)(k, 61) —g\y(k, a).

(2.16)
Here R = 3py/4p,®, where p, is the photon energy density, and cs is the speed of

” a’R ’ 2.2 _ "_
Oo(k,a) +—a(1 n R)@)o(k,a) +k“c;0(k,a) = —D(k, a)

sound in the fluid, equivalent to:

[ 1
Cs(ﬂ) = m (217)

Equation 2.16 above is a driven, damped harmonic oscillator for the photon
temperature monopole ®,, and describes acoustic oscillations in the photon-
baryon-electron fluid. Oscillations continue to propagate in this fluid until the
Universe has expanded enough such that electrons and protons combine (at the
time of recombination; 1.), and photons which were tightly coupled by Compton

scattering, began to free stream. Modes with different wavenumbers k oscillate at

3Note that R, and by extension c;, is a function of time, since the relative energy densities of
baryons and photons changes with the expansion of the Universe.
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2.3. BARYON ACOUSTIC OSCILLATIONS

different rates, and their phases at the time of recombination become imprinted as
peaks and troughs in the power spectra of both the CMB and matter distribution.

The characteristic Baryon Acoustic Oscillation (BAO) feature corresponds to
the maximum distance that a sound wave could have propagated in the early
universe before recombination — known as the sound horizon. The comoving

distance of the sound horizon is given by:

L) [ el
rd_/o - _L oy (2.18)

where z. corresponds to the redshift of recombination. This sound horizon also sets

the physical scale of the BAO feature observed in the galaxy correlation function
today. Studies of CMB anisotropies can be used to constraint the parameters that
set the size of the sound horizon, which they predict to be rq ~ 147 Mpc.
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3

MEASURING LARGE-SCALE

STRUCTURE

The expansion history, structure, and energy contents of the Universe can be
measured through many different tracers. Observations of the CMB (Dicke et
al., 1965; Penzias and Wilson, 1965; Smoot et al., 1992) provide a snapshot of
the Universe at the time of recombination, encoding information about its early
fluctuations. The angular position and height of the acoustic peaks in the CMB
power spectrum are especially sensitive to parameters like the total matter density;,
the baryon-to-photon ratio, and spacial curvature.

Complementary to this, galaxy clustering measurements at lower redshifts have
revealed how those early fluctuations evolved into the large-scale structure we see
today (Zehavi et al., 2002). In particular, the imprint of BAO in the distribution of
galaxies provides a standard ruler at multiple cosmic epochs. By comparing the
observed angular and redshift separations of the BAO feature to the theoretically
inferred sound horizon, one can map the expansion rate of the Universe and
constrain dark energy (Cole et al., 2005; Eisenstein et al., 2005).

3.1 Clustering and redshift-space distortions

At large enough scales, galaxies and other structure (such as the Lya forest)
are biased-tracers of the underlying dark matter field. This means the tracer
overdensity (6;) and dark matter overdensity (0,,) are related by:

6i(k) = bj dm(k), (3.1)

where b; is the tracer bias. The power spectrum of fluctuations 6; can further be
related to the linear matter power spectrum (section 2.2.2) via the relation:
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Pij(k, z) = b7(z)(1 + Bi(z)u*(K))*Pr(k, 2) , (3.2)
The factor (1 + B;u?) accounts for large-scale Redshift-Space Distortions (RSD)
(Kaiser, 1987), and u = k) /k is the cosine of the angle between k and the line-of-
sight k”.
Redshift-space distortions are anisotropies in the clustering of objects in
redshift-space due to peculiar motion, where the observed redshift of any ob-
ject is given by:

u -1
1+ 2gps = (1 + Zeosmo) (1 _ 7”) , (3.3)

for cosmological redshift zcosmo and peculiar velocity 1. RSD are classified in two

distinct types:

* Linear RSD (Kaiser): These distortions are caused by large-scale infall of
material into overdense regions of space. As a result the density field in
redshift-space is compressed along the line-of-sight, which manifests as
stronger clustering. This is a linear-order effect, modelled by the Kaiser
formula (Kaiser, 1987): P* = b?(1 + Bu?)?P, where P® is the redshift-space

matter power spectrum (for a single tracer).

* Fingers of God (FoGs): These distortions are caused by random virial motions
of objects at small-scales which stretch the density field along the line-of-
sight, and consequently weaken clustering. Unlike the case above, this is a

non-linear effect, and is normally treated phenomenologically.

The RSD parameter, 3, is defined for point-tracers in linear theory as: ; = f/ b;,
where f is logarithmic growth-rate, related to the growth rate D(a) (section 2.2.1)

via:

f= dInD(a)
~ dlna
This is also empirically related to the matter density via f ~ Qu (), a relation

(3.4)

whichholds true even in the presence of e.g. dynamical dark energy. The parameter
s (sometimes defined in the derived parameter Sg = gg(Qm/0.3)"°) quantifies the
root-mean-square (RMS) amplitude of linear matter density fluctuations on scales
of 8 1 Mpc. It is computed by smoothing the linear matter power spectrum
P, (k, z) with a spherical top-hat window function of radius R = 8 ™! Mpc:

* dk KPu(k,
R L 65
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where W(kR) is the Fourier transform of the top-hat window function. We can
constrain the combination fog in linear theory from RSD measurements in e.g.

galaxy clustering (Percival and White, 2009).

3.1.1 Measuring BAO

Baryon acoustic oscillations (BAO; see section 2.3) are a key feature in the large-
scale clustering of matter. By measuring the BAO feature in the clustering of
matter in the late Universe, such as in galaxy surveys or in the Ly« forest, one
can compare the observed scale with its known value from the early Universe
(from CMB measurements). This provides powerful constraints on the expansion
history and geometry of the Universe.

The true physical sizes of the BAO peak in angular and velocity separations

are related to the comoving size of the peak by:

rqH(z)
1+z

ABpao(z) = Avppo(z) = , (3.6)

’d
dun(z)’
where dy, is the comoving transverse distance (equation 1.21). From these mea-
surements one can place constraints on dark energy and cosmic expansion rate,
as was first done in Eisenstein et al., 2005. More recently, the Dark Energy Spectro-
scopic Instrument (DESI) survey has provided the best measurements of BAO from
galaxies (DESI Collaboration et al., 2025c) and the Ly« forest (DESI Collaboration
et al., 2025b). These have been combined to put precise constraints on cosmic
expansion history, and currently favour an evolving dark energy equation-of-state
(DESI Collaboration et al., 2025¢).

We observe BAO as a peak in the 2-point (pt) correlation function, defined as:

&(r) = (6(x)0(x +1)). (3.7)
This is also related to the power spectrum of fluctuations:

.[ o0
5@(r,z)=21? /0 dk Kjo(kr)Py(k, z), (3.8)

where j; are the spherical Bessel functions, and:

Eru,2) = ) L(uéer, 2). (39)

{even
Finally, L, are the Legendre polynomials, and Py are the power spectrum multipoles

given by:
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Figure 3.1: Flux in the Lyman-a forest of a quasar at z = 2.5, as a function of
observed wavelength A. Overlaid in blue is the mean expected flux, accounting
for the average absorption level at each wavelength. Note that the ratio of flux
and mean expected flux is 1 + 6r. The Lya emission line is also highlighted (green
dashed vertical) at A = A, (1 + zg).

2 1
Py(k,z) = £+

+1
/ - LaluPelk, ) . (3.10)

3.2 The Lyman-«a forest

The Lyman-a (Lya) forest (Lynds, 1971) is a series of absorption features in spectra
of distant galaxies and quasars, produced when the light from these intersects
neutral hydrogen (HI) gas in the Intergalactic Medium (IGM). Absorption occurs
at the rest-frame wavelength of the Lya transition, A, ~ 1216 A, but appears
across a wide range in the observer frame. This is because spectra are redshifted
by cosmological expansion as they travel towards us, so that photons which were
initially at A < A, increase in wavelength, until they are readily absorbed by HI
gas at A,.

The IGM is made up of sparse, smooth gas that traces the underlying dark
matter distribution, making it a tracer of large-structure. The analogue of the

matter overdensity field in the forest is the flux transmission field, defined as:

6p(A) = Y _4 (3.11)
F(A)
A (3.12)
F(A)C(M)
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where F(A) is the transmitted fraction of flux at wavelength A in the observer
frame, equivalent to F = e~ ™! by definition, where 7y is the opacity of the IGM.
F is the mean transmitted flux fraction at observed wavelength A (or redshift
z). In the second line we substitute F(A) = f(A)/C(A), where f is flux and C
is the unabsorbed quasar continuum. Often in real analyses, C(A) and F(A) are
combined into the mean expected flux 7()\) = F(A)C(A). In figure 3.1 we show the
observed Lya forest flux (grey) in a quasar at z ~ 2.5, overlaid (blue line) with the

mean expected flux at each wavelength.

3.2.1 Optical depth

The general expression for the IGM optical depth along a line-of-sight, in terms of

mean neutral hydrogen density ny and cross-section ony, is:

Ty = /LOS ni(x)o,(v) dx, (3.13)

Assuming neutral hydrogen is uniformly distributed in the IGM, we can substitute
an expression for cross-section and replace the proper path length (dx) integral
with redshift dx = cdz /(1 + z)H(z), which gives us the Gunn-Peterson optical
depth (Gunn and Peterson, 1965):

7'(€2f12/\a
mecH(z)

Here m, and e are the electron mass and charge respectively, and fi» is the oscillator

1cp(z) = nmi(z). (3.14)

strength of Lya line. fi» and consequently the Lya cross-section (0, o f12) are
relatively large, meaning absorption is strong even if only a small fraction of
the IGM is neutral hydrogen. The optical depth is also be related to the neutral
hydrogen fraction X via the expression (Barkana and Loeb, 2001):

Xur(Qph?)(1 + z)3/?
tep(z) o Hi( bgl)/(2+z) . (3.15)

m

Before reionisation, when tcp > 1, the IGM was completely opaque to Lya
photons, causing complete absorption blue-wards of the Lya line - the Gunn-
Peterson trough. After reionisation, where tgp < 1 (but still non-zero), there is
still enough residual neutral hydrogen to produce narrow Lya absorption lines.
Observations of Gunn-Peterson absorption have in fact suggested that the end of
cosmic reionisation was around z ~ 6 (Fan et al., 2006).

The Lya optical depth can be directly linked to density fluctuations in the
underlying dark matter field:
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Ta = A(l+6,)%, (3.16)

where A is a constant dependent on redshift and the state of the IGM, and a ~ 1.6
(Weinberg and et al., 1999). This is the Fluctuating Gunn-Peterson Approximation
(FGPA), a fast semi-analytical method to modelling the Ly« forest, which has been
proven to work well with high-resolution N-body simulations (Sorini et al., 2016).
In later sections, when studying the impact of systematics on cosmology measured
from Lya correlation functions, we make use of synthetic datasets that use the
FGPA approximation.

3.2.2 Cosmology with Lya absorption

Like galaxies, the flux transmission field of the Ly« also linearly traces underlying
dark matter at large enough scales, but with an additional term:

55(K) = baOm(k) + by (k). (3.17)

Here, b, and b, are the density bias and velocity divergent bias of the Ly« forest
respectively, where 1(k) = fu?6,,(k) is the radial peculiar velocity gradient. This
additional term changes the Lya RSD parameter, $,: fo = by f /b, It is important
to highlight that for the Lya forest, the combination fog is degenerate with the
velocity divergence bias b,, and cannot be measured except in combination with
galaxies or quasars, since for those f = f/b.

The 3-dimensional Lya power spectrum is similarly written (McDonald, 2003):

Pr(k, 2) = ba(2)*(1 + Ba(2)u?)* Dni(k, 2)PL(k, 2), (3.18)

where now we have included a factor Dyp, that models non-linear deviations
from P at smaller scales. These additional complexities are due to the gas
pressure, thermal effects and peculiar velocities within the IGM where absorption
is produced. This function can be described by the empirical model of Arinyo-i-
Prats et al., 2015:

Dni(k) = exp

ay 2
(q10%(k) + g2A* (k) (1 - (kﬁ) ubv) - (é) ] , (3.19)

where A(k) = (212)"1k3PL (k) is the dimensionless linear matter power spectrum.
The parameters g, account for non-linear growth, while parameters with subscript

v account for thermal effects and velocities, and k, accounts for gas pressure.
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4

THE DARK ENERGY SPECTROSCOPIC

INSTRUMENT

The Dark Energy Spectroscopic Instrument (DESI) is a next-generation galaxy red-
shift survey designed to map the 3D structure of the universe with unprecedented
precision. Its primary goal is to investigate the nature of dark energy, which DESI
will achieve by observing the redshifts of more than 40 million galaxies and 3
million quasars (Schlafly et al., 2023), over 14000 deg? of sky.

Measuring the BAO feature (see section 3.1.1) is a key objective of DESI. By
doing so at multiple redshifts between z ~ 0.1 — 3.5, DESI can put constraints on
the expansion history of the universe. These then allow us to constrain models
of dark energy, testing whether cosmic acceleration is driven by a cosmological
constant, a dynamical dark energy field, or modifications to general relativity. In
parallel, DESI will exploit RSD to measure the growth of cosmic structure (see
section 3.1), offering a powerful means to test the validity of general relativity on

cosmological scales.

4.1 Instrument and survey design

DESI is mounted on the 4-metre Mayall telescope at Kitt Peak (DESI Collaboration
et al., 2022), and has 5000 robotically controlled spectroscopic fibres in its focal
plane (Poppett et al.,, 2024). The focal plane is split into 10 "petals", each of
which contains 500 fibres that are fed to an independent spectrograph which
covers the wavelength range 3600 to 9800 A. Each spectrograph consists of a blue
(3600-5550A), red (5550-6560A) and near infrared (NIR; 6560-9800A) arm, with
resolutions varying from R = 2000-5000. 10 Guide, Focus and Alignment (GFA)
cameras are also positioned on the periphery of each focal plane, to allow for

accurate tracking and calibration of the instrument during observing runs. These
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Comoving Gpc from Barth
oA
~ 7

< 0.1% of full survey volume

Figure 4.1: Observed galaxies and quasars from the first year of DESI data, known
as data release 1 (DR1). Bright galaxy survey (BGS) targets are observed in "bright"
time, where only the brightest (and closest) galaxies can be seen. Luminous red
galaxies (LRG) are categorised by their red colour, and emission line galaxies
(ELGs) have prominent spectral lines from active star formation. Quasars (QSO)
are extremely bright, and thus make up the most distant observed sample. Note
that the Lya forest is not visible here, and that the galaxies in this image have
varying declinations, which has been compressed for visualisation.
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factors, combined with the 3 degree diameter, allow DESI to quickly collect high
quality spectra.

The DESI pipeline (Guy et al., 2023) processes raw 2D CCD images from the
ten spectrographs into calibrated 1D spectra. Raw CCD frames are converted to
1D spectra through a sequence of calibration steps, and sky emission lines are
subtracted using designated “sky fibres” (fibres on empty sky). In parallel, flux
calibration is performed using standard stars to convert measured counts into
flux-calibrated spectra.

DESI uses the template fitting algorithm Redrock (Bailey et al., 2025) to classify
and assign redshifts to each calibrated spectrum. Redrock contains a library of
PCA-based templates for galaxies, stars and quasars, derived from Sloan Digital
Sky Survey (SDSS) spectra. In practice, Redrock is very successful in correctly
classifying and estimating redshifts for all target types, but to improve these
things for quasars, two additional algorithms are used. The first is QuasarNET, a
neural-network classifier specially trained on quasar spectra to recover broad-line
redshifts missed by Redrock. Secondly, an afterburner is run on galaxy targets to
identify the broad MglI emission line which is characteristic in quasars, helping
to recover a number of mis-labelled objects.

Spectroscopic targets in the DESI survey are selected using imaging data
from the DESI Legacy Imaging Surveys (Dey et al., 2019), a combination of
three wide-area surveys: the Dark Energy Camera Legacy Survey (DECaLS), the
Beijing-Arizona Sky Survey (BASS), and the Mayall z-band Legacy Survey (MzLS).
These surveys provide deep, uniform imaging in the optical g, r and z bands,
which are complemented by mid-infrared photometry from the WISE W1 and W2
bands. Photometric selection algorithms are used to identify different cosmological
tracers, including emission line galaxies (ELGs), luminous red galaxies (LRGs),
and quasars, each optimised for different redshift ranges and scientific goals.

Once targets are selected, they are assigned to DESI’s robotically controlled fibre
positioning system. For each observation pass, individual fibres are automatically
placed on their assigned targets with a precision of ~10 microns, ensuring optimal
light capture into the spectrographs. This high-precision fibre placement is critical
for achieving DESI'’s goals in redshift measurement accuracy and spectroscopic
completeness across the full focal plane.
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4.2 DESI Lya

The Lya forest is observed in DESI quasars with redshifts > 2 (due to the finite
spectrograph range), where each DESI Lya quasar will receive a total of 4000 s
effective exposure time. For details on the effective exposure time calculator, see
Tie et al., 2020. The signal-to-noise and resolution of DESI Ly« forests is sufficient
to perform precise percent-level BAO measurements, as well as the extraction of
small-scale clustering information through the one-dimensional Ly« forest power
spectrum.

The first data release of DESI, known as the early data release (EDR) was
compiled from measurements made during the survey validation (SV) phase !,
and contained 68750 Lya quasars (60 deg™2). The Lya flux-transmission fields
computed from each of these quasars is estimated and presented in Ramirez-Pérez
et al., 2024, and the first clustering analysis of this data was done in Gordon et al.,
2023, which is presented in chapter 5.

Following this, the 1st year of DESI observations was released, known as data
release 1 (DR1) (DESI Collaboration et al., 2025a), shown in figure 4.1 (all tracers
except the Lya forest). This represented a significant increase in the number of
Lya quasars (to ~420 000), giving the first BAO measurement (Adame et al., 2025b)
and the first cosmological analysis in combination with other tracers (Adame et al.,
2025¢). Importantly, DR1 also allowed for the first Lya full-shape analysis—an
approach that goes beyond BAO to exploit the full information content of the Ly«
correlation functions (Cuceu et al., 2025a), including redshift-space distortions
and broadband shape. Chapter 6 details a study of the impact of redshift errors
on this full-shape analysis (Gordon et al., 2025).

IThis was an early campaign conducted before the start of the main survey from December
2020 till April 2021, aiming to verify and refine all components of the survey pipeline
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CLUSTERING MEASUREMENTS FROM
THE Lya FOREST IN THE DESI EARLY

DAaTA RELEASE

5.1 Introduction

The Lyman-a (Lya) forest is a dense series of absorption lines found in the spectra
of distant quasars, that we use to study the large-scale structure of the universe.
These absorption features arise as a result of diffuse neutral hydrogen in the IGM
(Lynds, 1971), which readily absorbs light at the Lya wavelength A, = 1215.67A,
and can be used as a biased tracer of the underlying matter density (Weinberg,
2003). Due to the low rest-frame wavelength of the Ly« transition, its absorption
is only detected by optical spectrographs for quasars with redshift z > 2. The
Lyman—a forest allows us to measure the expansion of the Universe at redshifts
larger than those accessible by spectroscopic galaxy surveys (z <1.5; Alam et al.,
2021).

The environment that gives rise to the Lya forest has been well studied using
hydro-dynamical simulations (Cen et al., 1994; Miralda-Escudé et al., 1996), where
a combination of photo-ionisation heating and adiabatic cooling leads to a tight
relation between temperature and gas density T « (p/p)’ ™! (Hui and Gnedin,
1997). The transmitted flux fraction is related to the optical depth of the Lya forest
by F = e7". At sufficiently large scales (> 10 h~'Mpc), the power spectrum of
transmitted flux 6r = F/F — 1, is found to trace linearly the power spectrum of
0(x) = p(x)/p —1 (Slosar et al., 2011). However, due to non-linear growth, thermal
broadening, and Jeans smoothing, this relation becomes more complex and non-
linear at smaller scales (McDonald, 2003; Arinyo-i-Prats et al., 2015; Givans et al.,
2022).
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The first studies of clustering in the Lyman—a forest looked at one-dimensional
(1D) correlations along the line-of-sight towards a handful of quasars (Croft et al.,
1998; McDonald et al., 2000). These 1D measurements were later repeated using
larger data sets from the Sloan Digital Sky Survey (SDSS) McDonald et al., 2006,
from the Baryon Oscillation Spectroscopic Survey (BOSS) (Palanque-Delabrouille
et al., 2013), and the Extended Baryon Oscillation Spectroscopic Survey (eBOSS)
(Chabanier et al., 2019).

This paper, on the other hand, focuses on three-dimensional (3D) correlations
in the Lyman—a forest. Using early data from the BOSS survey, Slosar et al., 2011
presented the first measurement of 3D correlations in the Lyman—a forest. These
correlations were also computed from larger datasets to measure the scale of
Baryon Acoustic Oscillations (BAO) around z = 2.3, in BOSS and eBOSS (Busca, N.
G. etal., 2013; Kirkby et al., 2013; Slosar et al., 2013; Delubac et al., 2015; Bautista et
al., 2017; de Sainte Agathe et al., 2019; Bourboux et al., 2020). The cross-correlation
of quasars and the Lyman—a forest was also measured in BOSS (Font-Ribera
et al., 2013), and used to improve the BAO measurements from the Lya datasets
(Font-Ribera et al., 2014b; du Mas des Bourboux et al., 2017; Blomqvist, Michael
et al., 2019; Bourboux et al., 2020). The final eBOSS analysis (Bourboux et al.,
2020), using data from SDSS DR16, included 210005 Ly« forest from quasars at
z >2.1 that were used in the autocorrelation, and 341468 at z >1.77 that were
also used in the cross-correlation. More recently, the full shape of the 3D Ly«
correlation has been used to measure the Alcock-Paczynski effect in eBOSS data
(Cuceu et al., 2022a), which combined with Lya BAO gives the best measurement
of the expansion rate of the Universe above z = 1.

We use early data from the Dark Energy Spectroscopic Instrument (DESI) (Levi
et al., 2013; DESI Collaboration et al., 2016a) to measure the autocorrelation of the
Lyman—a« forest and its cross-correlation with quasars, and compare our results
with those from the eBOSS collaboration (Bourboux et al., 2020). We also show in
section 5.5 that we detect the BAO peak to high-confidence in our dataset. Given
the early stage and relatively low statistical power of our data, we choose not to
present measurements of the BAO scale parameters. Throughout the latter half
of the paper, we make use of the best fit ACDM cosmological parameters from
Planck 2018 (Planck Collaboration et al., 2020)1, where Q,, = 0.3153, to compute
correlations in terms of co-moving separation. This allows us to combine a wide
range of redshifts into a single measurement while preserving the BAO feature.

The structure of the paper follows roughly the steps required to perform the

1See table 2 of Planck Collaboration et al., 2020, where we use TT,TE,EE+lowE+lensing results.
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end-to-end analysis. We start by describing the DESI instrument and the early
data release, and outline how we measure the Lya transmission catalogue from
high-redshift quasar spectra in section 5.2. We then compute the auto- and cross-
correlation and covariance matrices in section 5.3. In section 5.4, we discuss
the physical model of Lyman—a forest correlations and contaminants, and in
section 5.5 we present the results of fitting this model to our data and discuss the
consistency of these results with the final eBOSS analysis (Bourboux et al., 2020).
Finally, we summarise our results in section 5.6.

The Lyman—a forest dataset used here is described in detail in Ramirez-Pérez et
al., 2024. Our analysis is also accompanied by a paper analysis on early DESI mock
datasets (Herrera-Alcantar et al., 2025b), which utilises the same 13-parameter
model to describe the auto- and cross-correlation. We further highlight two papers
where systematic effects, including quasar redshift errors (Bault et al., 2025) and
instrumental effects (Guy et al., 2025), are studied on the same early DESI data

set.

5.2 Data

DESI is a multi-object spectrograph installed at the Mayall 4-meter telescope at
Kitt Peak National Observatory (DESI Collaboration et al., 2022). DESI is equipped
with 5000 robotically controlled fibres across 10 independent spectrographs, that
have an approximately 3-degree field of view in each pointing (DESI Collaboration
et al., 2016b; Silber et al., 2023; Miller et al., 2024). Each measured spectrum covers
an observed wavelength range between 3600 and 9800A with a pixel width of 0.84,
which is split between 3 independent spectrograph arms ranging between 3600 —
5930, 5600 — 7720, and 7470 — 9800A respectively (DESI Collaboration et al., 2022).

In May 2021, DESI started a 5-year campaign which will observe 3 million
quasar (Chaussidon et al., 2023) and 36 million galaxy targets (Hahn et al., 2023;
Raichoor et al., 2023; Zhou et al., 2023), over an area of 14 000 degz. These targets
are selected from the DESI Legacy Imaging Survey (Zou et al., 2017; Dey et al.,
2019; Schlegel et al. 2023, 2023). These observations are made thanks to extensive
supporting software packages: one to select targets for spectroscopic observation
(Myers et al., 2023), one to assign fibres to targets (Poppett et al., 2024), one to
optimise survey operations (Schlafly et al., 2023), an exposure-time calculator
(Kirkby et al. 2023, 2023), and a spectroscopic pipeline to reduce the data and
calibrate the spectra (Guy et al., 2023).

We analyse data from the Early Data Release (EDR) of DESI (DESI Collaboration
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et al., 2023a), which is publicly available? and contains 68750 quasars. EDR
contains data from a pre-survey designed to optimise target selection algorithms
(Chaussidon et al., 2023; DESI Collaboration et al., 2023b), refine the observational
procedure, and generally evaluate the quality of spectra and the redshift accuracy
(Alexander et al., 2022; Brodzeller et al., 2023). To increase the statistical power
of the measurements, we use data from the Early Data Release plus the first two
months of main survey (EDR+M2), containing 249 941 quasars.

The sample footprint is shown in figure 5.1, where we highlight the each survey
phase and the eBOSS Data Release 16 (DR16) survey footprint (Bourboux et al.,
2020). Even though we analyse all sources from EDR+M2 together, the typical
signal-to-noise (SNR) of M2 and EDR spectra varies. Targets observed in M2
are limited to one observing pass®, which will increase to 4 by the end of DESI
observations. Quasars identified as Lya quasars (z >2) receive more passes in
general than other targets to reach the required SNR per pixel across the Ly«
forest. On the other hand, roughly half of EDR spectra present 4 passes and half
1.3 (Chaussidon et al., 2023).

5.2.1 Quasar spectra

The DESI pipeline uses a robust spectroscopic reduction pipeline (Guy et al., 2023),
in combination with a template-fitting algorithm Redrock (RR; Bailey et al., 2025)
to give object classifications and estimate their redshifts. Templates used by RR are
formed by a linear combination of bases resulting from the principal component
analysis (PCA) decomposition of Sloan Digital Sky Survey spectra (Bailey et al.,
2025) (see Brodzeller et al., 2023 for comparison when using a new set of quasar
templates).

To quantify the ability of the pipeline to classify quasars we use two terms,
purity and completeness. Purity is the percentage of classified quasars that are
true quasars, which is >99% in our pipeline. Completeness is the percentage
of true quasars identified as quasars, which we find to be ~86%. To increase
this, we run two algorithms on the RR output. The first attempts to identify the
Mgll broad emission line — a feature only found in quasars — in the spectra of
sources classified as galaxies (Chaussidon et al., 2023), and is especially effective
at 0.5< z <1.5. The other is QuasarNet (QN; Busca and Balland, 2018; Farr et al.,

2020a), a convolutional neural network trained using a large number of visually

2https: //data.desi.lbl.gov/public/edr/
3Equivalent to nominal 1000s of effective exposure time, which is exposure time accounting
for observing conditions and fibre effects.
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Figure 5.1: Footprint of quasar targets in DESI Early Data Release (purple), the
tirst two months of main survey (red), and eBOSS DR16 (blue) (Bourboux et al.,
2020). The EDR and M2 surveys cover an area of 250.1 deg? and 1290.9 deg?.

inspected BOSS spectra, to identify faint quasars missed by both RR and the first
afterburner, and is more useful at z > 2. These algorithms increase the spectral
completeness from ~86 to ~94% (Alexander et al., 2022), and only cause a ~1-2%
drop in spectral purity at z < 1 (Chaussidon et al., 2023).

Redrock is very reliable in estimating the redshifts of high-quality spectra
(Alexander et al., 2022). The number of catastrophic redshifts, where the difference
between visually-inspected and RR redshifts is Az > 0.01, is only ~1.5%. For
sources presenting a disagreement between RR and QN redshifts, the pipeline
computes the final redshift by re-running RR using the QN redshift as prior and
only quasar templates. This reduces the fraction of catastrophic redshifts from 1.5
to 1% (Alexander et al., 2022).

We obtain an overall density of 210 quasars deg~2 (60 for z >2.1) (Chaussidon et
al., 2023), which surpasses the DESI requirements of 170 quasars deg 2 (50 atz >2.1;
DESI Collaboration et al., 2016a). Throughout this work, we will only analyse
spectroscopically identified quasars that were also selected as quasar targets (i.e.
we ignore the small fraction of quasars found in other target classes; Myers et al.,
2023), to keep the purity of the catalogue as high as possible. These have a density
of around 54 deg™ at z >2.1. In figure 5.2 we show the redshift distributions of
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Figure 5.2: Redshift distribution of high-redshift quasars in DESI EDR+M2 and
eBOSS DR16 (Bourboux et al., 2020), with 147899 and 341468 in each sample
respectively. Only quasars between z = 1.77 and z = 3.75 feature in our analysis.

our EDR+M2 Lya quasars and include for comparison the catalogue used in the
Lya analysis of eBOSS DR16 (Bourboux et al., 2020, hereby dMdB20).

Figure 5.3 shows one such quasar with z = 2.44. Purple labels indicate broad,
distinctive emission lines often observed in high-redshift quasars, including the
Mgll line. We also highlight the Lya forest in blue, which exhibits a high density
of absorption lines. Due to the rest-frame wavelength range of the Lyman—a« forest
and the observed redshift distribution of quasars, most of our data falls within
the blue arm of the spectrographs.

5.2.2 Pixel masking

The Lya catalogue used to obtain the results in this paper is described in Ramirez-
Pérez et al., 2024. We present here a summary of how we mask contaminants in the
data, and refer the reader to Ramirez-Pérez et al., 2024 for a detailed description
of the process.

In this section and while computing the flux transmission field, we use Lya
pixels of width 0.8A in the observed frame - the resolution provided by the spec-

troscopic pipeline (Guy et al., 2023). When computing the correlation functions
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Figure 5.3: An example of a DESI EDR spectra at z = 2.44. Black dashed lines
indicate the central wavelength of the strongest quasar emission lines, including
the Lya used in our analysis. The shaded blue region shows the Ly« forest between
the Lya and Ly lines, the latter only partially observed in this specific example.
Also of note is the MglI line, used in the pipeline to re-classify galaxies as quasars
and the region between the CIV and CIII] lines, used for the re-calibration step
described in section 5.2.3.

(section 5.3) and the metal matrices (section 5.4.3.4), we combine these into 2.4A
analysis pixels to reduce the computation time, without affecting the measured
correlations.

The two primary contaminants of our Ly« forests are Broad Absorption Line
(BAL) and Damped Lyman-a Absorption (DLA). BALs are broad spectral troughs
that arise from high-velocity gas outflows from quasars. They often fall into the
Lya forest region and are difficult to model. These have been identified in the
past using convolutional neural networks (Guo and Martini, 2019), and a similar
approach has been used in DESI (Filbert et al., 2024). Identified BALs are then
masked in the affected spectra depending on the width of the trough, following
the procedure described in Ennesser et al.,, 2022. Masking avoids discarding
whole Lya forests where there are often valuable pixels, as was done in previous
Lyman—a forest BAO studies, like dMdB20.

DLAs are large absorption systems with column densities of neutral hydrogen
N > 1023 cm™2. Like the Lyman—a forest, DLAs are a tracer of the underlying
matter distribution but present a higher bias than the Ly« forest (Font-Ribera et al.,
2012; Pérez-Rafols et al., 2018, 2023). Their wide absorption profiles, however,

increase the noise in the clustering measurements. Following dMdB20, we mask the
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regions where more than 20% of flux is absorbed DLAs and correct their damping
wings in the unmasked regions using a Voigt profile. We use a DLA catalogue
created using two different techniques, a convolutional neural network (CNN)
and a Gaussian process (GP) finder, used in previous Lya analyses (Parks et al.,
2018; Ho et al., 2021) and re-developed for DESI (Wang et al., 2022; ] Zou. et al.,
2025). We decide to mask only those DLAs that are detected by both algorithms
with a confidence higher than 50%, resulting in 7% (or ~8500) of the forests in our
analysis containing at least one DLA.

To further remove noise from our data, we perform two additional steps. The
first is to mask areas affected by sharp spectral features, like the bright [OI] 5577.3
sky line and the calcium H and calcium K lines from the interstellar medium.
We mask the wavelength ranges between [5570.5,5586.7]A, [3967.3,3971.0]A and
[3933.0,3935.8]A respectively to avoid these (Ramirez-Pérez et al., 2024). Other
features caused by systematic flux calibration errors are corrected using the CIII]
spectral region (between CIV and CIII] in figure 5.3), see Ramirez-Pérez et al., 2024

for more details.

5.2.3 The flux transmission field

Here we describe the measurement of the overdensity field used in our correlation
functions. We only discuss the most important steps; for a complete description of
these processes and the DESI EDR Ly« catalogue, see Ramirez-Pérez et al., 2024.
Fluctuations around the mean transmitted flux fraction, known as the flux
transmission field, (64(A)) are computed as a function of observed wavelength:

A
0q(A) = =——-1, (5.1)

where fq(A) is the observed flux of quasar q, F(z) is the mean transmission of
the IGM at redshift z (z(A) = A/A4 — 1) and Cg4(A) is the unabsorbed quasar
continuum. The product of the two terms in the denominator is equivalent to the
mean expected flux for quasar q at observed wavelength A.

We compute the transmission field of each forest following the methodology
of Ramirez-Pérez et al., 2024, where the denominator of equation 5.1 is approxi-
mated for each forest as the product of a global rest-frame quantity C(A™) - the
weighted stack of f for all quasars - and a polynomial in log A to account for quasar
continuum diversity. For each individual line-of-sight, the polynomial term has
two parameters a, and b, controlling the quasar continuum amplitude and shape

respectively.
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The flux variance (05) in each pixel, later used to calculate the pixel weights
(equation 5.3), is the sum of two terms:

— 2
0q = [F Cq(A)] otss() +1(A) o3, ((A), (5.2)

2
pip.q
noise contribution, normalised with the expected flux. The function n further

where aiSS(A) is the contribution from cosmic variance, and o7, _(A) is the pipeline
corrects for any inaccuracies in the pipeline estimation. In the dMdB20 analysis,
n(A) ranged from 1.05 and 1.2 between 3600 and 5500 A respectively. Over the
same range in observed wavelength of the EDR+M2 dataset, this correction ranges
from 1 to 1.01 (Ramirez-Pérez et al., 2024), demonstrating that the DESI pipeline
gives a better noise estimate.

We use the publicly available code Picca* to compute our flux transmission
field, computing all of the relevant terms described above. While our computation
of the flux transmission field largely mirrors that of dMdB20, there are some key
changes introduced by Ramirez-Pérez et al., 2024 which help to increase the
relative SNR of our correlation functions. We will describe these in the following
section.

5.2.3.1 The Lya catalogue

In the observed wavelength regime we restrict our forests between A™" = 3600
A and A™ = 5772A. The lower limit is motivated by the limit of the DESI
spectrograph, which for our Lya catalogue translates to only including quasars
above z~2. We set the upper limit to maximise the signal-to-noise of our correlation
functions. In the rest-frame, our wavelength range is also reduced from the full
extent of the Ly« forest to between Arfmin —1040A and Arfmax :1205A, to avoid the
wings of the Lya and Ly emission lines, which can vary from quasar to quasar and
thus add error to the continuum fitting. Compared to dMdB20, we have a higher
upper wavelength limit in both the observed and rest-frame cases. In Ramirez-
Pérez et al., 2024, they found that A*™2X =1205A was the limit corresponding to
the lowest possible variance in the Lya correlation function monopole, achieving
a balance between the number of Lya forest pixels and avoiding the wings of the
Lya emission line.

The limits above result in 109 900 Ly« forests, with a maximum Lya absorption
pixel redshift of z = 3.75. In practice we also place an upper limit on the quasar
redshift of z = 3.75 to be consistent with our mock catalogues (Herrera-Alcantar et

al., 2025b), but this is done when computing the correlation functions and removes

*https:/ / github.com/igmhub /picca/
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only a negligible number of forests. For the Lya-quasar cross-correlation, we use
a tracer catalogue of quasars with a minimum redshift of z > 1.77, containing
147 899 quasars. This limit corresponds to a maximum possible separation of
300 h~'Mpc in the cross-correlation. In practice, we only measure correlations up
to 200 h~'Mpc but scales up to 300 1~ 'Mpc are needed to accurately estimate the
distortion (section 5.4.4). We place final restrictions on our sample by rejecting
forests with fewer than 50 valid Lyman—a forest pixels, and forests with a failed
continuum fit (Ramirez-Pérez et al., 2024). The resulting dataset contains 88 509

Lya forests.

5.3 Measuring the correlation functions

In this section we present the measurement of the correlation functions. We first
describe the weights entering in the estimator of the correlation function in section
5.3.1, and discuss a small correction applied to the forest to model the distortion
introduced by the continuum fitting (section 5.3.2). We then proceed to measure
the autocorrelation of the Lyman—a forest (section 5.3.3) and its cross-correlation
with quasars (section 5.3.4), as well as the uncertainty in these measurements
(section 5.3.5).

5.3.1 Lya weights

Because of varying quasar brightness and exposure time, the signal-to-noise in our
Lya forest is quite diverse. Therefore we weight the Lya pixels when measuring
correlations. These weights are used to compute the autocorrelation in equation
5.9 and the cross-correlation in equation 5.10. An optimal analysis would weight
all pairs of pixels according to their inverse covariance matrix (Slosar et al., 2013;
Font-Ribera et al., 2018). However, this makes the analysis significantly more
complex, so we follow previous analyses of eBOSS data (dMdB20) and weight
pixels individually.

Instead of directly using the inverse of the pixel variance (equation 5.2), we use

the modified Lya weights introduced in Ramirez-Pérez et al., 2024:
[(1+29)/(1 + z6a)]"

_ 27
o5 (M)02 g + 1003, /|FC,(1)|

(5.3)

wi =

where z3=2.25 (although this factor cancels in equation 5.9). The extra parameter

2
mod

portance of instrumental noise and intrinsic Ly« fluctuations in the weights. The

o was introduced in Ramirez-Pérez et al., 2024 to modulate the relative im-
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value of GIZn od = 7.5 was found to be optimal for this dataset (Ramirez-Pérez et al.,

2024), and itdreduces the uncertainties on the auto- and cross-correlation by 20%
and 10% respectively.

Finally, the numerator of equation 5.3 takes into account the redshift evolution
of the Lya bias (y,) and of the growth factor, and up-weights higher redshift
pixels to favour absorption with higher signal. Following dMdB20, we use a value
of y, = 2.9, motivated by the observation that the amplitude of the Lya power
spectrum with redshift evolves as (1+z)>8 (McDonald et al., 2006) . This correction

ranges from = 0.85 to 2.3 between z = 2 and 4.

5.3.2 Continuum distortion

A notable side effect of fitting (aq, bq) using data from entire forests is that the
measured 6,(A) will be distorted. In other words, our measured 6(A;) in pixel
will be a linear combination of all true underlying 6(A;), such that 6} = 1;;6;. The
solution to this, described in detail in Bautista et al., 2017; du Mas des Bourboux
et al., 2017; Adame et al., 2025b, is to apply a linear projection operator to our
measured ¢’ that explicitly removes the mean and slope of each quasar forest from
the field:

b = Z 1ii0; , (54)
where the projection matrix 7;; is given by
wj WiK;K;j S
ng = oK ) 1) g = log A —log Aq . (5.5)

b Ywy > kai
k Kk

65.( is the Kronecker delta and weights w are given in equation 5.3. The reason
for doing this is that the projected field 6 will have the same distortion as our
projected true field. Thus, we measure the correlations of our projected field &
and, as we will show in section 5.4.4, project the model correlation function in the
same way.

The transformation in equation 5.4 means that the average 64 at wavelength
A is biased towards 0. Following dMdB20, we subtract 5(A) when calculating the
cross-correlation (section 5.3.4) such that:

bq(A) = dg(A) = 6(A) . (5.6)

This correction guarantees that the cross-correlation (section 5.3.4) tends to 0 at

large separations regardless of the quasar redshift distribution.
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5.3.3 Autocorrelation

To measure the correlation functions, redshift and angular (Az,A0) separations
are first transformed to co-moving separations along (/) and perpendicular (r)
to the line of sight.

We calculate ([, 7. ) as:

1 = [de(zi) — de(zj)]cos (%) , (5.7)
and
r1 = [dm(zi) + dm(zj)]sin (AT@) , (5.8)

where (i,j) represent pixel-pixel or pixel-quasar pairs and A0 the angle between
them. The redshift of a pixel i is calculated assuming Lya absorption, such
that z; = A/A, — 1, where A, = 1215.67A. The co-moving distance is given by
d. = c¢/100 foz % in units of h~'Mpc, where E(z) = VOm(1 + 2)3 + Qq. d,y, is the
transverse co-moving distance (also known as angular co-moving distance). In

the case of a flat Universe (QQx=0), which we assume here, d, = d..
For the autocorrelation measurement we use a weighted covariance estimator

following previous analyses (Slosar et al., 2011; Bourboux et al., 2020):

B Zi,jEA wlw]616]

A =
Zi,jeA w;iw;

, (5.9)

where A is a bin in (r, 7.) space with width 4 h"'Mpc and the weights w; are
described in section 5.3.1. We sum over all pixels (i,j) across different lines of
sight, but do not include pixels in the same line of sight because of continuum
fitting errors that affect the entire forest, leading to spurious correlations which
bias our measurement. In each bin A, our model correlation £™°d is evaluated at
the weighted (by the number of pixel pairs) mean separation (|, r.) of the Lya
pixels (equation 5.3) in our data.

We measure the autocorrelation from [0, 200] #~'Mpc using 50 bins of 4 1 ~'Mpc
along and perpendicular to the line of sight, giving us 2500 bins in total. The given
limits on separation mean that the Lya autocorrelation has 3.75 x 10! pixel pairs.
In figure 5.4 we present our Lya autocorrelation measurement as a function of
(u,r)where u = r/rand r? = rﬁ +72, for EDR+M2 and eBOSS DR16. We show the
autocorrelation in 4 wedges, computed by averaging the 2D correlation in different
selections of u, ranging from closest (u € [0.95, 1]) to furthest (1 € [0,0.5]) from
the line of sight. In general, our DESI EDR+M2 measurement is consistent with

dMdB20, and across all bins (7, 7.), the uncertainties are only ~1.9 times larger.
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Figure 5.4: The DESI EDR+M2 (blue points) and eBOSS DR16 (Bourboux et al.,
2020) (shaded green) Lya autocorrelation compressed into weighted averages of
u=r|/r, where r = rﬁ + 2. We also include the best-fitting model to EDR+M2
described in section 5.4 (blue dashed). We have multiplied the correlation by 2 to
visualise the BAO peak, which is visible in both data sets. From these plots, we can
see the consistency between our measurements and those in eBOSS DR16 - a vali-
dation of the quality of DESI data at an early survey stage. Note that the presence of
three other bumps in the line of sight plot (bottom right) at 20, 60 and 111 h~'Mpc
is due to correlations between the Lya and Silll(1207), SilI(1190)/Sill(1193) and
Sill(1260) lines respectively. We model these contributions to the correlation in
section 5.4.3.4.

It should be noted that there is overlap between the two datasets, since DESI is
re-observing quasars observed in dMdB20. We present a constraint on the BAO
peak amplitude from our best-fit model in section 5.5. For p € [0.95.1], we can
also see peaks caused by other atomic transitions from elements like Si, referred
to as metal absorption or contamination in the rest of the paper. For example,
we see the SillI(1207) peak at r ~ 20 h‘lMpc and the SilI(1190)/Sill(1193) peak at
r ~ 60 h~'Mpc. Atr ~ 100 h~'Mpc we observe the BAO peak, which appears more
prominently in the y € [0.95,1] plot, due to its overlap with the Sill(1260)xLya
peak at 111 h~!Mpc. In section 5.4.3.4, we discuss the origin of the metal peaks
and how we model them.
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5.3.4 Cross-correlation

As with the autocorrelation, we define an estimator for the cross-correlation (Font-
Ribera et al., 2012; Bourboux et al., 2020):

_ 2ijeA Wiw;o;
Zi,jeA wiwj

for a pixel of Lya absorptioniand quasarj. In this case, the weights w; are corrected

EA , (5.10)

for the quasar bias evolution and are given by:

1+ Zj Va1
P = , A1
“ (1 + Zﬁd) (5 )

where yq = 1.44+0.08 (du Mas des Bourboux et al., 2019). The (1 + zgq) term,
with zgq=2.25, cancels again in equation 5.10. The sum in equation 5.10 applies
over all quasar-pixel pairs except pixels from their background quasar. Again, the
correlation is binned in terms of line of sight and transverse separation (r), 7 ), with
r, € [0,200] h~'Mpc but now r € [-200,200], h~'Mpc. The cross-correlation is
not symmetric under permutation of the two tracers, primarily because peaks from
metal contamination appear at either r; >0 or 7| <0, and because of systematic
redshift errors (equation 5.22) and because the bias of each tracer evolves differently
with redshift. Therefore we choose to define -ve separations for the case when
the quasar is behind the Lya pixel (zq > z,) and likewise +ve separations when
the quasar is between the observer and the Lya pixel (z4 > zq). This asymmetry
allows us to study systematics like quasar redshift errors (Bault et al., 2025). The
given range of separation in both directions and the 4 h1"'Mpc bin width now
result in N = 100x50 = 5000 bins.

In figure 5.5 we again show the cross-correlation as a function of r and p,
this time averaging over u € [-1,1], since the cross-correlation has -ve values
of r|. Here, the correlation is reversed with respect to the matter correlation
function. This behaviour arises from the fact that the bias of the Lya forest is
negative. By convention we trace the flux-transmission field, which is higher in
more under-dense regions - and the quasar bias is positive, giving a negative
product. The uncertainties in our DESI EDR+M2 cross-correlation measurement
across all (7, .) bins are ~1.7 times larger than in eBOSS DR16. In the following
sections, we discuss the covariance of the measurements of both the auto- and

cross-correlations.
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Figure 5.5: The 3D EDR+M2 (blue points) and eBOSS DR16 (Bourboux et al., 2020)
(green shaded regions) Lya-quasar cross-correlation, and the baseline fit (blue
dashed) to EDR+M2 described in section 5.4. Because we have negative values of 7
(when zq4 > z1y4), we have negative values of u = 7/ and therefore average over
p € [-1,1]. The cross-correlation is expectedly noisier than the autocorrelation,
but still we see a good level of consistency between eBOSS and DESI at this early
stage.

5.3.5 Covariance matrix

We estimate the covariances of the auto- and cross-correlations using a sub-
sampling method, following Delubac et al., 2015. In this method, we define
our sub-samples in 440 HEALPix (Gorski et al., 2005) pixels using Healpy (Zonca
et al., 2019), equivalent to an nside=16, each of resolution 3.7 deg or solid angle
3.7x3.7 = 13.4 deg®. We then calculate the weighted covariance Cap between

samples as:
1 Lo 2 A A
o D o WAl (865 - ade]

ijeAkIeB

Cap = (5.12)
where éSA is the measured correlation and WZ is the summed weight in sub-sample
s, and Wa = }’; W3. We assign each Ly« pixel pair, or quasar-Lya pair, to a given
HEALPix pixel based on the object with the highest right ascension. Our effective
redshift, z.g =2.376, is calculated by taking the average redshift of each bin of

the correlation function weighted by the number of pixel pairs. The area of one
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HEALPix pixel at this redshift is ~255x255 (h"'Mpc)?. The sub-sampling method
of estimating covariance has also been validated in studies with mock catalogues
in dMdB20.
Our auto- and cross-covariance matrices have N = 25002500 = 6.25 million
and N = 50005000 = 25 million entries, with the diagonal entries dominating.
The normalised covariance, or correlation matrix, is defined as:

CaB
Corrpp = —, 5.13
AP VVaraVarg ( )

where Vara=Caa is the variance. The off-diagonal elements of equation 5.12 are
noisy, and we need to smooth them to make our covariance matrices invertible.
Following dMdB20, we model the off-diagonal elements of the correlation matrices
as a function of line of sight and transverse separation, such that Corrag =
Corr(Ary,Ary) = Corr(lrﬁ" — r|]|3|,|rf — rB]). In figure 7 of dMdB20 we see that the
correlation matrix in this model decreases rapidly with (Ar,Ar,).

5.4 Correlation function models

In this section, we discuss the theoretical model for our correlation functions, which
includes the effect of all the major contaminants. For the most part, our model
follows that in dMdB20, except the instrumental systematic effects model, which
we adapt to account for the differences between the DESI and eBOSS instruments.
The final fit, which we describe in section 5.5, consists of 13 free parameters shown
in table 5.1.

5.4.1 Power spectra

For our correlation model, we start with an isotropic linear power-spectrum tem-
plate, decomposed into a peak and a smooth component. We then add the
Lya/quasar Kaiser terms, some non-linear corrections, and contaminants, and
convert the resulting anisotropic power spectrum into a correlation function. Fi-
nally, we multiply by the distortion matrix and recombine the peak and smooth
components to obtain the final correlation model.

The auto- and cross-correlation functions are derived from the tracer biased

power-spectrum, given by:

Pij(k/ ‘le, Z) = bl(z)b](z)(1 +,Bl(ui)(1 +ﬁ]‘ui)PQL(k/ [Jk/ Z)FNL,ij(k/ ‘le)G(k, ‘Uk) ’ (514)
where the vector (k, ) is defined such that kZ = kﬁ + kf_ and ux = k/k, Gis

a term that accounts for binning on an (7, r.) grid (equation 5.18) and Pq is a
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quasi linear power spectrum that is multiplied by a non-linear correction term
Fnuij(k, k) (section 5.4.2). The parameters b; and f; are the linear bias and RSD
of tracer i.

To fit a unique function across each (7, 7.) bin where the effective redshift
varies from that of the full dataset (ze¢ = 2.376), we need to evolve the Lya and

quasar biases using;:

YVa

ba(Z)zba(Zeff)(ll_:-Zjﬁ) , (5.15)
Vq

bq(Z)qu(Zeff)(ll_:szf) p (5.16)

where y, =2.9 (McDonald et al., 2006) and yq =1.44 (du Mas des Bourboux et al.,
2019).

For the autocorrelation (i=j) the only tracer is Lya absorption and for the cross
(i#) the tracers are Lya absorption and quasars. Following past BAO analyses
(dMdB20), we take the linear matter power spectrum from Planck 2018° (Planck
Collaboration et al., 2020) and separate it into a smooth component and peak

component with non-linear broadening corrections:

2v2 | 1.2 v2
k”2”+kl2l

2

PQL(kr z) = Ppeak(kr Z)eXP + Psmooth(k, 2) , (5.17)

where Ppeak contains BAO and Pgmooth does not. We make this decomposition using
the side band technique from Kirkby et al., 2013 such that Ppeak = Plin — Psmooth,
and allows us to isolate the model for the BAO peak from the rest of the correlation
and fit its position and amplitude. For the non-linear broadening correction of
the BAO peak, we use I = 6.36 h"'Mpc and ©, = 3.24 h"'Mpc as in dMdB20
(Eisenstein et al., 2007; Bourboux et al., 2020), assuming that our small difference
in effective redshift has negligible effect.

The last term in equation 5.14, G, corrects for the fact that we bin correlations
in a grid in (r,r.) and is the product of the Fourier transform of two top-hat

k| AA ) sinc (kLAAL)
2 7

functions:

G(ky, k1) = sinc ( (5.18)

where AA| = 4 h_lMpc and AA, =4 h_lMpc are the bin widths in the line-of-
sight and transverse directions respectively. To compute equation 5.18, we make
the approximation that our correlation is distributed homogeneously within each
bin. In reality, it scales with r, in the transverse direction, but Bautista et al., 2017
have shown that the approximation made here produces an accurate correlation
function.

Sderived using CAMB https:/ /github.com/cmbant/CAMB
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5.4.2 Non-linear corrections

We multiply the quasi-linear power spectrum Pqr ji(k, ux) of equation 5.14 by a
non-linear correction PNL,ij(k, tx). In the autocorrelation, the dominant effects
encompassed by this correction are non-linear structure growth, peculiar motion,
and broadening due to the thermal motion of particles, modelled in Arinyo-i-Prats
et al., 2015.

Statistical redshift errors and galaxy peculiar velocities of quasars smear the
cross-correlation along the line of sight 7, which following Percival and White,

2009 we model as Lorentzian damping:

1

V1+ (k”GV)Z '

where oy is one of the free parameters in our model, given in table 5.1. Statistical

FRr(ky) = (5.19)

errors also affect the autocorrelation by adding random shifts to quasar spectral
templates that in turn introduce systematic error in the mean continuum estimate
f(z)Cq(A). The impact of statistical redshift errors on BAO measurements from
both the auto- and cross-correlation is described in the next chapter.

5.4.3 Modelling contaminants

Both the auto- and cross-correlation functions receive small contributions from
other effects, which for the autocorrelation we model as:

Eauto = ELyochyoz + Z ELyaxm + Z Emiij + Einst ’ (5-20)
m

m;,m
where &1 yaxLya is transformed from Py, (k, px) (equation 5.14) via a Fast Hankel
transform. The Lya bias parameter is also modelled to account for contamina-
tion by High Column Density Systems (HCD). &ryaxm is the cross-correlation
between Lya absorption and metal absorption and &, xm ;is the metal-metal au-
tocorrelation discussed in section 5.4.3.4. Finally, &inst is the contribution from
DESI instrumental systematics, including sky subtraction residuals and spectro-
photometric calibrations, described in full in Guy et al., 2025 and modelled in
section 5.4.3.2. Likewise, for the cross-correlation, we write:

Ecross = éLanq + Z gqu + ETP ’ (5.21)

where &1yaxq 18 transformed from Fourier space in the same way as the autocorre-

ETP

lation, £gxm is the quasar-metal line cross-correlation and is the contribution

from the effect of quasar radiation given in section 5.4.3.1.
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Finally we introduce another free parameter to our model to account for any

systematic shift in line-of-sight separation between quasars and Ly« absorption:

Arj,q = 7] True ~ 7|l Measured - (5.22)

This effect arises due to systematic quasar redshift errors and thus produces an
asymmetry over positive and negative r; which can be studied using the cross-

correlation of quasars and Ly« absorption, as is done in Bault et al., 2025.

5.4.3.1 Quasar radiation effects

At small scales, quasar radiation can strongly affect its surrounding gas or a
nearby Lya forest. This radiation dominates over the UV background (du Mas
des Bourboux et al., 2017), so the ionisation fraction, and therefore the number
of passing Lya photons, increases. This is modelled following Font-Ribera et al.,
2013; Bourboux et al., 2020, assuming isotropic quasar emission:

1 h~Mpc 2 —r
TP _ (TP
& =4, ( p ) exp(AUV) , (5.23)

where we fit for the scale parameter Egp, and Ayy is the UV photon mean free path
set to 300 "' Mpc following Rudie et al., 2013.

5.4.3.2 Instrumental systematics

The focal plane of DESI is divided in 10 "petals”, with 500 fibres each that are fed
to one of the 10 spectrographs. The calibration of DESI spectra (sky subtraction
using sky fibres and flux calibration using standard stars) are performed separately
for each of the 10 petals (Guy et al., 2023). This introduces a possible source of
systematic correlations for pairs of spectra obtained with the same spectrograph.
The impact of correlated sky residuals and flux calibration errors in the Lya cor-
relations in DESI is described in detail in Guy et al., 2025. Poisson fluctuations
at the observed wavelength of the sky lines within each spectrograph, and flux
calibration residuals, produce an excess correlation at r; = 0. We model the contri-
butions of both of these, which contribute roughly equally, in the autocorrelation

with an empirical functional form:

Ainst (B —-1)% 7L <80k Mpc, 7 =0

(5.24)
r. > 80 h™Mpc

5 inst =

where Aing is fit and given in section 5.5. The limit of 80 h1~*Mpc roughly cor-
responds to the angular size of a DESI petal on the sky at the effective redshift
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Figure 5.6: The Lya-quasar cross-correlation as a function of r), for
r.€[0,12] h~!Mpc. On the right, we over-plot our baseline model (red solid)
reported in table 5.1 and a model with no metal line component (blue dashed). On
the left, we show two additional lines to highlight the effect of setting Ar 4 to 0 and
ignoring quasar radiation effects (green dashed). We can see the asymmetry of
the cross-correlation through metals and systematic redshift errors (parametrised
by Ar) q) in the data here.

of our data. Note that we do not see this effect in the cross-correlation since it
requires two correlating subtracted sky lines in two Ly« forests. In dMdB20 the sky
subtraction residuals were modelled with a Gaussian with two free parameters
instead of one. The differences in the DESI and eBOSS instruments - such as eBOSS
having only two spectrographs with 500 fibres each - lead to a difference in the
shape and amplitude of the instrumental effects model. In section 5.5, we compare
the amplitude of both models at | = r, = 0.

5.4.3.3 Absorption by high column density systems

The Lya forest contains absorption from neutral hydrogen in the diffuse IGM
and systems of neutral hydrogen with significantly higher column density®. In
section 5.2.2, we defined DLAs as having column density Ny; > 10%93em~2 and
discussed how we identify and account for these using pixel masks and a Voigt
profile to model the wings. Assuming we identify and treat all of the DLAs, the
noise in our correlation measurements should be significantly reduced. We still

expect to be contaminated by some objects of column density Ny; <10%-3cm™—
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(sometimes referred to as sub-DLAs) which have a similar absorption profile, but
lesser effect on our data. Ideally, we would also mask HCDs below the DLA
limit, but these are difficult to identify with our current pipeline and resolution.
Following Font-Ribera et al., 2012; Rogers et al., 2018 we model the contamination

from these systems as a modification of the large-scale bias parameters:

by = by + bucpFucp(k))) , (5.25)
bafa = baBa + brcppucoFrco(k) (5.26)

where bycp and fucp are the bias and RSD parameter of the HCD systems and
Fucp(k)) is a factor depending on the distribution of HCDs, modelled following
dMdB20 as:

Fucp(k)) = exp(—Lucpk)) - (5.27)

Here Lycp is the typical HCD length scale, and is set to 10 h‘lMpc following
dMdB20 because of its degeneracies with other parameters in the fit. Note that it
was verified in Cuceu et al., 2020, 2022b that varying Lycp between ~7-13 h‘lMpc
does not significantly affect BAO measurements.

5.4.3.4 Absorption by metal lines

As stated earlier and shown in equations 5.20 and 5.21, our measured correlations
are not only the result of Lya absorption in the IGM or HCDs but also heavier
elements in the IGM due to galactic gas outflows (Yang et al., 2022). Therefore, we
introduce a cross power spectrum Py (k, z) for each pair of absorbers (m,n) and
their configuration-space counterparts ™.

Because we measure our flux-transmission field and correlations assuming all
absorption in the Ly« is due to the Lya transition, we assign to each absorption
pixel a redshift z = A/A, — 1. However, because of the metal lines from heavier
elements, an excess correlation appears at the separation between the true and

assigned redshifts zyeta1 and z,:

Zmetal ]/ c(1+2z)Ametar — A
= Ametal — dLya = C/Z H®) ~ (I—I(Z) ) et% = p (5.28)

where A and Z are the mean values of the Lya and metal absorption. The excess

correlation is more clearly observed for vanishing physical separations between
two absorbers, when r; ~ 0. We represent the correlation shift for each pair of

®High column density systems is a term used in past eBOSS publications to refer to neutral
hydrogen with column density Ny; > 10172cm™2, of which DLASs are the highest column density
subset and the most impactful contaminants on our data.
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absorbers (m,n) using the metal matrix formalism of Blomgqvist et al., 2018. In this
method, the shifted correlation function E;“X“ for each absorber pair (m,n) is given

in terms of the un-shifted correlation function cfglxn as:

EMN(A) = ) Map, E8"(r)(B), 7.(B)), (529)
B

where (m,n)€B is the pixel separation using the rest wavelength of each absorber
m and n, (m,n)€A refers to the pixel separation assuming both pixels have rest
wavelength Atya, and:

Z(m,n)EA,(m,n)eB WmWn

Map = : (5.30)
Z(m,n)eA WmWn

For the cross-correlation, index m is a quasar with redshift z; used to calculate the
projected separation. To compute Map in a reasonable time, we only use 1% of
pixel pairs. We have verified that this does not affect the measured metal biases.

Different rest-frame wavelengths peaks at different line of sight separations.
Given the range of separations that we measure, we model 4 dominant metal lines
- Sill(1190), Sill(1193), Silll(1207), and SilI(1260) (Bautista et al., 2017). Each metal
line has it’s own bias and RSD parameters (bmetal, fmetal) and corresponding power
spectrum P, as mentioned above. We cannot determine these two parameters
separately since the correlations £ only have a significant impact at small 7,
and therefore we set f, =0.5 following Bautista et al., 2017. The values of by,
for each metal line are constrained in the fits discussed in section 5.5. The CIV
metal bias has also been typically fit in previous Lya forest correlation studies
(Blomgqyvist et al., 2018; Gontcho A Gontcho et al., 2018), but we decide not to
model it in this study because it was weakly detected and had a negligible effect
on the dMdB20 analysis, and we report the same for EDR+M2 data.

5.4.4 Modelling the continuum distortion

Due to distortions created in the quasar continuum fitting process, we apply two
corrections to our measured delta fields in section 5.2.3. Doing this, each measured
delta Sq(/\) becomes a linear combination of all other pixels in the same forest,
distorting the correlation functions measured from these deltas. To correct for the
distortion we relate the measured (&) and true (&) correlations following Bautista
et al., 2017; du Mas des Bourboux et al., 2017; Bourboux et al., 2020 with:

En = Z Danél,, (5.31)
AI
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where

2 wiwj( 2 )T]ii’rljj’)

(ij)eA (i",jeA’

DAA’,auto = ’ (5.32)

2 wiwj
(ij)eA

for the autocorrelation, where 7 is the projection matrix given in equation 5.5. We
2 wi X1
(ik)eA (G k)eA’
DAA’,cross = S w; ’ (5.33)
(i,k)eA

also have

for the cross-correlation, where i, j are pixels in the same forest and k is a quasar.
Like the metal matrices, we compute the distortion matrices with only 1% of total
pixel pairs to reduce computing hours. In our analysis, we model the effect of
distortion out to a separation of 300 h*Mpc, since distortions at this scale are
known to affect the correlation function at scales relevant to our analysis. The two
expressions above equate to multiplying our physical model of the correlation by
the distortion matrix before any comparison with data. The effects of distortion

have also been validated in previous studies using mocks (Bautista et al., 2017).

5.5 Fits to the data

We now present the best-fitting solution of the model introduced in section 5.4 to
the Lya autocorrelation and Lya quasar cross-correlation described in section 5.3.
For this study, we have established a baseline model with 13 free parameters based
on Kaiser models for biased tracers with additional contaminants, described in
detail in section 5.4.

In the anisotropic correlation model of equation 5.14, it is evident that the cross-
correlation we measure is only sensitive to the product of the Lya and quasar
biases. As a result, we present only the auto and auto+cross combined fits. In the
latter, we break the bias degeneracy to measure the quasar bias bq distinctly. Then,
using the fact that for point tracers fq=f /bq, where f = 0.97 (Planck Collaboration
et al., 2020) is the growth-rate for our fiducial cosmology at z = 2.376, we infer
a value of 4. The other advantage of combining both correlations is improving
constraints on key parameters. For example, our constraints on Agao improve by
1.6x going from autocorrelation fit alone to the combined fit.

In table 5.1, mean values and 68% credible regions of the posterior distributions

for each free parameter in the auto and combined auto+cross correlations are given’.

’computed using the plotting tool Getdist (Lewis, 2019)
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To perform each fit, we use the Python package Vega®, which employs the nested
sampler Polychord (Handley et al., 2015) to sample each parameter. We find that
the auto-only results are very consistent with the auto+cross combined. In each
column we put a dash symbol in entries where parameters are only relevant to
the combined correlation and not to the autocorrelation alone.

The second part of table 5.1 gives the characteristics of each fit, including the
number of bins in each measurement, the number of free parameters, the minimum
x? value, and the probability (p-value). Note that to obtain the latter two values,
we use a minimiser instead of the nested sampler used to obtain parameter means
and confidence regions. The minimiser makes use of the Python package Iminuit’
We perform the fit for r € [10,180] h~*Mpc due to the increasing complexity of
modelling the correlation function at small scales (non-linearities). The 4 h"!Mpc
bin width of the correlation functions translates to 1590 and 4770 bins for the auto
and combined fits.

To measure the full correlation function we re-combine the peak and smooth
parts of the correlation (outlined in section 5.4.1):

5(7’” T, q), ay) = ésmooth(rH ,TL)+ ABAOépeak(aH I, ayri), (5.34)

where o and «, are the BAO parameters (see dMdB20 for recent constraints on
these). Here Apao is the amplitude of BAO, which we detect at 3.80 confidence
(table 5.1). We fix both o and a to 1, or the fiducial cosmology, and focus on
preparing for a robust measurement with DESI year 1 data.

The best-fitting model is shown on four autocorrelation wedges in figure 5.4
and the same four cross-correlation wedges in figure 5.5. In figure 5.7, we also
show the autocorrelation along the line of sight, averaged over 0 < r, < 12 h~'Mpc
and overlaid with the baseline model from the minimiser fit. We also include
a fit that does not model the effect of metal contamination, and a fit that does
not model metal contamination or BAO. We multiply by r to see that the bumps
caused by the metal lines Silll(1207) and Sill(1190)/Sill(1193) at r ~ 20 h*Mpc
and r ~ 60 h~'Mpc respectively are well-fit by our model, and poorly-fit by the
no metal model. The Sill(1260) line gives a produces a peak at r ~ 111 h"'Mpc,
which along the line of sight dominates over the BAO peak with which it overlaps.

5.5.1 Fit probability

The combined fit presented in table 5.1 has a x? probability of 0.03. Because this

is a relatively low value, we discuss several caveats here.

8https:/ / github.com/andreicuceu/vega
“https:/ / github.com/scikit-hep /iminuit
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Figure 5.7: The best fitting solution (red solid) of our model to the DESI EDR+M2
Lya autocorrelation (black points) function along the line of sight, where we
average over 0< r; <12 h‘lMpc. We also include a fit which does not model metal
contamination (blue dashed) and a fit which does not model metal contamination
or BAO (green dotted). We multiply the y-axis by r for visualisation. The bumps
in correlation caused by Silll(1207) and Sill(1190)/Sill(1193) at r; ~ 20 h~Mpc
and r|| ~ 60 h"'Mpc are visible. The most prominent peak is driven by SilI(1260)
at rj ~ 111 h~'Mpc, rather than the overlapping BAO peak at r; = 100 1 "Mpc.
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Parameter Auto Combined
b, -0.129+0.010 -0.134+0.009
B L4973l 1410
buco -0.045+0.009 -0.039+0.009
10%b, sini100)  -3.3+1.0 -2.2+0.8
10%b, sin(1e3)  -1.7758 -0.9*5%
10°b, simaze0) ~ -2.9%1.1 -2.6+0.9
10%b, sim(i207)  -3.9+1.0 -3.4+0.9

q - 3.41+0.16
Arjq(h"'Mpc) - -2.21+0.18
oy (h™*Mpc) . 5.2+0.5

& - 0.68+0.18
10*Ajnst 2.670% 24103
Agpro 1.04+0.45 1.21+0.32
Nbin 1590 4770
Nfarams 9 ]-3

Xo 1711 4945
probability 0.01 0.03

Table 5.1: Table of early DESI fits on the autocorrelation and the combined
auto+cross correlations. We do not perform a cross-correlation-only fit due to
degeneracies between parameters. In the first part we show the mean and 68%
credible region for each free parameter in our model computed from the posterior
distributions from the nested sampler. We evaluate each parameter at the effective
redshift of our data zeg =2.376, where redshift is relevant. Where a parameter does

nn

not feature in the autocorrelation fit, we use the "-" symbol. In the second part, we
give the characteristics of the fit, including the number of bins, free parameters,
and the szn ., probability as estimated with a minimiser.

In figure 5.8, the residuals are spread evenly across (r),7.). There are some
groups of bins with higher residuals closer to the line-of-sight (r, = 0 h™Mpc)
where continuum distortions are strongest, and atlarger separations r ~ 150 h™*Mpc,
but these are likely due to the high degree of correlation between data points which
we ignore in this plot (we use the diagonal of the covariance matrix here).

If we change the lower limit on our fit of both correlations to r = 20 h~*Mpc
rather than 10 1~'Mpc, our fit probability increases to 0.08 from 0.03. It’s possible
that our constraints on the baseline model are slightly biased when fitting down
to 10 h‘lMpc, but we will leave this mock catalogues studies in DESI year 1.
Recent results using Lya mocks on AbacusSummit (Hadzhiyska et al., 2023) also
suggest that the Kaiser model that we employ here does not adequately model
non-linear effects in the Lya quasar cross-correlation for r < 30k~ !Mpc. If we
set this as a lower limit on the cross-correlation while keeping 10 h~!Mpc for
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the autocorrelation (Hadzhiyska et al., 2023 find the Kaiser model is a good
approximation in this case), we increase our probability to 0.05, without biasing
our measurements.

Changing the upper limit to » = 150 h"'Mpc also increases the fit probability
slightly to 0.05, and has a negligible effect on measured parameter values. For all
of these tests, the most important thing for future analyses will be the effect on
the BAO scale parameters, which we do not measure here. Therefore, we keep the
baseline analysis between re [10, 180] = !Mpc as in dMdB20.

In section 5.2 we outlined how we compute the Lya flux transmission catalogue
using the full resolution of the DESI spectrograph (0.84). Using the optimal
weighting of equation 5.3, by setting arzno 4=/-5, we reach the same precision on the
correlation function as using 2.4A pixels with orzn oq=3- However, when computing
the fits from the latter weighting, we find a x? probability of p=0.13 for the
combined fit. Despite this higher fit probability, we prefer to use the full resolution
of the DESI spectrograph in this analysis and leave this effect for study in the
DESI year 1 analysis. Reducing the maximum rest-frame wavelength of the Ly«
forest to 1205 to 1200A (chosen to minimise correlation function uncertainties;
Ramirez-Pérez et al., 2024) increases the fit probability to p=0.18, but we refrain
from making this change until there is a further study on mock data sets with
greater statistical power. Several sources of contamination like DLAs, metals, and
other effects such as quasar radiation are modelled in the same way as in dMdB20
and require an in-depth study for DESIL

5.5.2 Comparison with eBOSS DR16

To compare with dMdB20, we fit their measured correlation functions with the
settings described in this paper. Except for the instrumental systematics effect,
every other part of the model is the same. In figure 5.9 we present the marginalized
2D posterior of f, and b,. Note that the effective redshift of the eBOSS combined
correlation is z=2.334, and thus we use the Lya bias-redshift relation in equation
5.15 to shift our bias measurement to that effective redshift.

We summarise the differences in the mean value, 68% confidence intervals,
and the consistency between b,, f, and a selection of parameters between DESI
EDR+M2 and the eBOSS DR16 fits in table 5.2. In the case of bq, we also shift the
DESI EDR+M2 measurement to the effective redshift of the DR16 data set, this

9The Lya working group key paper on DESI year 1 data will be centred around measuring
(a),@ ), but studies of the Alcock-Paczyriski (AP) effect using both the smooth and peak part of
the Lya forest correlations will happen.
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ri [h~ Mpc]

Figure 5.8: Residuals of our fit to the DESI EDR+M2 autocorrelation, defined as
the difference between data and model correlation divided by the uncertainties of
each data point (square root of the diagonal of the covariance matrix). The area
between the black dashed lines indicates the BAO region between 80-120 1 'Mpc.
We see that overall there are no strong areas of discrepancy.
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Figure 5.9: 68% and 95% credible regions on bias and redshift-space distortions
from the auto- and cross-correlation of the Lya forest for DESI EDR+M2 data at
the effective redshift of eBOSS DR16 (green) and eBOSS DR16 data. We performed
tits on both datasets with the same model (presented in section 5.4). To evolve the
value of the DESI EDR+M2 bias with redshift we use the relation by, oc (1 + z)r 1
(McDonald et al., 2006) where y =2.9 (Bourboux et al., 2020).

time using the relation bq(z) o (1 + z)” where y ~ 1.44 (du Mas des Bourboux
et al., 2019). For the other two parameters in table 5.2, we are only interested in the
mean value and the relative values of the uncertainties between surveys. The oy
constraint tells us that the DESI pipeline more precisely estimates quasar redshifts
than was done by eBOSS DR16.

The final tracers that we constrain in our model are HCDs and metals. We
measure the bias of HCDs to be bycp =-0.039+0.009 and bycp =-0.053+0.0043
in early DESI and eBOSS (data) respectively. A smaller value of bycp indicates
weaker contamination by DLAs in our data, from which we conclude that the
DESI pipeline (J Zou. et al., 2025) masks a higher proportion of DLAs, than the
dMdB20 pipeline. The metals are all detected with high confidence, each with a
non-zero bias to a minimum of 2.25¢0 except Sill(1193), and are in good agreement
with dMdB20. The effect of metal correlations is visible in figure 5.7.

The systematic error in the quasar redshift estimations is parameterised by Ar) 4,
which is measured through an asymmetry in the cross-correlation as described

in the previous section. We report a value of Arjq = -2.21 + 0.19h'Mpc, a
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Parameter DESI EDR+M2 eBOSS DR16 o0pgsi/0eBoss Ao
biya (z=Zefipr1s) -0.131+0.009  -0.117+0.004 2.25 1.39
BLya 1417012 171£0.09 15 1.88
bq (z=Zeff,pr16) ~ 3.36+0.16 3.70+0.10 1.6 1.8
oy [h~™Mpc] 5.2+0.5 6.77+0.29 1.72 -
ABAO 1.21+0.32 1.16+0.16 2 -

Table 5.2: Table highlighting the main sampled posteriors of the auto+cross
correlations for DESI EDR+M2 and eBOSS DR16 data, their relative uncertain-
ties (68% credible region), and their consistency with each other, defined as

2 2 .
Ao=|ueBoSs — UpEst|/ \/ e where u is the mean parameter value. We

use the same model (outlined in section 5.4) for the fits in both cases, except for in-
strumental systematics contribution that is slightly different because of variations
in the eBOSS and DESI instruments (Guy et al., 2025).

clear detection of systematic redshift errors. This offset could be related to an
inconsistency in the treatment of the mean flux transmission f(z) in the quasar
templates used by Redrock at z 2. In order to avoid this type of bias, dMdB20
used a redshift estimator which did not use wavelengths around the Ly« emission
line or lower. They measured a value of Ar”,q =0.10 £ 0.11 h_lMpc, consistent
with zero. The impact of redshift errors in DESI quasars is studied in more detail
in Bault et al., 2025, and mitigation strategies are currently being considered in
DESL

Atry = ry = 0h™!Mpc, the spurious correlation produced by instrumental
effects is Ajnst = 2.4f8:§ x 10%. In dMdB20, they used a Gaussian instrumental effects
model, in which the spurious correlationatr, =r; =0 h~'Mpcis Asky/ asky\/Z_n =
1 X 10*. We expect to see discrepancies in amplitudes here, given how distinct
the two instruments are (section 5.4). To summarise the differences between early
DESI and eBOSS DR16 data discussed above, we include a 13-parameter corner
plot for both data sets in Appendix A, figure 5.10.

5.6 Conclusion

We present the first study of the Lya autocorrelation and its cross-correlation
with quasars from Dark Energy Spectroscopic Instrument (DESI) data. Our data
sample, EDR+M2, consists of 318 691 quasar target spectra from the DESI survey
validation (DESI Collaboration et al., 2023b) phase and the first two months of the
DESI main survey, resulting in 88 509 Ly« forests with redshift z >2.

60



5.7. APPENDIX: COMPLETE FIT RESULTS

We use the catalogue of Ly« fluctuations from Ramirez-Pérez et al., 2024, which
made several adaptations to previous analysis pipelines (Bourboux et al., 2020),
leading to a 20% and 10% improvement in the auto- and cross-correlations. Our
2-point correlation functions are estimated following the eBOSS DR16 analysis
(Bourboux et al., 2020), with which we report high consistency and an average of
1.7x larger uncertainties across all bins in co-moving separation (7,7 ). We do a
combined auto-+cross correlation fit with our 13 free parameter model, based on
linear perturbation theory, and make constraints on key parameters like the Ly«
forest bias, quasar bias, and the amplitude of the BAO peak. We detect Baryon
Acoustic Oscillations to 3.8¢ confidence, showing the constraining power of DESI
data at an early survey stage. The model used is again similar to that in Bourboux
et al., 2020, except the instrumental systematics model (Guy et al., 2025) that is
modified to account for the differences between both instruments.

At this stage of the DESI survey, we have highlighted the quality of our data
and validated existing analysis methods of 3D correlations using the Ly« forest.
With relatively low statistical power, we do not report constraints on the scale
parameters of BAO and instead leave that to the DESI year 1 analysis. This future
work will require an in-depth study of systematics and contaminants like DLAs
and metals before performing a proper cosmological analysis of BAO.

5.7 Appendix: complete fit results

Here we show the triangle plot of the full posterior distribution - made using the
Polychord nested sampler (Handley et al., 2015) and the plotting tool Getdist
(Lewis, 2019) - of all 13 parameters in our model of the combined auto+cross
correlations, for both the DESI EDR+M2 and eBOSS DR16 data set. We measure
both b, and bq at the effective redshift of eBOSS DR16 by using the redshift
evolution of each parameter on the EDR+M2 result. For the Lya and quasars this
is b o< (1 +z)”, where y, = 2.9 (McDonald et al., 2006; Bourboux et al., 2020) and
Yquasar = 1.44 (du Mas des Bourboux et al., 2019).

We can see several parameters in the model which are correlated. The bias and
RSD parameters of the Lya forest are strongly correlated with each other and with
the bias factor of HCDs. The correlations that we show between the quasar bias
and the bias of HCDs, and the quasar radiation strength are why we do not fit the
cross-correlation independently of the autocorrelation, as mentioned in section
5.5.

Finally, there is an apparent correlation between the instrumental systematic
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DESI), which we have not included here. For bry, and bq we present posteriors for

both surveys at the effective redshift of the eBOSS DR16 data set.
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effects parameter Ajngt and the BAO peak amplitude Agpo. This is somewhat
unexpected because the instrumental systematics model should only contribute
at small scales (| =0,7, < 40 h~'Mpc) and needs to be studied further for future
analyses of DESI data.

For each parameter, we see the EDR+M2 result is generally within 1-2¢ of the
DR16 results, except Arj 4, which has a much larger absolute value for our data
set. As mentioned in section 5.5, this is likely because of systematic redshift errors
that arise from poorly performing quasar templates. Improvements in the quasar
templates used for redshift estimation will be made (Brodzeller et al., 2023) for
DESI year 1 to reduce this effect, but for now, it is a well-constrained nuisance
parameter in our model. Finally, we see that for EDR+M2, the posterior of SilI(1193)
is not Gaussian (it is hitting the upper prior bound of 0) because of difficulties
constraining the parameter from our data. From the DR16 fits, we can also see
that this is one of the weaker detected metals (although it is still non-zero with
30 confidence). Thus we expect that, with lower statistical power, it is difficult to
detect. DESI year 1 data will present an exciting opportunity to make the most
precise constraints on the presence of metals in the Lya forest, including lines that

are not included in our model here but were in the past (e.g. CIV(eff)).
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6

MODELLING THE IMPACT OF QUASAR
REDSHIFT ERRORS ON FULL-SHAPE
ANALYSES OF CORRELATIONS IN THE

Lya FOREST.

6.1 Introduction

One of the major objectives in modern cosmology is to understand the nature of
dark energy. The discovery of the accelerating expansion of the universe from
measurements of distant supernovae (Riess et al., 1998; Perlmutter et al., 1999)
introduced the need for some form of dark energy, in the simplest case a cosmolog-
ical 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 cosmological 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, N. G. etal.,
2013; Bautista et al., 2017; Bourboux et al., 2020). In each case the observable is a
feature imprinted in the clustering measurements at comoving separation ~100
h™Mpc. 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., 2025c¢).

65



CHAPTER 6. MODELLING THE IMPACT OF QUASAR REDSHIFT ERRORS
ON FULL-SHAPE ANALYSES OF CORRELATIONS IN THE LYa FOREST.

The Dark Energy Spectroscopic Instrument (DESI) (Levi et al., 2013; DESI
Collaboration et al., 2016a,b, 2022; Guy et al., 2023; Miller et al., 2024; Poppett
et al., 2024) survey will measure the spectra and redshifts of more than 40 million
galaxies (Hahn et al., 2023; Raichoor et al., 2023; Schlafly et al., 2023; Zhou et al.,
2023) and 3 million quasars (Chaussidon et al., 2023) over the course of a 5-year
survey, covering 14000 deg? of the sky. Precise measurements of large-scale
structure have already been made in galaxy and quasar clustering for the first year
of observations of DESI (DESI Collaboration et al., 2024a; Adame et al., 2025a),
comprising spectra of targets between redshifts 0.1 < z < 2.1, and the Ly« forest at
z > 2.1 (Adame et al., 2025b). The Lya 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 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., 2013, 2014b), has a higher
effective redshift than DESI galaxies (2.33 (Adame et al., 2025b)). 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.,
2025c).

It is possible to drastically improve the cosmological constraining power of
the Lya forest (and galaxy) clustering by including information from the Alcock-
Paczynski (AP) effect (Cuceu et al., 2021, 2023a). It was projected in Cuceu et al.,
2021 that including AP information from both the BAO peak and the smooth
component of the Lya clustering measurement will give 2.5% and 1% constraints
on Oy, and Horg, 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 correlation functions with redshift-space distortion (RSD)
constraints derived from the quasar autocorrelation function.

It was demonstrated in Adame et al., 2025b that the analysis method used to
measure BAO is quite robust to various systematic 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 contaminants usually
considered are continuum fitting distortion (Slosar et al., 2011), high column
density (HCD) systems (Font-Ribera and Miralda-Escudé, 2012; Rogers et al., 2018;
Pérez-Rafols et al., 2023), broad absorption line (BAL) features (Ennesser et al.,
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2022), metal absorption (Font-Ribera and Miralda-Escudé, 2012; Pieri et al., 2014)
and redshift errors in quasars arising from both astrophysical peculiar velocities
and measurements Font-Ribera et al., 2013. Both HCDs and BAL:s are identified
using neural-network-based finder algorithms (Guo and 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 measurements 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 Lya forests with quasars (Font-Ribera et al., 2013), which we will
marginalise over using a version of the model from Percival and White, 2009 (see
section 6.2). 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
tield 6, we use a weighted mean continuum of all forests (equations ??, 6.1). As
first described in Youles et al., 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 Lya 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 algorithm that uses Principal
Component Analysis (PCA)-based quasar templates to determine the best-fit
redshift in a chi-squared (y?) minimisation. 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. Recent work on new templates have significantly reduced this error
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for DESI Data Release 1 (DR1; DESI Collaboration et al., 2025a), showing it to be
~50% smaller than survey validation (Brodzeller et al., 2023; Bault et al., 2025). This
was partly done by incorporating precise measurements of the MgII 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 6.1 (Harris et al., 2016), can
also be Doppler-shifted, potentially contributing to errors in the mean continuum
estimation (see section 6.2.2).

This paper is organised as follows. In section 6.2, 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 6.3, we show measurements of the
Lya auto- and Lya —quasar cross-correlations from different mock datasets, both
with and without redshift errors. Section 6.4 presents the redshift error model for
both the auto- and cross-correlation functions, and section 6.5 shows results from
AP and isotropic BAO fits on our mock datasets. In section 6.6, we discuss the
application of our model to real data and how the contamination can be mitigated

using data cuts. Finally, section 6.7 summarises our findings.

6.2 Method

In this section we present the mock datasets we use (section 6.2.1), 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 6.2.2, followed by a description of how our correlation
functions are constructed in section 6.2.3. Finally, we describe the model of the
correlation functions and how we constrain BAO and AP parameters in sections
6.2.4 and 6.2.5.

6.2.1 Data sets

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

https:/ /github.com/damonge/CoLoRe
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Line | Wavelength [A] Equivalent Width [A] | o[A]
SilvV 1064/1074 2.9/0.7 7.7/3.5
NII 1083 1.32 5.3
PV 1118/1128 0.76/0.46 5.3/4.1

CII* 1175 2.49 7.7

Table 6.1: The emission lines within the Lya forestincluded 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.

converted to transmitted flux fraction using LyaCoLore? (Farr et al., 2020b). 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 Lya BAO analyses.

To generate realistic quasar spectra from the flux transmission skewers, we
use a final package called desisim® (Herrera-Alcantar et al., 2025b). 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 SIMQS0*
(McGreeretal., 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 eBOSS DR16 dataset (Bourboux et al., 2020). The Lya forest
emission lines are simulated from the composite model of BOSS spectra (Harris
etal., 2016), with line diversity is drawn from the distribution of equivalent widths
(EWs). In table 6.1, 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 +z, = (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., 2020a). 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

2ht’cps: / /github.com/igmhub/LyaCoLoRe
3https ://github.com/desihub/desisim
*https:/ / github.com/imcgreer/simqso
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give rise to mean continuum errors (see section 6.4). 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 6.3 when we compare 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., 2025a), including target density,
footprint and signal-to-noise ratio. We will 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.

6.2.2 Continuum fitting

The flux transmission field (0r(A)) used to perform our clustering analysis is
defined in equation 5.1, and is discretised into "pixels" at the dispersion of the
DESI spectrograph, AA =0.8 A. Since we can’t measure the unabsorbed continuum
C4(A) directly, we re-characterise its product with the mean transmission F(z):

log A —log Amin

F(A)C,4(A) = C(A™) (aq +b 6.1)

1 log Amax — log Amin | -

The term C(A™), 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 a, and b, are estimated by "continuum fitting", a process that involves
maximising the log-likelihood:

_ (f(A) = F(z)Cq(A)(A, ag, by) 2
2InL Zq] 0 Zq: a2(A), 6.2)
where 0(21(/\) is the flux variance, a combination of pipeline noise and large-scale
structure. The mean continuum C(A™) is also computed during this maximisation.
For further details on exactly how this is done, see Ramirez-Pérez et al., 2024.
Fitting each 6, using the data from the entire forest q, means the measured
transmission at A; will be linear combination of all other pixels in the forest.
Explicitly, 6f,; = 1;;0F,;. With the same methodology as section 5.3.2, we apply a
projection matrix (equation 5.5) to 6F, such that the resulting field dr will have the
same distortion as our projected correlation model (section 5.4.4).
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6.2.3 Correlation functions

We measure our correlations in configuration space as a function of transverse and
line-of-sight separation (r_, 7). To convert from redshift and angular separation
to 7| and r, we use equations 5.7 and 5.8 respectively. A fiducial cosmology is
required to compute both distances in terms of redshift, so we use the same Planck
2018 (hereby P18; Planck Collaboration et al., 2020) cosmology as Gordon et al.,
2023; Adame et al., 2025b. The correlation within each bin (r., 7)) € A is then
determined by a the weighted average given in equation 5.9, and each Ly« pixel
or quasar has weight given by equation 5.3.

Note that our weights evolve with redshift proportional to (1 + z)*~!, where
k = 2.9 for Lya pixels, and x = 1.44 for quasars. For the cross-correlation, index j
in equation 5.9 represents a quasar, which we treat as points that effectively have
6; = 1. This is equivalent to computing the weighted mean of o at set distances
from a quasar. In both cases we choose a bin size of 4 h~*Mpc following Gordon
et al., 2023; Adame et al., 2025b. In the autocorrelation we measure between 0 and
200 h~'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 | between -200 and 200 1~ 'Mpc, where negative
separations correspond to a quasar being behind the Lya 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 section 5.3.5, is estimated by
splitting our dataset into sub-samples s and computing equation 5.12. In our case,
each Lya 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
(CAB/\/m)) with the same Ar, = rf — rf and Ar) = rﬁ“ — r|1|3. Furthermore, as
introduced in Adame et al., 2025b, we now include the cross-covariance between
the Lya autocorrelation and Lya-quasar cross-correlation functions in our analysis.

In Adame et al., 2025b and Cuceu et al., 2025a they use two additional correla-
tion functions that measure the autocorrelation of Ly« absorption in a bluer region
of the quasar ('region B", between 920-1020 A DESI Collaboration et al., 2025b)
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.
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6.2.4 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:

r|'| =qr, tL=4qir1. (6.3)

We wish to distinguish between isotropic re-scaling « of the correlation function

and anisotropic re-scaling ¢ (AP effect), therefore we define:

a(z) = vjaL and ¢(z) = 2—; (6.4)

The first step in standard Lya BAO analyses is to take the linear isotropic input
power spectrum from P18, Py (k), and decompose it into peak (Pfeak(k)) and smooth
(P;™(k)) components following Kirkby et al., 2013. This is possible because the BAO
is a distinct 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:

é(rJ_, 7"”) = Ep(rJ_/ 7"” s apl (,bp) + ES(rJ_/ 7"|| s Os, (ps)r (65)

n.n nn

where "s" and "p" refer to the smooth and peak components respectively. The peak

component is defined in terms of distances and the sound horizon scale r4 as:

dn(Ddn(2)/72
b= J AT (66)

dm(2)dn(2)/73]5a

where dj, is the Hubble distance and "fid" is the fiducial P18 cosmology. From

this one can constrain the combination of Hyrq and (),,,, where Hj is the Hubble

constant. Both AP components are equivalent to ¢ = dm(z)H(z)/[dm(z)H(z)]gq.

From this we can directly measure (), and therefore break the degeneracy between
Om and Hprgq. 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
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et al., 2023b and in this work, we treat a5 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.

6.2.5 Correlation model

To compute our Lya and Lya-quasar correlation function models we begin with
the corresponding power spectra, which are derived from linear perturbation
theory, with a Kaiser (Kaiser, 1987) model of RSD. Our power spectra are the same
as those given by equation 5.14, with an additional term Gaussian smoothing term
Fsm that accounts for our log-normal simulations having limited grid size (~2.4
h~Mpc):

Pa(k, px, z) = b3(1 + Bapiy)* FsmPr(k, 2), (6.7)
Px(k, i, z) = babq(1 + Bapp)(1 + Botz) FsmENr,qPL(k, 2) . (6.8)

b; are the cosmological biases and ; are the RSD parameters for tracer i (quasar
or Lya pixel), and py is the cosine of the k vector with respect to the line-of-sight
direction. Our correlation models are then computed by taking the Fast Hankel
Transform of the above equations. All of this is done with the package Vega®,
which we also use to fit cosmological parameters, given in section 6.5.

Note that the cross-correlation term Fyr q accounts for quasar peculiar veloci-
ties, and is given in equation 5.19. These produce a smoothing effect atlarge k;, and
are 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: A7 = 7 true = 7||,measured-

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., 2025b. The remaining HCDs, which in real
data are too small to detect for masking, are biased tracers of large-scale structure.
In this case we treat the Lya bias and RSD parameters as effective combinations
of signal from Lya forest and HCDs, given in equations 5.25 and 5.26. Lycp in
these equations is the typical length-scale of the unmasked HCDs, which along
with the HCD bias and RSD parameters, we marginalise over.

5https: / /github.com/andreicuceu/vega
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Figure 6.1: The effect of continuum redshift errors on the Lya-quasar cross-
correlation (left) and the Lya-Lya autocorrelation (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~'Mpc)
where the effect of redshift errors is strongest, and plot as function of line-of-sight
separation 7). We only include negative ) for the cross-correlation, since as shown
in figure 6.2 there is no impact at r; > 0 h~'Mpc. Note that at ~ +60 h~'Mpc we
see bumps in the correlations due to SilI(1190/1193) lines.

In our analysis, we assume all of the absorption within the Ly« forest is due
to the Lya transition. However, in some cases we are mistaking Ly« absorption
with absorption from different metals. This leads to a contamination which we
correct for using the same process outlined in Adame et al., 2025b. In our fits, we
marginalise over a set of bias parameters for 4 metal lines: SillI(1207), SilI(1190),
Sill(1193), and Sill(1260) (section 6.5).

As mentioned in section 6.2.2, distortions introduced to 6 during continuum
fitting lead us to use a "projected" field & (equation 5.4). 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": {4 = > 4 Dapép. D is given for the autocorrelation and

cross-correlation in equations 5.32 and 5.33 respectively.

6.3 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 6.4, we will
discuss the origin of this contamination and propose a model for it.

We use the two synthetic datasets described in section 6.2.1, both of which
are stacks of 100 DESI DR1 mocks. The "uncontaminated" set has redshift errors
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added to the tracer quasar catalogue, emulating FoGs. The "contaminated" set has
errors added to the spectra, emulating pipeline redshift errors. Using this method
we isolate the effect of redshift errors which enter during the continuum fitting
process (section 6.2.2). 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 6.1.
These are plotted as a function of the line-of-sight separation, averaged over the
tirst 4 bins in transverse separation ([0,16] h‘lMpc) where the effect is strongest.
We can also clearly see a peak at ~ 100 1 ~'Mpc, a combination of BAO and Sill(1260)
contamination, and other peaks caused by metal contamination (section 6.2.5).

The contamination of continuum redshift errors (the difference between the two
datasets) in the auto- and cross-correlations is shown in figure 6.2. As discussed in
Youles et al., 2022, there is a strong dependence of redshift error distortion in the
cross-correlation on the small-scale quasar autocorrelation, which is significantly
weaker for positive 7 where host quasars of Lya pixels are much further from the
correlating quasars. Therefore, as we see in figure 6.2, 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 Lya autocorrelation, except the
dependence is now on the small-scale Lya-quasar cross-correlation. In section 6.4,
this dependence can be seen explicitly in our model. The distortions in figure 6.2
are also localised around specific values of 7). In section 6.4.1 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'Mpc). In section 6.5, we show the effect of this contamina-
tion on the set of cosmological parameters measured from the BAO peak (ayp, ¢p)
and the broadband component (¢s, fog) of our correlation functions.
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Figure 6.2: (Top) difference in the Lya autocorrelation measured from contami-
nated (with continuum redshift errors) and uncontaminated datasets, as a function
of (r., 7). (Bottom) difference in the Lya-quasar cross-correlation from contami-
nated and uncontaminated datasets.
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Figure 6.3: (Top) the mean continuum distortion function y = C/C-1asa

function of rest-frame wavelength. E(Arf, Oy ) 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 Lya forest mean continuum (equation 6.1)
of our mock datasets with 0 kms™!, 400 kms™! and 1000 kms™! of redshift errors
added. The later is for visualisation while 400 kms™! is used in the actual analysis.

6.4 Modelling the contamination

In this section we will outline our model for continuum redshift error contamina-
tion. We start describing the effect of redshift errors on the 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 6.1) that is fit during the transmission field estimation. They
subsequently defined a term y(A™):
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Figure 6.4: The difference in the Lya autocorrelation function between contami-
nated (with continuum redshift errors) and uncontaminated datasets (grey), over-
laid with direct measurements of (0y) (red dashed) and (yy) (blue dotted). We
plot only the first , bin where the contamination is strongest.
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Figure 6.5: The evolution of continuum redshift error contamination with the
maximum rest-frame wavelength of the Lya 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 6.3) which correspond to spurious correlations in this
tigure.
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fy _
y(AT) = s

1, (6.9)
where é is the mean continuum estimate with redshift errors and C is the true
mean continuum. The Lya forest region of our mock continua 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 6.3. In appendix 6.9, we write
an expanded version of y(A™), accounting for the fact that the wavelength grid A™
for each forest is shifted from the true grid, due to errors in zg.

In the top panel of figure 6.3, we show a measurement of y(A™) formed using
mean continua from our mock datasets with redshift errors of 400 kms™! and
0kms™. Combining equation 6.9 with our definition of the flux transmission field
(equation 5.1) we get:

A 1+06(A)
O(A) = ————-1. 6.10
M= 10 (610)
Assuming we can ignore second-order terms we have:
S(A) = 6(A) — p(AT). (6.11)
Thus the measured autocorrelation function can be written as:
(6(1)d(1)) = (8(1)5(A)) = 2(6(A)y (1)) + (¥ (AT)y(A™)). (6.12)

To determine the most dominant term in this equation, we directly compute (o)
and (yy) using 6 from mock datasets with no added redshift errors, and the
measured gamma in figure 6.3. The result is shown in figure 6.4, where both
terms are plotted over the measured contamination in the autocorrelation. Clearly,
(yy) is negligible. Therefore, we only model the contribution of the (6y) term.
Noticeably, 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.

6.4.1 Variation with wavelength

Spurious features in (5)) caused by redshift errors in the Lya continuum 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(A™):
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C(l + E) (Afeature _ /\a)
H(z) Aa !
where 7 is the effective redshift of the dataset and H is the Hubble parameter. In the

feature

~

(6.13)

top panel of figure 6.3, we highlight key features in Roman numerals: i at 1174 A, ii
at1187 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
equation 6.13 with an effective redshift of 2.3 predicts spurious correlation features
at separations of 99 h~'Mpc, 70 h~*Mpc, 26 h"'Mpc and 9 h "' Mpc respectively. In
figure 6.5, 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 6.5), we see a trough at ~ 25 h"'Mpc. This roughly overlaps with the feature
iii (at 1205.7 A) in figure 6.3, but is a trough where we expect a peak (peaks in y
produce peaks in &,,). Therefore we posit that this trough is instead caused by
feature iv in figure 6.3, 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 wavelength limit by converting observed
wavelength A into rest-frame, where A=A+ Zq) for a measured quasar redshift
Zq- If 24 > zq, pixels which have A" > 1205A will fall into the accepted Lya region.
Consequently, values of y(A™ > 1205 A) will contaminate our analysis.

In figure 6.6, 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 6.9, we make the shifting of the rest-frame wavelength grid where
we evaluate each 6 explicit, by expanding é 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 model the trough feature (equation 6.33), which works well in a

direct fit (see figure 6.8), but biases our full-shape analysis.
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Figure 6.6: Contamination caused by redshift errors (grey), and the same contami-
nation 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.

6.4.2 Autocorrelation model

To model the (5(A)y(A™)) term in equation 6.12, we follow a similar approach
to that used in Youles et al., 2022 to model the (y(A™)) term in the Lya-quasar
cross-correlation model.

We begin by considering a general expression for the expectation value of (0y):

@na= [ a5 [ ayps,yiehoy (6.14)

where P(0, ) is the probability of having a particular 6 and y, for separation

r = {14, r. 4} between two Lya pixels. This can be equivalently expressed as:
[ yap q y exp

/\rf,max

(6y)a = / ds / dATP(5,A%)oy, (6.15)
-1 Arf,min

since y is uniquely defined by A™, 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:

A= 2191 +2%/(1 + 29, (6.16)
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where A“ is the rest-frame wavelength of the Ly transition, and z¢ is the redshift

of a Lya pixel in the Lya forest region of a quasar with redshift z2. Therefore,

for a given /\?f for forest i, we have a set of possible {ZZQ, zf‘}. Furthermore, for

separations 7| € A and pixel redshift z{, we have a unique Z;X in forest j. Thus, we

re-write equation 6.15 as:

ZQ,max @, max

0 z
(6)/),4:/1 déj/ _ / » dz?dz]?‘P(éj,z;“,z?lrﬁq)éjyi. (6.17)
_ 7zQmin Z@,min

We can expand this further as:

ZQ,max @, max

o0 ya
(6y)a = / ds; / / dz?dz;*p(mzf,z?)
-1 z ,min Za,min
xP(zf|z?)P(z?)5]-yi, (6.18)

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

P(z316;, 2%)P(512%)
P(z3z%)

) p(z?|5j,z]¢v)p(5j|z]¢()p(zf)

P(z8|z2)P(z) '

P(5jlz¢,23) = (6.19)

(6.20)

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 6.18. We begin by writing P((S]'lz]?‘) ~ P(0)).
This is equivalent to ignoring the redshift evolution of 6, normally proportional
to (1 + z]ﬁ.“)", which we find does not change the shape of (6))a.

Next, we express the first term in equation 6.19 as P(z?léj,z;?‘) = P(z?)(l +
6jEX(rX)), where rX is the separation between z]?‘ and zl.Q, and &X is the Lya-
quasar cross-correlation. Note that the dependence of P(z?|5]-, z]?‘) on z]?* is ac-
counted for by the redshift 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 is z;"). The definition of £X here is somewhat analogous to
the definition of the quasar autocorrelation as a measure of excess probability,
&Q = P(z?lz?) / P(Z]Q) — 1, but with a modulating 6 term. Making the subsequent

substitutions into equation 6.18 gives:
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ZQ,max @, max

(65y)a = [ 1 ds; / . /Z . dz?dz;*p((sj)p(zf)p(zf)
X (1+6;8%(r))6jyi. (6.21)

Multiplying the terms in brackets results in two parts (with and without the cross-
correlation). The integration over 6 is independent of the other two variables,
and since it has mean 0, the part with one 6 j term vanishes. In the second term,
f_ 010 P(o j)6]2.d6 j evaluates to ~ 0.6. We introduce a free amplitude for this model
Agg;‘t’, which will absorb this value, but here we call this factor a5, and write our
final expression as:

ZQ,rnax @, max

/ A deQde‘ P(Z]C-“)P(Z?)éx(rx)yi. (6.22)

opia=asas [

,Qmin
Qualitatively, we evaluate this model by iterating over correlation function bins
(rL, 7). For abin A (width 4 h~Mpc in our analysis), we have N bins of z?
covering the redshift range of the quasars in the dataset. This results in an array
of NXM pixel redshifts z{ (equation 6.16), using M bins of rest-frame wavelength
in the Lya 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 z{" and | € A, we can derive z]?‘ and the

vector rX between z;?‘ and ZZQ. Finally, we compute the probability of zf using a
normalised pixel redshift distribution, and evaluate the cross-correlation & (rX).

In figure 6.7, we present the model compared to the difference of correlation
functions with and without redshift errors. To compute this, we directly measure
y(A) from the mock datasets (via equation 6.9), and input it to equation 6.22. 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.

6.4.3 Modelling y

In real data we cannot directly measure y(/\rf), since we don’t know the true

continuum (without redshift errors). Therefore, we need to construct a model of

(AT
Recalling equation 6.9, we see y contains the ratio of the mean continuum in

the presence of redshift errors (C), to the true mean continuum (C). Therefore, to
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Figure 6.7: The contamination introduced by continuum redshift errors (blue
shaded) as a function of 7, for the first (most contaminated) r, bin. The black
dashed line is the contamination model (equation 6.22), estimated using a mea-
surement of y(A™).

construct a model of y, 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 é 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 6.1), via a parameter gcon; representing the
amount of the velocity dispersion in kms™! ©. The width of each emission line is

then broadened according to:

MineO 2

where 0jine is the intrinsic line width, Ajine is the rest-frame wavelength of the

line, and c is the speed of light in kms™. Note that since the emission lines are

®The velocity dispersion here is related to redshift errors.
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Figure 6.8: Direct fits to the contamination introduced by redshift errors, or
the difference in the contaminated and uncontaminated Ly« autocorrelation, for
the first 4 bins in ;. We plot our model with (+correction) and without ({(6y)
model) the addition of small-scale correction described in appendix 6.9. Note
we use the y(A™) model described in section 6.4.3 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.

normalised Gaussians, the line amplitudes are o« 1/Gjine. With the broadened
emission lines we can construct é(/\, Ocont), and obtain y(A). 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 contamination
is shown in figure 6.8 (using a model for y). We show fits with the small-scale
correction of appendix 6.9 (green solid line) and without (red dashed line), which
we see are identical with the exception of the small-scale trough. In the full
analysis (section 6.5) 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
input ocont 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.
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6.4.4 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: (&) = (6) - {(y(A™)), where (8) = EX. The model of y(A™)) is then constructed
using a similar method to the one in section 6.4.2, resulting in:

(y)a = AT / / dz?dz?P(z?)P(z?)gQ(rQ)yi, (6.24)

where there is now dependence on the quasar autocorrelation &9, 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 6.4.3). For this we
have two free parameters, ocont and A%, 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 6.10).
However, because we limit our cross-correlation to scales above 40 h~!Mpc (see
section 6.5), the impact of this peak is much smaller.

We ultimately combine both correlation functions in a joint fit, shown in section
6.5. This allows us to break degeneracies between certain nuisance parameters
and key parameters like ¢, as. As explained 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 o.ont for both. We
have verified that allowing each correlation function to have a different set of

parameters give perfectly consistent results.

6.5 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 DESI DR1 and DR2. We will then present the full-shape fits including the
redshift errors model for the auto- (section 6.4.2) and cross-correlations (section
6.4.4). We show results of fits to these correlations individually, and together in a

joint fit which gives constraints on the combination f os.

6.5.1 Parameter degeneracies

The RSD parameter of the Lya forest is given by:
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_ bn,a(z)f(z)
‘T bo(z)

where b;, 4 is the velocity divergence bias of the Lya forest and f is the logarithmic

(6.25)

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 0s(z) - the amplitude of perturbations in 84 'Mpc spheres. In linear theory f
and og are fully degenerate (Percival and White, 2009), so we are sensitive to the
combinations b,  f 0s and b,03. Since b, 4 is unknown, we treat 8, 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 i = f/bq, we are sensitive to: b,0s, by, f 0s,
bqos and fos. fos is difficult to constrain from the cross-correlation alone, since
it’s dependent on several biases (b4, ba, bq). But we break these degeneracies by
combining both correlation functions in a joint fit, as the autocorrelation provides

precise measurements of b, , f 0g and b, 0s.

6.5.2 Fits

Following the full-shape analysis of DESI year-1 Lya data (Cuceu et al., 2025a),
we restrict the autocorrelation to r € [25,180] h~'Mpc, and cross-correlation
to r € [40,180] h"'Mpc. 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 analysis we perform here, and that of Cuceu et al., 2025a. First of
all, as mentioned in section 6.2, Cuceu et al., 2025a use two additional correlation
functions measured from Lya absorption in Lyman-f region (between 920-1020 A).
These are the autocorrelation of Lya absorption in the Lyman-f 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
incorporate this new region. We also do not expect redshift errors in the Lyman-f
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 (¢sx).
We opt for the former to characterise the impact of redshift errors more precisely,
but it may result in a larger overall shift. Finally, we use a Gaussian prior on Lycp,
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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, ¢p, ¢s, f 08}

Aauto Across

cont’” “ “cont }’ we

and the parameters of the model introduced in this paper {ocont,
treat all other parameters as nuisance. Note that we have not included a; 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 facp and Lucp to values constrained
in the joint fit, and set fog to value of the fiducial cosmology. For our model
(equation 6.22), 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
EX, 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 6.1). This 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 6.6, 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 redshift 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 (oy). However,
we now fix g’ to the joint fit value since it is degenerate with oy. For this we
also provide a quasar redshift distribution, the continuum smoothing function
y(A™) (see section 6.4.3) and the quasar autocorrelation &R (section 6.4.4). 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 6.4 in appendix 6.8. In most cases we use a wide uniform prior, except
for the HCD length-scale (Lycp) and RSD parameter (fcp), which where assign
Gaussian priors based on previous studies (Pérez-Rafols et al., 2018; Adame et al.,
2025b). 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 x> minimisation. For the joint correlations we use the nested

"The line-of-sight smoothing due to limited simulation grid size.
8https: / /github.com/andreicuceu/vega
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sampler Polychord’ (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 x> minimisation.

In figure 6.9 we present the posteriors of ¢, a, ¢s, f 0g, from nested sampler runs
on the joint correlation function for both the uncontaminated 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 6.2, 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 discuss this here since we are specifically concerned about the
impact of redshift errors (shift from green to blue). In appendix 6.8, we show the
tull 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 DR1. In
this paper, we consider any shift greater than opr1/3 to be significant, in-line with
the requirements of Adame et al., 2025b. 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 6.9).

From figure 6.9, we see ¢, is more affected than ap, but the shift is still
minor. The smooth AP parameter (¢s) is most biased by continuum 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 conservative minimum separations we choose for the
auto- (25 h~'Mpc) and cross-correlations (40 h~*Mpc). 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 6.33).

The shift introduced by continuum redshift errors on ¢y is reduced significantly

9h’ctps: / / github.com/PolyChord /PolyChordLite
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Figure 6.9: 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.
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upon introduction of our model, but still differs slightly from the uncontaminated
case. As discussed in section 6.4, our model does not capture the redshift error
contamination present at ~ 25 h~!Mpc, which is responsible for the remainder of
the shift. The fog constraint is shifted very marginally further from the uncon-
taminated 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 im-
perfections in the existing model. However, as we will show in appendix 6.8, our
model parameters are not correlated with the cosmological parameters of interest,
thus we are fitting for some other "nuisance" effect. The shift in fog is still small
and consistent with the uncontaminated case to within 1-sigma.

In table 6.2 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 6.4) to the full-shape fits. We ignore nuisance parameters
constraints, except those of the model introduced in this paper, which we show
in table 6.3. 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 ay, (isotropic BAO parameter, equation 6.6) is never more than
~ 10% of the DR1 68% confidence level (0.10pg1). For ¢p, (AP effect on the BAO
peak, section 6.2.4) and the growth-rate, we also see shifts of ~ 0.1opr; in the joint
tit. For each of the latter 3 parameters, the shifts introduced by redshift errors are
notably consistent with zero to ~ 10. However, the shift on ¢s is 0.44(+0.13)0pr1,
which is larger than the opr1/3 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 important 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 DR1, making the ¢ shift ~ 0.7opro. 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
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the impact of redshift errors.

The next 3 columns (+ model) show the same differences as the first 3, but in-
cluding the continuum redshift errors model. For the peak component parameters
(ap, Pp), 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)0opr1,
now consistent with zero to 1.5¢. Our model has almost no impact on f og, but the
shift is small ~ 0.1opr1 and consistent with zero to ~10. 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 controlling the

Cross

comt (cross-correlation

shape of y: dcont, A?grtft’ (autocorrelation amplitude) and A
amplitude), which have values given in table 6.3. In each case we are able to
recover the input redshift error (400 kms™) to within a 10 confidence interval, and
have strong detections 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 autocorrelation amplitude. The tension between 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 6.4 with the rest of the
parameters in the joint fit.

The x? 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 6.2.5) that is suboptimal. Furthermore,
it has been shown in Cuceu et al., 2025a that our model is suitable for at least the
level of precision of DESI DR1. We see a large improvement in x? value when
using our model in the autocorrelation (A x? = 655, 1564 bins, 15 parameters), the
cross-correlation (Ax? = 726, 3030 bins, 16 parameters) and the joint (Ax? = 970,
4594 bins, 22 parameters) correlation runs.

6.6 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 6.6.1 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 6.6.2, that the
effect of continuum redshift errors can be mitigated by removing pairs where the
quasar autocorrelation (for contamination in the Lya-quasar cross-correlation) or
the Lya-quasar cross-correlation (for contamination in the Lya autocorrelation) is

large.
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Contaminated fit + Model oY1
Parameter .. -
auto Cross joint auto Cross joint
103Aozp 01+14 1+12 08+10|-02+14 003+12 -01+09 | 11
103Aqbp -8+5 -4+4 -4+£3 5+5 1+4 -0.7+£3 | 38
102 Adps 4+24 104 -7x2 3+24 10+ 3 3+2 16
10?Af o - - 0.5+ 0.5 - - 0.6+05 | 6.2

Table 6.2: 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 Cross joint
Ocont[kms™!] | 401 +19 406+ 11 411 +18
AayUto -6.6 + 0.4 - -89+ 04
A - -6.2+03 -58+0.2

Table 6.3: Constraints on free parameters of the model we introduce to capture
continuum redshift errors (section 6.4), from a fit to a stack of 100 DESI DR1
contaminated mocks. We show the constraints (section 6.4) for the auto-, cross- and
joint correlations separately. The input amount of redshift error was ¢ = 400 kms™,
which we recover to within 1o in the each case.

6.6.1 Contamination on real data

In Youles et al., 2022, they found a strong dependence of () on small-scale quasar
clustering. Likewise, we verify that (0y) has strong dependence on the small-
scale cross-correlation function. This is discussed further in section 6.6.2. We
also find that the quasar clustering 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 6.5.2, we use a measurement of the cross-correlation
in our (6y) model, and a measurement of the quasar autocorrelation in (). 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 6.22 (or £Q in equation 6.24) would likely be a bad
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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 synthetic spectra,
or specifically the quasar continua that we use. As we discussed in section 6.2,
we generate quasar spectral templates using convolutions of power law smooth
components, and emission lines (table 6.1) from the composite spectrum of BOSS
quasars (Harris et al., 2016; McGreer et al., 2021). We sample from a Gaussian
distribution of power law slopes, tuned to have mean and scatter that better
reflected the eBOSS DR16 dataset (Bourboux et al., 2020). Likewise, for the Lya
forest emission lines we sample from a Gaussian distribution of EWs, tuned on
BOSS DR9 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 emission lines in our Lya forests (see section 6.4.1), 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. However, 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 ¢ = 400 kms™! to each quasar
in our sample, representing errors which might occur in our redshift estimation
pipeline Redrock. However, as mentioned in section 6.1, 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, SilV 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
(Brodzeller et al., 2023; Bault et al., 2025).

There is further complication due to the fact that the contaminating lines
within the Lya forest are high-ionisation. If these are strongly correlated with the
high-ionisation lines used to estimate quasar redshift, then there would be little
impact on the mean continuum. The latter point requires further studies like the
one of Shen et al., 2016; Brodzeller et al., 2023; Bault et al., 2025, but is difficult

in practice because Lya forest lines are less prominent, and visible at a higher
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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.

6.6.2 Mitigating contamination in real data

Youles et al., 2022 identified that the level of redshift error contamination 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 removing
Lya-quasar pairs where the forest host-quasar and correlating quasar are separated
by less than a given separation. The situation is similar for the Lya autocorrelation,
except that, as we showed in section 6.4.2, 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 Ly« pixel and the correlating quasar are separated by less than rq, is
shown in figure 6.10 (bottom). We choose two cuts at 5 h~'Mpc and 10 h1~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 6.10, we see that by
10 h‘lMpc, the contamination is effectively negligible.

In the top panel of figure 6.10 we show an analogous test with the contamination
in the Lya 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 h‘lMpc. 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 Collaboration et al.,
2025b 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 Lya 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.
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Figure 6.10: (Top) the contamination in the Lya 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 5~ !Mpc (blue dashed) and
10 h~'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 Lya-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 rq now referring to the separation between a correlating quasar and the
host quasar of the correlating Lya forest pixel. In both cases we have used the
small-scale correction of appendix 6.9.
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6.7 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 Lya autocorrelation and its cross-correlation with quasars.

In this paper we presented a model of these spurious correlations for the
Lya 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(/\rf, Ocont)), and introduced three new parameters to our standard full-shape
model. These control the amount of smoothing introduced by redshift errors
(0cont), and the amplitude of the effect in the auto- (A‘;uto) and cross-correlation
functions (A7)

We show using a high signal-to-noise synthetic dataset that continuum redshift
errors shift the measurements of the growth rate (f 0g), 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 DR1, 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)opr1, where opg; is projected
the 68% confidence region 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 ¢ by ~ 60%, and completely removes any shift on ap, and
¢p- We also recover to within 1o the input dispersion of the Gaussian distribution
of redshift errors we add (400 kms™), and strongly detect each of the amplitude
parameters of the model.

Onreal data, one should use models of the Lya-quasar cross-correlation and the
quasar autocorrelation as inputs for the redshift errors model in the autocorrelation
({(6y)) 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 6.6.2, we

showed that removing pairs where rq, rx'< 10 h""Mpc is enough to make (y)

19The separation between quasars in the quasar autocorrelation, and Ly« pixels and quasars in
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and (6y) negligible. This corresponds to ~ 0.3% of total correlating pairs, but
~ 10% of the most line-of-sight (up to r, ~ 20 h"'Mpc) pairs, meaning this cut
may be suitable for removing the effect of redshift errors on BAO constraints, but

not for full-shape analyses.

6.8 Appendix: full model results

In section 6.5 we showed the posteriors of our set of cosmological parameters from
nested sampler runs, for three different cases: uncontaminated (no redshift con-
tinuum errors, baseline model), contaminated (baseline model) and contaminated
(baseline + redshift errors model). We showed that the model introduced in this
paper (see section 6.4) successfully removed the effect of continuum redshift errors
on the BAO peak parameters (¢p,ap). It also removes the majority of the shift on
¢s, but has little impact on f os.

In table 6.4, 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 fucp and Lucp, where we follow Adame et al., 2025b 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 6.4). 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 6.11, we show the triangle plot of posteriors for each parameter
in our sample runs. Looking first at the parameters introduced in this paper
(Aot s A;‘gﬁ?, Ocont), We see that they are mostly uncorrelated with all of the other
parameters. There is a correlation between o¢ont and the amplitude parameters
(ASFSS | A2U19) 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 parameters in the uncontaminated
case, and in one case (bsir(1206)), is significantly more discrepant than the fit to

the contaminated dataset without our model. One of the main reasons for both

the cross-correlation respectively.

98



Lucp

4

—0.005

—0.006

—0.0020

—0.0025

—0.008

—0.009

—0.0045

—0.0050

bsinn(1260) bsitm(1207) bsimi193) bsiri(1190)

IS
5
5

Ocont
&
&
3

375

6.8. APPENDIX: FULL MODEL RESULTS
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Figure 6.11: 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 o, and
0., since they marginalise the effect of grid size in our simulated data sets, and
are not relevant to real data.
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| Parameter | Prior |
a, ¢* U0.01,2]
fos UI0,2]
ba UI-2,0]
Ba Uulo, 5]
bq U0, 10]
oy U0, 15]
Ar Ul-3,3]
bucD U[-0.2,0]
Brcp NT[0.5, 0.09]
Lucp N[5, 1]
bsii1190) | U[-0.02, 0.02]
bsinie3) | U[-0.02,0.02]
bsim207) | U[-0.02,0.02]
bsimi260) | U[-0.02,0.02]
o Uuio, 10]
0L Uulo, 10]
Ocont (LI[O, 263]
Adont U[-50,0]
Acont U[-50,0]

Table 6.4: Priors on free parameters used in the joint fits to our stack of 100 DESI
DR1 contaminated mocks. Recall that there are two a and two ¢ parameters,
corresponding to the BAO peak and broadband of the correlation function.

of these issues 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 6.9, but really only serve to indicate that there are

some systematic signals that we do not account for with our previous baseline.

6.9 Appendix: mean continuum expansion

For a forest of a given quasar g, 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 A and Zq as:

1+6(A) == f@) ) (6.26)

Clete)(ag + bgh)

where A is a function of log A given in equation 6.1, and C is the measured mean
continuum in the presence of redshift errors. We can see from this equation that

6 will be contaminated by the smoothed C, but also that the conversion from A'f
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to A 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:

2. 2 dé €2 dzé
rf rf
= = 27
C(A™) C(A)+edzq+2dzc21+ (6.27)
Now, we re-write the differential with redshift as:
2 of e of e
dC dA" dC A dC 628)

dzq  dzq dA™ 1+ zq dATE

Substituting equations 6.27 and 6.28 into equation 6.9, we can derive a new

expression for our measured transmission field g

A

0q=0q— 7+ V2 (6.29)
where as usual we ignore 2nd order terms, and

A

B AMe dcC
C(1 + zq) dA"

Yz (6.30)

Now, as we did in section 6.4, we propagate our expression for our measured delta
through to the cross- and autocorrelation functions:

A

(6
(66

(0) = () +{yz) (6.31)

)
) = (00) = 2(6y) + 2A0y2) = 2yy2) +{yy) +{y2y2)- (6.32)
Modelling the additional terms analytically may prove to be difficult, but as we did
for figure 6.4, we can use mock datasets to measure each term in equation 6.31. In
figure 6.12, From this measurement, we see that only (0y,) is non-negligible, and
that this is roughly constant across r) for the usual range of r, (< 20 h"'Mpc). An
explanation for the trough feature ~ 25 h~!Mpc is therefore still required, where

perhaps higher-order terms cannot be ignored.
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ON FULL-SHAPE ANALYSES OF CORRELATIONS IN THE LYa FOREST.
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Figure 6.12: Contaminating terms in the Lya autocorrelation, due to rest-frame
wavelength grids shifts in the presence of quasar redshift errors. ), is defined
in equation 6.30, and is the result of expanding the measured mean continuum

C about small redshift errors €. The contamination in the first transverse bin is
shown in grey, as a function of line-of-sight separation (7).

6.9.1 Small-scale contamination model

Here, we try to model the 25 h~!Mpc contaminating trough feature of our fiducial
analysis (see e.g. figure 6.4) empirically. We do this by adding an extra term to the
original y function (equation 6.9):

a1

fy _ —yr1f
)/(A ) - VO(A s Gcont) + (/\rf _ /\Iif)zl

(6.33)

where the function is offset by /'\if =1207.6 A, and 7y 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 a1, the redshift error parameter (ocont, section 6.4.2) and a free amplitude.
Note this function diverges for A™ = /\{f = 1207.6 A, but this is not an issue since
in our analysis we always have A'f < /\f.

We show in figure 6.8 that in a direct fit to the redshift error contamination,
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 1. This consequently biased our measurements

1Our expected value of a1 is computed in a direct fit to the contamination, where the only free
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of ¢, so it was decided to proceed for now without the additional correction.

parameters are dcont, Acont and aj.
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7

Lyman-a BAO FORECASTS IN
DESI-II

The DESI-II survey is a proposed successor to the DESI survey, due to start its
6-year observing programme in 2029. DESI operations will extend for three
years beyond the nominal DESI observing period (2021-2026), in a programme
called DESI-extension (DESI-ext; 2026-2029). In this work we will mostly make
comparisons between the nominal DESI survey and DESI-II.

DESI-II will provide a complementary dataset to DESI, by observing 5000 deg?
of sky for three new surveys: the high-redshift survey, high-density survey and
the dark matter survey. The latter two surveys focus on the Universe at z < 1 and
the local group respectively, allowing new tests of gravity and cosmic structure at
fine detail, as well as studies of the nature of dark matter halos and constraints on
dark matter physics. The high-redshift survey, which we will focus on here, is a
study of the Universe at z > 2 which will target more than three million Lyman-«
emitters (LAEs) and Lyman break galaxies (LBGs). These new targets will provide
better BAO measurements than DESI quasars at even higher redshifts, giving us
sub-percent constraints on various dark energy models. They will also allow us
to study in even greater detail primordial non-Gaussianities and neutrino masses.
In addition to the new targets, DESI-II will also observe quasars to greater depth
than DESI, increasing the target density from 60 to ~ 100 deg 2.

LBGs can be used both as tracers in clustering measurements, and as sources
of Lya absorption from which we can perform clustering measurements. LAEs on
the other hand are only useable as tracers, because they have very faint and often
unobservable continua. In this work we create a Fisher forecast to calculate the
expected level precision on the transverse and parallel BAO scaling parameters,
a, and q| 1 attainable from these tracers and quasars.

'Equivalent to forecasting the precision on Dy /r4 and H(z)r4 respectively.
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We forecast BAO from several measurements, including the auto-power spec-
trum of Ly« fluctuations from LBGs (hereby Lya (LBG)?"%), the Lya(LBG)-LBG
cross-power spectrum (Lya (LBG) "°%®), the Lya(LBG)-LAE cross-power spectrum
(Lya (LBG)XLAE), and the LBG-LBG auto-power (LBG*'*®) and LAE-LAE auto-
power (LAE?"%) spectra. We also include the cross-power spectrum of Ly« fluctua-
tions in quasar spectra with LBGs (Lya (QS0)xLBG) and LAEs (Lya (QSO)xLAE), to
take advantage of the higher forest SNR in quasars, and the significantly larger
target density of LBGs and LAEs. Note that the Ly« forests from quasars are from
the combined DESI + DESI-II projections.

We first begin by outlining the method by which we perform our forecast in
section 7.1, introducing the Fisher formalism, and the covariance matrices used to
estimate it. Then in section 7.2 we discuss the set of survey conditions and results
of our DESI-II forecast.

7.1 Fisher forecast

The Fisher information matrix Fj; is defined in terms of the log-likelihood (£) of

parameters 0 as:

_ [ 2L
Fi = <W>. (7.1)

If our likelihood is Gaussian, we can also derive an expression for this in terms of

the covariance matrix (Tegmark, 1997):

(e e
Fl]—zTr(C 76.C aej)’ (7.2)

where C;;(0) = (6;6;), for a Gaussian distributed data vector 6.

The Cramer-Rao limit (Rao, 1945) gives the lower bound on the variance of any
unbiased estimator 0 of a parameter 6. This limit can be equivalently expressed
in terms of the inverse of the Fisher matrix:

i = (F V). (7.3)

Thus, using this relation we can determine the best possible constraints on a set
of cosmological parameters given any covariance matrix and its dependence on
said parameters. The question we will address in the following sections is how

we generate C(0) for a simulated Lyman-a (Lya) survey.
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711 Lya power

We begin this section by outlining our overall aims. To compute errors on BAO
(a and a ;) we need to construct a Fisher matrix for a specific survey, which
in-turn requires a covariance matrix and its derivates with o and a,. We could in
principle choose the data vectors of our covariance matrix to be Ly« fluctuations
(6F) in pixels of some width AA (e.g. 0.8 A, the DESI spectrograph pixelisation),
but this would have enormous dimensions due to the large number of pixels in our
survey. Thus, we follow previous analyses (Seo and Eisenstein, 2003; McDonald
and Eisenstein, 2007; McQuinn and White, 2011). and use summary statistics,
in particular the power spectrum of fluctuations, as our data vector. This is
computationally much less expensive and contains effectively the same amount
of information.

Thus webegin here, by deriving an expression for our observed power spectrum
Pr(k), which will contain signal from Ly« fluctuations, as well as shot noise and
spectral noise. It is convenient to begin in configuration space, defining our
observed flux fluctuations, then computing the correlation of these and finally the
power spectrum Pr(k) through a Fourier transform. We start with a weighted flux
transmission field:

U (5100 + b0, 7.4

where 6r(x) = O0r(x), x.) is the flux-transmission field (equation 5.1), 6 is spectral

o(x) =

noise, and w is the mean weight. Our weights w(x, ) will take into account quasar
brightness, which in-turn determines spectral noise, and we assume they are only
dependent on transverse separation. This is akin to assuming that our weights
are are completely correlated within forests - along the line-of-sight (LOS) - and
completely uncorrelated between forests, and that spectral noise is the same at
every point in the same forest. w(x, ) is fully defined over our survey volume,
where any location not probed by a quasar LOS has zero weight.

Now, the covariance of the field in equation 7.4 is defined as:

’ ’Z/U(XJ_)ZU(X/L) ’ ’ ’ ’
(6(x)o(x)) = <T (6r(x)0F(X) + OF(x)ON(X) + Op(X')ON (X) + ON (X)ON (X ))> :

- <% (5r(x)0p(X') + 6N(x)6N(x’))>

(7.5)

where we have removed the cross-terms, which vanish since the flux transmission
tield (6r) and noise field (6xn) are independent. Taking first the part of equation
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7.5 which includes 6f, we have:

<E€9§£E§£§f35F( )6F(x>> = (14 8 (xu )L + 00 (X, ))OF()OF (X))

= Ep(r) + (0w (x1)0w (X)) EF(r) ,

w (7.6)

where &p(r) = (0r(x)0p(x’)), and &p(r) is the Lya autocorrelation function for
points separated r. We have also introduced the weight overdensity, defined as
Ow(x) = w(x,)/w — 1, such that (0,) = 0. Note that expectation values involving
0w and O separate, since they are uncorrelated.

Our weights are a white noise field (uncorrelated) in the transverse direction
(x1) and constant (degenerate) along the LOS, which means <6w(x l)éw(x’J_)> =
PLoP(x, —x/), where 6P is the Dirac delta function and P is a constant power
spectrum in the 2D plane of the sky (x.). In general, a discrete Gaussian white
noise field in 2-dimensions has power per mode P = 252, where s is the angle of
one side of a pixel in the limit where s — 0, and o2 is the pixel variance 2 Then,

we can write:

Pt =025 = (@ —~ 1) 52, (7.7)
w
and equation 7.6 becomes:
Wl 0() 5
< — Or(x)OF(X’ )> ER(r) + P67 (xo — X )Ep(r). (7.8)
w

The last term in this equation is known as the "aliasing" term, and it arises due
to the fact that Lya fluctuations only sample our 3D volume along the LOS. The
second part of equation 7.5 is the weighted noise correlation, which we write as:

<w(x¢)a)( )
w°

x, X)) =

ON(x1)ON(x L)> (7.9)

where now weights are dependent on noise, so the term in brackets does not
separate. We have also written the spectral noise purely in terms of transverse
location, since for simplicity we are assuming it is the same at each point along
the LOS 3. Both our weights and noise should be uncorrelated in the transverse

direction, leading to two scenarios:

2Since all k-modes in a white noise field are independent, the covariance is diagonal
*Note that as a noise field arising from instrumental effects, we are no longer assuming
statistical homogeneity
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;X1 F Xy

2 (7.10)
%520&» ; X1 =X .

E%f(xl/ Xj_) = <

Substituting the expressions from equations 7.8 and 7.9 into leaves us with:

(6(x)0(x)) = Ep(r) + PLoP (xy — X, )&p(r) + cfle\i;f(xl, X )oP (x - x'), (7.11)

where have multiplied the weighted noise by the Dirac delta, to ensure the condi-
tions of equation 7.10 are met. At this point, we can move into Fourier space by
taking the transforming the equation:

<5(k)5*(k')> = / dx dx’ e~ kXK X [ Ep(x = x) + P oP(xy — X)) Er(x = X))

+ &5 (i, x1) 0P (xu = x) |-

(7.12)

Using the fact that 6(k) = f 5(x)e~™* dxand (5(k)56* (k")) = (2m)36P (k—Kk')P(k),
we have:

(5(k)6*(K)) = (2m)*6P (k — K)Pr(k) +
P / dx dx/ e~k pikix, / dx||dx|’|e_ikl‘x‘| e ki Er(x = x)OP(x = X))
+ / dxldxle_"kl’“e"kl"/L / dx||dx|’|e_ikllxl\ i 5ﬁ(xL,x’l)6D(xL -x),
(7.13)
where Pr(k) is the 3-dimensional Ly« forest power spectrum (P3D). Since we are
interested in BAO (linear regime), we use a simple Kaiser model (Kaiser, 1987):

Pr(k, z) = b2(z) (1 + Br(z)u?(k))*PL(k, 2). (7.14)

The linear matter power spectrum we use is computed using Planck 2018
cosmological results (Planck Collaboration et al., 2020) for a flat ACDM model. In
the aliasing (second) term, applying the Dirac delta collapses the integral to:

2r)26P (k, —K,)PL [ dxydx e = &M% gp (e — x7) . (7.15)
) 144 l [

Evaluating the LOS integral, we arrive at:

2m)*6P (k. — K) 6P (ky — ki) Py PP(ky) = 2n)*6P (k = K') P5 PP(ky), (7.16)
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where P}D is the 1-dimensional Lya forest power spectrum (P1D), for which we
employ the empirical model of Palanque-Delabrouille et al., 2013. This fits the
observed Lya fluctuations down to relatively small scales (~ 2 x 1072 km™'s), but

it is also suitable for our scales of interest (~ 10~* km™!s):

1+z

ol
PlD(k ) _ TCAF 142 Br ﬂ 3+np+arln %+ﬁp In Trzg
F I k|| 1+ zp ko '

Ar is the amplitude of the P1D (in kms™!) at redshift zg, and pivot mode ko, equal to

(7.17)

3 and 0.009 km™!s respectively. nr and ar are the slope and curvature parameters,
and Br and fr govern the redshift evolution of the P1D. Note that this function is
also corrected such that it becomes flat at low-kj.

Using the same methodology as before, the final integral in equation 7.13
becomes (21)30P (k — k') P, with:

2

UJZG
< -, (7.18)
w

)
Pze\; =5°AAy

where noise variance olz\l(x 1) = (6%\,(x 1)), and the prefactor s?’AA, converts the
dimensionless noise variance per pixel into 3D power units. We reiterate that s is
only used to strictly define our equations, and that it will cancel out in our final
expressions.

Although we have not written it explicitly here, we will show in section 7.1.2
that both P and Ple\]1Ef depend on k through their dependence on the weights (see

equation 7.27). Our final expression for the measured Lya power, Pr, is then:

(815" (K)) = (2r)*6P (k - K') (Pp(k) + PEPIO(k)) + Pf\[ﬁ) (7.19)
= (2n)%6P (k - K')Pr(k). (7.20)

7.1.2 Evaluating Ple\,ff and P

To estimate our observed Lya power (equation 7.19), the last thing we need to do
is evaluate the aliasing term (specifically P;;) and noise term (Pl‘i]ﬁ) in equation 7.19.
Starting with the former (equation 7.7), our mean weights are defined in terms of
quasar magnitude:

. Mmax ) Mmax dnq
w = / dmp(m)w(m) = Lrs / dm Fm w(m) (7.21)
Arf,max

where m is apparent magnitude and Lr = cIn is forest length in kms™,

Arf,min

defined in terms of the rest-frame (A™) forest region. dn,/dm is the quasar density
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per magnitude, and the probability of a quasar (of magnitude m) forest probing

a small volume of space is p(m) = Lr s> L;%. From the definition of P;; (equation

7.7), we also need an expression for (w?):

(w?) = Lp > / " a2 2y (7.22)
F . am . .
Combining the two equations above, with our definition of Py;, gives:
Mmax dmilﬂ w?(m)
pl=——= = (7.23)

Lr [/mmax dmi% w(m)]2 ’

in the limit where s — 0. Going forward, we will call the term in brackets in the
denominator I1, and the term in the numerator I», such that:
LD
o = FI% (7.24)
These integrals isolate all parts of the covariance which contain all information
related to the quasar (and therefore Ly« forest pixel) distribution.
Our expression for the effective noise power (P£ff; equation 7.18) can also be

evaluated by expressing the weights and variance as functions of magnitude:

ZA/\ Mmax dn
Pze\,ff . > / dm alzv(m) Lps?—1 w?(m). (7.25)
W02 J-co dm

Introducing a new term I3 = f dm azz\f(m) % w?(m), and substituting for I; (=

w/s?Lr), we arrive at:

ff _
pPeff = R (7.26)

To evaluate equations 7.26 and 7.24, all that remains to define are the weights

w(m) and the spectral variance o2(m). For the former, we assume the Feldman,
Kaiser and Peacock (FKP) form:

_Ps
Ps +P N(m) !
where Ps is the signal power at ky = (ky, o). Our weights are not very sensitive

WFKP (1) = (7.27)

to the mode (k) we choose to evaluate the signal power at, so we simply and
choose the central mode of our covariance, k = 0.07 hMpc™!, i = 0.5. The aliasing
term is not formally noise, since it comes from projected LSS, and is correlated
with real signal. Thus, we do not include it in the noise term, as we find that

down-weighting lines-of-sight with larger aliasing increases our variance.
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The noise power at magnitude m, denoted Py (m(x)), combines contributions

from Poisson and spectral noise. We write it as:

0%, (m)
Py (m) = ———, (7.28)
3D
where
e w
mh = 5 (7.29)

is the effective 3D Lya pixel density. This is also equivalent to (removing depen-
dence on s) Lrl;/AA. Note that Py(m) is an approximation of the effective noise
Pﬁ,ff. For galaxies (either LBGs or quasars), we can write the noise power in an

analogous way:

Am) w1 1

TR T g )

(7.30)

where 71¢, is the mean galaxy density at magnitude m (our magnitude dependence

is equivalent to position dependence). In this case 052), is just Poisson (shot) noise.
There is mutual dependence between the weights, and the factors I; and I,

therefore we must compute them iteratively. We begin by assuming an initial form

for the weights based on the 1D power:

PlD(k”)
PID(ky) + 02, ()’

It is important to note that the final converged weights are not very sensitive to the

Winit(m) = (7.31)

choice of initial weights. Once we have winit, we compute Iy, I, and Py(m), then
w(m) as defined in equation 7.27. We repeat this latter process around 3 times,
until the values w(m) have converged.

In figure 7.1 we show the relative contribution to the total power of each term,
for DESI-II LBG (left) and quasar (right) forests (see section 7.2 for a description
of the samples). We plot each term as a function of k, for 1 = 0 (solid lines) and
pu = 1 (dashed lines). First of all, we see that the effective noise (purple) is a
much larger contribution to Pr for LBG forests - a consequence of the fact that
the SNR/ A for LBGs is relatively low. For quasars on the other hand, the aliasing
term - which depends strongly on target density - is the dominant contribution.
For 1 = 1, we see the aliasing term start to fall off towards high k (k), as the P1D
signal power decreases. We can gain an intuition from this plot, without running
a full forecast, that the best way to increase BAO precision from LBG forests is to

increase exposure time (and SNR).

112



7.1. FISHER FORECAST
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Figure 7.1: The three components contributing to the total observed Lya power
spectrum (Pr): the 3D power (P3p, blue), aliasing (green), and effective noise
(purple), shown for LBG forests (left) and quasar forests (right). Each term is plotted
as a function of k, for p = 0 (solid lines) and p = 1 (dashed lines). The relatively
lower SNR per A in LBG forests leads to a larger effective noise contribution, while
for quasars, the aliasing term dominates.

Now that we have a clear way to compute the observed Lya power, we will
move on to estimating our covariance matrix, and getting projections on BAO

parameters from the resulting Fisher matrix.

7.1.3 Covariance estimation

The general covariance of our measured power spectra is equal to:

2m?
Cijnm = (APijAPpy) = ‘u(pimpjn + PinPjm), (7.32)

Vs k?>dk d

where APj; = Isij — Pjj is the band power error, and i, j, 1, m are tracers of structure
in the same survey volume V;. The prefactor 272/ Vsk? dk du is equivalent to 1/Ny,
where Ny is the number of independent k modes. For the Lya forest covariance
(i = j = n = m), and Gaussian fluctuations 0k, equation 7.32 reduces to:
2
Ce(k) = 21;21() . (7.33)
1

The observed power for point tracers has no aliasing term (P,

P:P), or depen-

dence on spectral noise, and can be approximated by (Tegmark, 1997):
2
P2(k)
Vi Vegt(k) '

where Vi = N / V; is the volume element of a k-mode, Py is the galaxy/quasar

Cqlk) ~ 2 (7.34)

power spectrum and
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Py(k)

5 7.35
Pg(k) + 715 (7:39)

Veff,g(k) = Vs
g is the mean galaxy/quasar number density. Veg ¢ is the effective volume used to
measure power, where modes at which 71, P(k) < 1 contribute only a small amount.
Note that for a high-density sample of galaxies where nP > 1, the covariance
becomes solely dependent on the survey V.
The Lya forest covariance can also be written in terms of effective volume, as
is done in McQuinn and White, 2011. This is defined as:

Pr(k)
Pr(k) + PP /ngk’

Vet (k) = Vi (7.36)

where they introduce the effective pixel density in 2D (in the plane of the sky):

eff

1 _ pl N
ngg = Pw + @ . (737)

The cross-power between point tracers and the Ly« forest, which we also wish
to forecast, has variance given by (McQuinn and White, 2011):

2 — p2
ngLyoc - ngLyoc

(k) + Pr(k)(Py(k) + 715 ), (7.38)
where Pgx1ya(k) = (Sp(k)Sg(k)) is the galaxy/quasar-Lya cross-power spectrum.
The cross-power is a complimentary measurement to the Lya auto-power, as it
can break degeneracies between cosmological parameters (see section 6.5.1), and
in some cases be more constraining. Specifically, Pgx1y4 is more sensitive to Pr (k)

when (McQuinn and White, 2011):

nn b
— 2 yo
7’lg bg > PlD—(k”) . (739)

The spectral noise in the Lya forests of LBGs is smaller compared with quasars.
We have already shown the affect of this on our total power contributions (figure
7.1), and in section 7.2 where we discuss our DESI-II forecast, we will show how

this affects the relative BAO errors from the auto- and cross-power spectra.

7.1.4 Estimating BAO

Now that we have all of the necessary components to evaluate the Fisher matrix

(equation 7.2), we can turn towards calculating projected BAO errors. For a large
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enough number of independent modes (V,, Ve > 1), we can simplify expressions
for the Fisher matrix for both the Ly« forest and point tracers:

Kmax 1 k2 dk d
e Ve 2 1 9Pr(k) IPr (k) , (7.40)
i T 42 f Pi(k) d6;  d0;
and
= Rao 96 a6

Note that since the den51ty tield is real-valued, —k and +k are degenerate, so we
integrate across 0 < u < 1rather than -1 < u < 1.
Next, we want to estimate the Fisher matrix for parameters i, j = o), a,. The

power spectra derivates in the above equations can be computed as follows:

oP 9P Jdlogk’

day  dlogk’ da (7.42)
_ klaf)% gﬁn (7.43)

1 op 2aie el (-2
" k' dlogk’ oa (7.44)
&zgk'” / (7.45)

where kl’| = a) k| is the observed LOS wave number, shifted from the fiducial
cosmology by a|. Note that to arrive at the final step in this equation, we set
@) = ay =1, which is fine since we are running a forecast. Following the same

steps as equation 7.42 for the transverse BAO parameter, we get:

or  JP ’
8aL_810gk’(1 b

Before estimating the variances of @ and a, we must separate the peak and

(7.46)

broadband components of the linear matter power spectrum, to avoid including
the broadband signal in the summation of equations 7.40 and 7.41. We do this by
titting a high-degree polynomial, such that:

(7.47)

a B2 kT
P(K) = PS™(k) + PP(I) exp (- —=-L1,

where P;™(k) is the broadband component of P, and PLpeak(k) is the linear BAO

component, which appear as a series of wiggles. The factor multiplying the
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peak component accounts for non-linear smoothing of the BAO feature, where
X7, X} = 3.26,6.42 h"'Mpc (Eisenstein et al., 2007).

In the computation of F;;, we sum over discrete bins dk and du, of width
0.001 h Mpc~! and 0.1 respectively. We choose kmin = 0.01 hMpc ™ in the sum-
mation of Fjj, a much smaller value than previous Lya forecasts. In McQuinn
and White, 2011 for example, they choose kpyin = 0.1 1 Mpc_l, motivated by the
fact that below this value, Pr is distorted by the continuum fitting procedure
in data (see section 6.2.2)*. However, we assume that the continuum distortion
contribution to the 1D power can be removed, using techniques developed for
BAO analyses of 3D Lya correlations (Bautista et al., 2017; du Mas des Bourboux
et al., 2017).

At higher k, we start to become affected by non-linear processes, and as such
choose a limiting scale of kmax = 0.5h Mpc_1 following DESI Collaboration et al.,
2024b. Additionally, the exponential correction in equation 7.47 should provide
more realistic results. In contrary, for measurements that include the broadband
signal (e.g. fosg), scales above ~ 0.1 Mpc™! been shown to give unrealistic

forecasts (Foroozan et al., 2021).

7.2 DESI-II forecast results

In this section we will forecast the high-redshift DESI-II survey, using LBGs and
quasars as tracers and sources of Lya forest fluctuations, and LAEs as tracers
only. A version of this forecast was also included in the results section of Herrera-
Alcantar et al., 2025a, which gave measurements of Lya clustering in LBGs and
LAEs in DESI, and prospects for DESI-II.

Starting from 2029, DESI-IT will observe 5000 deg? of sky, to a greater depth than
its predecessor. LBGs and LAEs will be observable up to a limiting magnitude of
~ 24.5 (Payerne et al., 2025). We will also benefit from extensive imaging from the
LSST survey (Ivezi¢ et al., 2019), which overlaps with the entire DESI-II footprint.
These depths, along with many other instrumental upgrades, should be able to
provide ~ 1000 LBG and ~ 1000 LAE targets per deg?. Furthermore, DESI-II
will provide a complete quasar catalogue up to r ~ 23.5, leading to an improved
Lya quasar density (with respect to DESI) of 100 deg™ at z > 2.15. This choice
of redshift limit comes from DESI science requirements for Lya quasars (DESI
Collaboration et al., 2016a) - in reality the Ly« forest is observable in quasars with
z 2 2.

4McDonald et al., 2005 found that at this limit, the power contributed by continuum distortions
(in the LOS) is < 1% of Pr.
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Figure 7.2: Luminosity function (number per deg™?) of quasar (solid) and LBG
(dashed) targets in DESI-II as a function of r band magnitude, for 4 different
redshifts. For LAEs we assume the same distribution function of LBGs.

To run our Fisher forecast (detailed in section 7.1), we require these expected
total target densities, magnitude limits, and distributions with magnitude and
redshift for LBGs, LAEs and quasars (we work in deg=?(km/s)!). Note that the
distributions (dn,/dm; see e.g. equation 7.21) are dependent on redshift, although
we did not explicitly write it. In figure 7.2, we show the input distributions for
quasars (solid lines) and LBGs (dashed lines). Because we have limited LAE data,
we approximate their distribution as following that of our LBGs.

The quasar distributions are taken from preliminary DESI target selection
(Yeche et al., 2020), which give a total integrated density of n, ~ 204 deg™?, or
ng ~ 50 deg™ at z > 2.15. To achieve the desired DESI-II Lya quasar density
(100 deg™2 at z > 2.15), we re-normalise the distributions of figure 7.2, multiplying
dng/dm by anESI‘H(z > 2.15)/ anESI(z > 2.15) ~ 2. Note that this simple re-scaling
is not entirely realistic since most of the newly selected targets would come from
increasing the survey limiting magnitude, where forests generally have lower SNR.
Ideally, one would use an accurate quasar luminosity function (LF) which extends
to magnitude r ~ 23.5, to avoid underestimating our parameter variance.

The LBG (which we use also for LAEs) distribution in figure 7.2 is taken
from DESI measurements in the COSMOS field (Ruhlmann-Kleider et al., 2024;
Herrera-Alcantar et al., 2025a; Payerne et al., 2025), and has a total selected target
density of nppg = 453 deg™ across all redshifts (practically all of these targets
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Figure 7.3: SNR per Angstrom in the Lya forest of DESI quasars, as a function of r

band magnitude, for z; = 2.5. Note that the SNRs peak around 4200A due to the
Lya emission line.

are at z > 2.15). To re-scale this to the expected DESI-II density (1000 deg_z), we

DESI-II /, DESI ._
e /Mipo * 2

To estimate the weights and covariance (see equation 7.25) of our Ly« forest sur-

multiply dnypg/dm by n

vey, we will also need a function o(m, z, 1) which gives pixel variance as a function
of tracer (quasar or LBG) magnitude and redshift, and observed wavelength (A).
For Lya quasars, we obtain this by simulating observations with 4000s of effective
exposure time on the DESI spectrograph, at a series of magnitudes and redshifts
across the full observed wavelength grid of the instrument (3600-9800 A). The
result is shown in figure 7.3 for a quasar at z ~ 2.5 and selection of magnitudes.
The wavelength range shown is that over which we observe almost all of our
Lya absorption. When computing our survey weights and covariance, we simply
interpolate onto this function.

For LBGs, we do not have access to such simulations, so we approximate that
each forest in our analysis has the same SNR per Angstrom. We use COSMOS
field measurements (Herrera-Alcantar et al., 2025a) with a minimum of 2 hours
exposure time, shown in figure 7.4, and get a mean SNR of 0.35 A~!. This will
primarily impact the effective noise Pi,ff (equation 7.25), which depends on pixel
noise. However, since the distribution of LBGs is strongly peaked around r ~ 24,
this should not bias us significantly.
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Figure 7.4: Measurements of SNR per Angstrom in the Lya forest vs r band
magnitude of Lyman break galaxies (LBGs), from DESI (Herrera-Alcantar et al.,
2025a). These were performed in the COSMOS field, and contain a total of ~ 5000
forests. These SNRs are obtained from observations with a minimum of 2 hours
exposure time.

7.2.1 Computing the Fisher matrix

Now that we have all of the necessary inputs, we compute the weights, noise
terms, covariance and Fisher matrices for each tracer in our forecast, for a given
survey set-up, using the package lyaforecast® and following the methodology
of section 7.1.

Firstly, we run our forecast for a redshift range between z € [2,3.5], in 15
individual bins of width dz = 0.1. These are chosen to sample the quasar/galaxy
distributions finely enough, such that our BAO errors converge. It also allows us
to include the evolution of the relevant power spectra. Then, for each bin dz, we

define the observed wavelength limits of the bin for Lya absorption:

/\min = /\a(l + Zmin) ’ (748)
Amax = Aa(1 + Zmax)- (7.49)

From these, we define the mean observed wavelength of the bin Ac = VAminAmax,
and the redshift of the quasar/LBG that centres the Ly« forest in our bin:

Zo = A—f -1, (7.50)
A
where /\Zf = /\:rﬁn/\:r{ax ~ 1119 A is the mean of the Lya forest rest-frame region.

Note that we are using only the primary Lya forest region between 1040 Aand

Shttps:/ / github.com/igmhub/lyaforecast
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Parameter | Lya Quasar LBG LAE
b -0.16 3.8 30 19
B 145 026 033 0.52

Table 7.1: Bias parameter values for each tracer in our analysis, evaluated at z = 2.5.

1205 A, and excluding the Lyp region (see e.g. DESI Collaboration et al., 2025b)
for simplicity. Note that internally, lyaforecast works in kms™', even though
often we refer to e.g. k values in h Mpc™!. The pixel width (AA) corresponds to
the spacing of the DESI spectrograph, 0.8A . Again, we use kms ™" for pixel widths
internally, which average ~ 70kms ™' (changes with redshift).

For each redshift bin dz, we compute the weights and noise terms Pz‘i,& and P
(atk = 0.07 hMpc~?, u = 0.5), by integrating over magnitude, with noise and tracer
distributions on(Ac , z,, m) and dn /dm(z,), given the forest length and pixelisation
above. In practice, we want noise per pixel, which is equal to VAL on(A., z,, m).

With the noise terms computed, we can get the required covariance matri-
ces, in discreet bins of k an u. First, we compute the required 3D power spec-
tra: Lya (LBG)2"°, Ly (LBG)™S, Lya (LBG)XLAE, Lya (QSO)XLBG, Lya (QSO)LAE,
LBG*"* and LAE?"®, For these we provide a set of bias/RSD parameters taken from
DESI DR2 (DESI Collaboration et al., 2025b) and Ruhlmann-Kleider et al., 2024,
summarised in table 7.1. We also evolve each bias according to equation 5.15.

The linear matter power spectrum is computed in each redshift bin using camb,
with Planck 18 cosmology Planck Collaboration et al., 2020. The P1D that features
in the Ly« forest covariance is estimated using the empirical model of Palanque-
Delabrouille et al., 2013 (equation 7.17). Finally, we perform a sum over k and p
to estimate F; for each tracer, and derive errors on ¢ ; and a, ; in each redshift
bin 7, using the method outlined in section 7.1.4. We combine our measurements
across redshift as:

O, = —— (7.51)

where x =1, ||.

In the left panel of figure 7.5 we compare the SNR per k mode of Lya (LBG) 2"t
(blue dashed), to the SNR per mode of the quasar Lya auto-power spectrum (red
solid). We see a turn-over point where measuring the Lya forest auto-power from
LBGs becomes more constraining, at z ~ 2.5. Noticeably, this lags slightly behind
the same turn-over in the tracer SNR (right panel), due to the lower SNR per pixel
of LBG forests. The increased SNR for quasar Lya forests in DESI-II will improve
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Figure 7.5: (Left) SNR per mode at (k, ) = (0.14 hMpc™?,0.6) in the Lya forest
power spectrum of quasars (red solid) and LBGs (blue dashed). (Right) SNR per
mode of the quasar (red solid) and LBG (blue dashed) power spectrum. The large
difference on the right is due to the high density of LBG targets in DESI-II (1000
deg™?). In contrast, the lower pixel SNR in LBG forests makes the lines in the left
plot more similar.

BAO constraints at zeg ~ 2.3, in combination with the rest of the forests in DESI
not included in the DESI-II footprint. Here, we choose to forecast the cross-power
Lya (QSO) xLBG, since it is novel, and will benefit from the high target density of
LBGs. Looking at the left panel of figure 7.5, the SNR per mode of the quasar
power spectrum (red solid) and LBG power spectrum (blue dashed) differ a lot
more than the Lya forests. Here, the increased LBG target density plays a much
bigger role, where the spectral noise is not a factor.

Our BAO (percent-)error projections are shown as a function of redshift for
each of the forecasted power spectra, in figure 7.6. For each line, the constraints
are estimated in 14 redshift bins, of width 0.1, from z = 2 — 3.5. The top left
panel shows the autocorrelation of Lya forests from LBGs (blue) and quasars
(green). Atz ~ 2.5 there is a turnover point where LBGs, which are observed
at higher redshifts, become more constraining. We also add the cosmic variance
tloor for both DESI-II (black) and DESI (dark blue). This is the best possible Ly«
autocorrelation measurement achievable from each survey, where both the shot
noise and spectral noise are completely negligible. DESI has a lower floor only
because of its greater survey area.

In the top right panel we compare the LBG and LAE autocorrelations, where
the only difference between these tracers is the bias/RSD values we assign them
(table 7.1). Note that here we do not include the quasar autocorrelation; because
of the relatively low target density, it is not a competitive measurement. The only
reason that the two sets of lines in the top left panel are comparable, is that the
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SNR of pixels in quasars relatively high.

In the bottom left panel, we include the cross-power measurements: Lya (LBG) %%,
Lya (LBG)XLAE, Lya (QSO)XLBG, Lya (QSO)LAE. We see (as in figure 7.5) that
Lya (LBG) "% becomes more constraining than Lya (QSO)XLBG at z ~ 2.5, and
its LAE counterpart slightly after. We note that the difference is small, given
that there are 10x more LBG forests, again reflecting the impact of the increased
spectral noise.

The combined Lya (LBG)?*"* and Lya (LBG) “"*** measurements (bottom right)
seem to provide similar constraints to the LBG auto (top right) across the line-
of-sight, outperforming it along the line-of-sight. To combine Lya (LBG)*"® and
Lya (LBG)“"%*, we performed a simple inverse sum (Font-Ribera et al., 2014a),
equivalent to assuming no correlation between the two measurements. This is a
high-noise (nP < 1) approximation, which is not necessarily valid in our regime,
where nP ~ 1. For this reason we choose not to show other combinations of
measurements. A better approach would be to compute the joint Fisher matrix,
where the covariance (calculated with equation 7.32) includes all of the relevant
cross-terms.

We would of course eventually like to combine all of our correlations together,
which would improve our BAO precision and allow us to make better full-shape
measurements by breaking parameter degeneracies. However, as shown in figure
7.6, there is a cosmic variance floor which limits measurements with even negligible
noise. Thus, there is little benefit of combining tracers for BAO in this regime.
This can also be understood looking at effective volume (equations 7.35 and 7.36):
as nP > 1, only increasing survey volume can reduce the covariance of our
measurement®. Note that even in the cosmic variance limited regime, combining
tracers is still beneficial for RSD and growth measurements (McDonald and Seljak,
2009).

In table 7.2, we summarise the forecast results, with the combined (across
redshift) precision on BAO for each of our tracers, and the effective redshifts
Zefi- We confirm that the combination of Ly« (LBG)®"*® and Ly« (LBG) ' provide
the best measurement of a (0.70%) and a (0.57%), although the latter is only
marginally better than the LBG auto. For comparison, the DESI 5-year survey
forecasts (DESI Collaboration et al., 2024b) project high-redshift (z ~ 2-3.5) errors
of 0.91% and 0.88% on a, and «| respectively’. Thus, with only the combined
Lya measurement, we can expect og > " ~ 0.63 05> and o> 2 0.80 0.

We note that these values will be underestimated, due to the fact that we use

®This is often referred to as a volume-limited survey.
"From the joint Lya(QSO) autocorrelation and Lya(QSO)-QSO cross-correlation
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Figure 7.6: (Top left) projected percent error on line-of-sight («; solid line) and
transverse (« ; dashed line) BAO parameters from the Lya (LBG)"* power spec-
trum, as a function of redshift. Also included here is the cosmic variance limit, or
measurement in absence of shot/spectral noise, for DESI and DESI-II. DESI has a
lower limit due only to its larger survey area. (Top right) the same projects for the
LBG power spectrum. (Bottom left) Lya (QS0) xLBG (red) and Lya (LBG) “"*%* (blue).
(Bottom right) the combined Lya (LBG)“**** and LBG*™"* projections.
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Measurement 100x0,, 100><Ga“ Zoff
Lya (LBG)3ute 1.36 1.41 2.90
Lya (LBG) oSS 0.99 1.39 2.79
Lya (LBG)uto+cross 0.57 0.70 2.82
Lya (LBG) XLAE 1.26 1.65 2.80
Lya (QS0)xLBG 1.17 1.55 2.61
Lya (QSO) XLAE 1.52 1.85 2.64
LBGAuto 0.59 1.04 2.84
LAEuto 1.00 1.5 2.85

Table 7.2: Percent errors on BAO parameters a, and a) for several measurements
in a DESI-II survey forecast.

the high-noise approximation to combine errors. To get a more accurate sense of
the improved precision on the multi-tracer BAO measurement, we would have to
do a joint Fisher matrix analysis, as mentioned above. One should also note that
the effective redshift of the high-redshift measurements in DESI is zq ~ 2.33 (DESI
Collaboration et al., 2025b), making the high effective redshifts of DESI-II very
complimentary in a cosmological analysis. Finally, despite being less constraining,
the Lya (QS0) xLBG measurement has an intermediate effective redshift between
DESI and DESI-II, which again is useful for measuring cosmic expansion. The
LAE correlations are also competitive, and help to break degeneracies in f og by
providing independent measurements of RSD.

In future work we would take several steps to improve and expand our forecast.
Firstly, we would look to incorporating proper simulations of spectral noise in
LBG spectra on(m, z, A), rather than assuming a mean SNR per Angstrom from
measurements (figure 7.4). In the near future, we would also look to implementing
the ability to compute combined tracer Fisher matrices in lyaforecast, rather
than using low-noise approximations. To expand the capabilities of our forecast,
we would look to using the ForestFlow emulator (Chaves-Montero et al., 2025),
to combine small-scale information from the Lya P1D with the Lya P3D. The
forecast can also be expanded to include full-shape measurements (see Cuceu
et al., 2025a), which are sensitive to growth of structure. Finally, we can use the
forecast to measure cosmological parameters from a variety of different models,
e.g. wow, dark energy, either in combination with low-redshift galaxy forecasts,

or independently.
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CONCLUSION

For thousands of years the cosmos has been studied, and our understanding of
the Universe on the very largest scales has profoundly changed. In only the last
50 years, the era of precision cosmology was conceived, which allowed us for the
first time to place tight constraints on the constituent parts of the Universe and
its expansion history. With the introduction of DESI, precision cosmology has
moved into its next chapter. We are now able to explore the nature of dark energy,
determining whether or not it evolves, and validating a wide variety of physical
models which try to describe the mysterious substance.

The first part of my thesis (chapter 5) is centred firmly in this objective, where I
present the first cosmological analysis of Ly« forest data from DESI. This analysis
served as validation of the first DESI data (Early Data Release; EDR), from the
spectroscopic pipeline to the methods use to generate the Lya flux transmission
field and the models we use to measure cosmology. The techniques employed in
this paper were established as a baseline for future DESI Lya analyses (Adame
et al., 2025b; DESI Collaboration et al., 2025b), which were used to measure
the dark energy equation of state. We performed extensive validation of many
aspects of our analysis, such as the Lya catalogue and new methods used to
construct it (section 5.2). We also explored the contaminant masking (DLAs,
BALs), instrumental systematics (section 5.4.3.2) and the baseline model that we
fit with our measured correlations (section 5.5). We showed that our correlations
and fits to DESI EDR data were fully consistent with those from the eBOSS DR16
(the previous benchmark), a non-trivial result for two very different instruments.

To extract as much cosmological information as possible from the Ly« forest,
we utilise the full shape of our measured Lya correlation functions, from which
we can measure the Alcock-Paczynski (AP) effect - anisotropy in the line-of-sight
versus transverse directions - and growth information from RSD. Including

AP information from the broadband of the correlation function improves our
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measurements of (), and Hory by around 50% with respect to traditional BAO-
only analyses, but it is also more susceptible to contaminants. In chapter 6,
we study of the impact of continuum redshift errors on our full-shape analysis,
using synthetic DESI datasets. Up until now, this was not considered a major
contaminant in our analysis, but at the high precision of DESI, we show it to be a
potentially large source of bias. Thus, we model the distortion these errors cause in
our measured correlation functions, and implement several new free parameters
to our baseline full-shape fits. We show that our model successfully recovers
unbiased constraints on the broadband AP parameter, and the isotropic/AP BAO
parameters. With this work, we have paved the way for the first Lya full-shape
analyses with DESI, and more precise analyses beyond that. Looking forward,
we wish to improve our model behaviour at smaller scales along the line-of-sight
(r < 40 h~Mpc), where continuum redshift error contamination is less well
captured. This is not particularly impactful now, since our analysis is limited to
r > 25 h~!Mpc where our linear model is still suitable. However, in the future
where models that successfully describe the non-linear parts of the Ly« correlation
function (e.g. using an EFT approach; Ivanov, 2024) are implemented, this will be
more important.

In the final part of the thesis (chapter 7), we present projections of potential BAO
measurements from the Lya forest in DESI-II - the successor to DESI due to start
in 2029, which will observe 5000deg? of sky to much greater depth. We run Fisher
forecasts that emulate the high-redshift survey of DESI-II, a programme which
will observe targets above z > 2, increasing the density of quasars (with respect
to DESI) from 60 to 100 deg™2. Furthermore, this programme will observe Lyman
break galaxies (LBGs) and Lyman-a emitters (LAEs) at densities of ~1000 deg 2,
from z ~ 2 — 4. LBG spectra also contain Lya forest absorption, albeit to a
lower SNR than quasars. Thus, in our analysis we forecast several measurements,
including the autocorrelation of Ly« forests from LBGs (Lya (LBG)?"!), the cross-
correlation of LBG forests and LBGs (Lya  (LBG) *°%%), and the LBG autocorrelation
(LBG™'°). We also make use of the higher SNR quasar forests by taking their cross-
correlation with LBGs (Lya(QS0)xLBG). Using LAE as tracers, we add a further
three correlation functions of similar constraining power: Lya (LBG)xLAE, Ly«
(QSO)XLAE and LAE*"*°.

We show that the two best measurements of our BAO parameters a; and
apyerp come from the combined Lya (LBG)®* and Lya (LBG)“"* correlations
and the LBG autocorrelation, which give (0, = 0.70%, 04, = 0.57%) and (04, =
1.04%, 0o, = 0.59%) respectively. The Lya(QSO)xLBG correlation is marginally

less constraining than its LBG counterpart, but it probes the Universe at a lower

126



CHAPTER 8. CONCLUSION

effective redshift. The LAE correlations provide slightly weaker constraints then
LBGs due to lower tracer bias, but are still competitive.

Comparing only the combined Lya (LBG) auto and Lya (LBG) ™58 from DESI-II
with the combined Lya (QS0)3“*+Lya (QS0)°S from DESI gives us GE”ESI_H ~
0.8 GE”ESI and GEESI_II ~ 0.63 GEESI. When combining all of our measurements, we
expect DESI-II to provide significantly better high-redshift constraints than DESI.

These forecasts are an important first step to developing a science case for
DESI-II, where we show that BAO can be measured to better precision than DESI,
at a much higher effective redshift thanks to new LBG/LAE targeting. In the near
future, to understand how well DESI-II can constrain dark energy parameters,
we want to take all of our measured correlations, and combine them the Fisher
matrix from the high-density galaxy survey at lower redshift. From there we can
transform into a Fisher matrix with dependence on dark energy parameters, and
make error projections. We also plan to use a full Fisher matrix in the near future,
which takes into account cross-covariances between measurements, allowing us
to combine them accurately. A slightly more difficult but important extension of
our forecasts would be to include full-shape information, since these improve our
constraining power on the expansion rate by ~ 50%. The inclusion of LBGs and
LAEs also gives us more tracers with which to measure RSD, helping to break

degeneracies between biases and f o5.
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