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A B S T R A C T 

We measure the three-dimensional power spectrum (P3D) of the transmitted flux in the L yman- α (L y α) forest using the 
complete extended Baryon Oscillation Spectroscopic Survey data release 16 (eBOSS DR16). This sample consists of ∼205 000 

quasar spectra in the redshift range 2 ≤ z ≤ 4 at an ef fecti ve redshift z = 2 . 334. We propose a pair-count spectral estimator in 

configuration space, weighting each pair by exp ( ik · r ), for wave vector k and pixel pair separation r , ef fecti vely measuring the 
anisotropic power spectrum without the need for fast Fourier transforms. This accounts for the window matrix in a tractable 
way, a v oiding artefacts found in Fourier-transform based power spectrum estimators due to the sparse sampling transverse to 

the line of sight of Ly α ske wers. We extensi vely test our pipeline on two sets of mocks: (i) idealized Gaussian random fields 
with a sparse sampling of Ly α skewers, and (ii) log-normal LyaCoLoRe mocks including realistic noise levels, the eBOSS 

surv e y geometry and contaminants. On eBOSS DR16 data, the Kaiser formula with a non-linear correction term obtained from 

hydrodynamic simulations yields a good fit to the power spectrum data in the range (0 . 02 ≤ k ≤ 0 . 35) h Mpc −1 at the 1–2 σ

level with a covariance matrix derived from LyaCoLoRe mocks. We demonstrate a promising new approach for full-shape 
cosmological analyses of Ly α forest data from cosmological surv e ys such as eBOSS, the currently observing Dark Energy 

Spectroscopic Instrument and future surv e ys such as the Prime Focus Spectrograph, WEAVE-QSO, and 4MOST. 

Key words: methods: statistical – galaxies: statistics – Cosmology: large-scale structure of Universe – Cosmology: theory. 
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 I N T RO D U C T I O N  

ight is absorbed by neutral hydrogen in the low density, highly ion-
zed intergalactic medium (IGM), producing a series of characteristic
bsorption features in quasar spectra, called the L yman- α (L y α)
orest. These absorption patterns are a measure of the distribution
f neutral hydrogen along the line of sight. They represent a
undamental probe of large-scale structure at Mpc scales and below at
igh-redshifts (2 < ∼ z < ∼ 5) using ground-based observ ations. Gi ven
he sparseness of the Ly α forest 1 , the two-point correlation function
Slosar et al. 2011 ) and the one-dimensional power spectrum (P1D)
long the line of sight (McDonald et al. 2006 ) have been widely
dopted in cosmological analyses of Ly α data (e.g. Busca et al.
013 ; Palanque-Delabrouille et al. 2013 ; Slosar et al. 2013 ; du Mas
es Bourboux et al. 2020 ). 

The two-point correlation function (2PCF) can efficiently isolate
ffects at specific separations, e.g. the baryonic acoustic oscillation
 E-mail: rbelsunce@lbl.gov 
 The Ly α forest is sparsely sampled transverse to the line of sight but densely 
ampled along the line of sight. 
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BAO) feature, whilst the power spectrum is a more convenient statis-
ic for measuring slo wly v arying ef fects do wn to small wavenumbers
nd provides less correlated errors (Font-Ribera, McDonald & Slosar
018 ). In this work, we propose a weighted pair-count estimator, de-
eloped for the analysis of small-scale galaxy clustering (Philcox &
isenstein 2020 ; Philcox 2021 ), to measure the three-dimensional
y α forest power spectrum (P3D). By weighting each pair of
y α pix els by e xp ( ik · r ij ) (for wav e v ector k and pair separation
 ij ≡ r i − r j ), we directly measure the power spectrum without the
eed for grid-based fast Fourier transforms (FFTs) which are strongly
ffected by the highly non-trivial window function specific to Ly α
urv e ys.This method also allows for almost exact computation of the
indow function using the same pixel pairs, albeit at a significant

omputational cost of O( N 

2 
pix R 

3 
0 ) (for number of spectral pixels N pix 

nd maximum pair separation R 0 ). 
Over the past decades, Ly α surveys have improved in accuracy,

ize, and depth, resulting in large samples of medium-resolution
pectra from the extended Baryon Oscillation Spectroscopic Survey
eBOSS; Dawson et al. 2016 ) and the currently observing Dark
nergy Spectroscopic Instrument (DESI; DESI Collaboration 2016 ).
hilst the eBOSS DR16 sample consists of 205 012 quasar spectra
ith absorber redshifts in the range 1 . 96 ≤ z ≤ 3 . 93, DESI observes
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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he sky with increased spectral resolution of 2000 < ∼ R 

< ∼ 5500 
Abareshi et al. 2022 ) and co v ers a much larger fraction of the sky
14 000 de g 2 ). Ov er its surv e y duration it will pro vide ∼840 000
uasar spectra at z > 2 . 1, a more than fourfold increase compared
o BOSS/eBOSS (Adame et al. 2024 ). To complement the picture, 
maller samples of high-resolution measurements from, e.g. the High 
esolution Echelle Spectrometer (HIRES; Vogt et al. 1994 ; O’Meara 
t al. 2021 ) and the UV-Visual Echelle Spectrograph (UVES; Dekker 
t al. 2000 ; Murphy et al. 2019 ) allow for analyses deeper into
he small-scale regime to almost 10 x larger k max . A number of
uture surv e ys will also capture spectra in both high and medium
esolution modes, such as the William Herschel Telescope Enhanced 
rea Velocity Explorer surv e y (WEAVE-QSO; Pieri et al. 2016 ),

he Prime Focus Spectrograph (PFS; Greene et al. 2022 ), and the 4-
etre Multi-Object Spectroscopic Telescope (4MOST; de Jong et al. 

019 ).A fast and robust estimator for the analysis of Ly α forest at all
cales is essential for accessing the full potential of the combination 
f these data sets. 
One of the key advantages of the Ly α forest is that, since the

ensity fields are only mildly non-linear at the respective redshifts, a 
uch wider range of scales can be used to robustly probe cosmology

han with most galaxy surv e ys. This makes the Ly α fluctuations a
articularly powerful probe of early-Universe physics when com- 
ined with tracers that are sensitive to very large scales, e.g. cosmic
icrowave background anisotropies. The Ly α flux density contrast, 

F , is used to derive constraints for cosmology and astrophysics, 
efined through 

F ( λ) = 

f q ( λ) 

F ( z Ly α) q( λ) 
− 1 , (1) 

here f q ( λ) is the observed transmitted flux as a function of τ ,
he optical depth, F ( z Ly α) is the mean transmitted flux at the H I

bsorber redshift, and q( λ) is the unabsorbed continuum of the 
ackground quasar. The three-dimensional power spectrum, P 3D , of 
he fluctuations in the Ly α forest, given in equation ( 1 ), is principally
ensitive to the amplitude of dark matter clustering σ8 , the shape of
he matter power spectrum � = 	m 

h , the spectral tilt n s , and the sum
f neutrino masses 

∑ 

m ν (see e.g. Philcox & Ivanov 2022 ). 
In this work, we present a measurement of the anisotropic three- 

imensional Ly α forest power spectrum using eBOSS DR16 Ly α
orest spectra. We compare our measurement to the best-fitting results 
rom the 2PCF analysis in the range (0 . 019 ≤ k ≤ 0 . 35) h Mpc −1 

du Mas des Bourboux et al. 2020 , hereafter dMdB20 ). It includes
 Kaiser formula (Kaiser 1987 ) with a non-linear correction term 

btained from hydrodynamical simulations (Arinyo-i-Prats et al. 
015 ) and modelling of contaminants (e.g. metals, distortion from 

ontinuum fitting, damped Ly α absorbers) specific to Ly α forest 
nalyses. Predictions for the Ly α forest clustering have greatly im- 
ro v ed o v er the last decade, using either hydrodynamical simulations
see e.g. Arinyo-i-Prats et al. 2015 ; Bolton et al. 2017 ; Doughty
t al. 2023 ; Puchwein et al. 2023 ) or perturbation theory 2 (see e.g.
i v ans & Hirata 2020 ; Chen, Vlah & White 2021 ; Garny et al. 2021 ;
i v ans et al. 2022 ; Ivanov 2023 ). 
In the context of simulations, different P3D methods have been 

roposed and tested, see McDonald ( 2003 ), Arinyo-i-Prats et al. 
 2015 ), Font-Ribera et al. ( 2018 ), and Horowitz, de Belsunce & Lukic
 2024 ). The latter two methods provide close-to-optimal ways of
 On analyses of the connection between the physics of the Ly α forest and 
erturbative approaches, i.e. response function approaches, see Seljak ( 2012 ), 
ieplak & Slosar ( 2016 ), and Ir ̌si ̌c & McQuinn ( 2018 ). 

I
s  

m

3

onstructing a covariance matrix. Whilst we measure the anisotropic 

lustering in multipole space and as a function of k = 

√ 

k 2 ‖ + k 

2 
⊥ 

,

ont-Ribera et al. ( 2018 ) measure the P3D in the (more natural
asis) { k ‖ , k ⊥ 

} -basis (which is the Fourier space equi v alent to the
 r ‖ , r ⊥ 

} -basis of the configuration space analysis in, e.g. dMdB20 ).
hilst the information content is (in principle) the same as in the

resent analysis, the { k ‖ , k ⊥ 

} -basis allows to isolate (and marginalize
ut) modes that are, e.g. sensitive to distortions in the continuum
tting ( k ‖ = 0) (see Font-Ribera et al. 2018 , for a discussion). In this
ork, we compute a simulation-based covariance matrix, whereas 
ont-Ribera et al. ( 2018 ) compute an approximate version of the
lobal covariance matrix within the optimal quadratic estimator 
ramework. A recent proof-of-principle presented in Karim et al. 
 2023 ) presents a small-scale measurement on simulations and 
BOSS DR16 data which measures the cross-spectrum P ×( z, θ, k ‖ ),
riginally developed in Hui, Stebbins & Burles ( 1999 ) and Font-
ibera et al. ( 2018 ). 
The Ly α forest is a treasure tro v e of cosmological information,

apable of measuring the expansion history of the Universe through 
AO (McDonald & Eisenstein 2007 ; Busca et al. 2013 ; Slosar et al.
013 ; dMdB20 ), the broad-band shape of the (large scale) three-
imensional Ly α correlation function (Slosar et al. 2013 ; Cuceu 
t al. 2021 , 2023 ; Gordon et al. 2023a ), neutrino masses (Seljak et al.
005 ; Viel, Haehnelt & Springel 2010 ; Palanque-Delabrouille et al.
013 , 2020 ), and primordial black holes (Afshordi, McDonald &
per gel 2003 ; Mur gia et al. 2019 ). The P3D is connected to the well-
nderstood P1D by performing an integration perpendicular to the 
ine of sight, which is sensitive to small scales (see e.g. Seljak et al.
005 ; Viel et al. 2005 ; McDonald et al. 2006 ; Palanque-Delabrouille
t al. 2013 ; Chabanier et al. 2019 ; Pedersen et al. 2021 ; Ra v oux
t al. 2023 ; Kara c ¸aylı et al. 2024 ). At the smallest of scales, the Ly α
bsorption features provide means to test dark matter models (Viel 
t al. 2013 ; Baur et al. 2016 ; Armengaud et al. 2017 ; Ir ̌si ̌c et al. 2017 ,
023 ; Kobayashi et al. 2017 ; Murgia, Ir ̌si ̌c & Viel 2018 ; Garzilli et al.
019 ; Ir ̌si ̌c, Xiao & McQuinn 2020 ; Rogers, Dvorkin & Peiris 2022 ;
illasenor et al. 2023 ), early dark energy models (Goldstein et al.
023 ), and thermal properties of the ionized (cold) IGM (Zaldarriaga
002 ; Viel et al. 2006 ; Bolton et al. 2008 ; Meiksin 2009 ; Garzilli et al.
012 ; McQuinn 2016 ; Boera et al. 2019 ; Gaikwad et al. 2019 , 2021 ;
alther et al. 2019 ; Villasenor et al. 2022 ; Wilson, Ir ̌si ̌c & McQuinn

022 ). 
The remainder of this paper is organized as follows: we present

he P3D estimator in Section 2 , before discussing the theoretical
odelling of the Ly α flux power spectrum in Section 3 and the

orward modelling of the window function in Section 3.1 . In Section
 , we describe the observational eBOSS DR16 Ly α forest data
et as well as the employed synthetic Ly α spectra used to model
ovariances. In Section 5 , we extensively test our pipeline on mocks
efore presenting the main result of our analysis in Section 6 :
he eBOSS DR16 P3D of the Ly α forest. Section 7 presents our
onclusions. We make our HIPSTER-LYA implementation publicly 
vailable. 3 

 T H E  THREE-DI MENSI ONA L  POWER  

PECTRUM  ESTI MATOR  

n cosmological data analysis, one typically employs data compres- 
ion, both to reduce the size of the data vector to a computationally
anageable level and average over stochastic fluctuations. The 
MNRAS 533, 3756–3770 (2024) 

 https:// github.com/ oliverphilcox/ HIPSTER 

https://github.com/oliverphilcox/HIPSTER
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articular compression statistic is specific to the problem at hand;
or Ly α, one typically uses the 2PCF or the P1D along the line
f sight (e.g. Busca et al. 2013 ; Palanque-Delabrouille et al. 2013 ;
losar et al. 2013 ; Ra v oux et al. 2023 ; Kara c ¸aylı et al. 2024 ). Here,
e compress the large number of Ly α forest spectra instead into the
3D, 4 paving the way for future full-shape cosmological analyses in
ourier space of eBOSS data (and beyond). 5 

Usually, Ly α summary statistics are computed using quadratic
aximum likelihood (e.g. McDonald et al. 2006 ; Kara c ¸aylı, Font-
ibera & Padmanabhan 2020 ) or FFT-based algorithms (e.g.
alanque-Delabrouille et al. 2013 ; Chabanier et al. 2019 ); in this
 ork, we instead mak e use of configuration space pair-count es-

imators, following the HIPSTER algorithm of (Philcox & Eisenstein
020 ; Philcox 2021 ). These were originally introduced in the context
f the small-scale galaxy power spectrum and bispectrum, and
ranslate well to our problem, given the sparse (dense) sampling
f pixels transverse to (along) the line of sight, which typically leads
o aliasing for FFT-based methods. As we discuss below, HIPSTER

stimates spectra by summing pairs of points in configuration space,
eighted by exp ( ik · r ij ) , for wave vector k and pair separation by
 ij ≡ r i − r j . 

Given some data field D( x ) (encoding Ly α fluctuations or galaxy
 v erdensities, with some weighting), the (pseudo-)power spectrum
s defined as a Fourier transform of the two-point function D D : 

 ( k ) ≡ F [ D D ( r ) ] = 

∫ 
d 3 r D D ( r ) e ik ·r , (2) 

here F is the Fourier transform operator, and we have assumed DD 

o be suitably normalized. Usually, one considers angularly averaged
ower spectra, defined by 6 

 

a = 

1 

V a 

∫ 
k 

� 

a ( | k | ) P ( k ) , (3) 

here we have restricted to a k-bin a, with volume V a = 

∫ 
k � 

a ( | k | ),
or top-hat function � 

a ( k). Comparing to equation ( 2 ), we see that
he k -dependence is captured through the kernel 

 

a ( r i − r j ) ≡ 1 

V a 

∫ 
k 

� 

a ( k) e ik ·( r i −r j ) ≈ j 0 ( k a | r i − r j | ) , (4) 

here j 0 is the 0th order spherical Bessel function. In the last step, we
ssumed the thin-shell limit and aligned the | ̂ k | -axis with | r i − r j | .
oting that D( x ) = n ( x ) w( x ) δ( x ) for background density n , weights
, and o v erdensity δ (which is the quantity of interest), the power

pectrum can be written explicitly as 

 

a = 

1 

V ( nw) 2 

∫ 
r i 

∫ 
r j 

n ( r i ) n ( r j ) w( r i ) w( r j ) δ( r i ) δ( r j ) 

A 

a ( r i − r j ) , (5) 

dding a normalization term appropriate to an ideal uniform surv e y
f volume V . In this approach, the power spectrum can be computed
y explicitly e v aluating equation ( 5 ), i.e. counting each pair of Ly α
ixels, weighted by above kernel. 
NRAS 533, 3756–3770 (2024) 

 Throughout this paper, we use the following notation: ˆ P ( k) are P3D 

easured on the data. Theory spectra are denoted by P ( k) which, when 
onvolved with the window matrix, are labelled ˜ P ( k). The multipoles of the 
ower spectra are denoted by the subscript 
 , i.e. P 
 ( k). 
 For a compressed full-shape analysis in configuration space, see e.g. Cuceu 
t al. ( 2023 ). 
 We use the shorthand notation: 

∫ 
x for 

∫ 
d 3 x and 

∫ 
k for 

∫ 
d 3 k . 

s  

f

7

a
w
a

In practice, we also wish to estimate the anisotropy of the Ly α
ower spectrum. This is possible by a simple generalization for
ultipole 
 : 

 

a 

 = 

1 

V ( nw) 2 

∫ 
r i 

∫ 
r j 

n ( r i ) n ( r j ) w( r i ) w( r j ) δ( r i ) δ( r j ) × A 

a 

 ( r i , r j ) 

A 

a 

 ( r i , r j ) ≡

2 
 + 1 

V a 

∫ 
k 

� 

a ( | k | ) e ik ·( r i −r j ) L 
 ( � [ k , 
1 

2 
( r i + r j )]) , 

(6) 

here � [ k , 1 2 ( r i + r j )] denotes the cosine of the angle between k
nd the local line of sight ( r i + r j ) / 2. Equation ( 6 ) is the basis of the
3D estimator used herein. 7 

In practice, all pairs of Ly α pixels contribute to the measured
ower spectrum, which results in the na ̈ıve estimator of equation ( 6 )
eing e xtremely e xpensiv e to compute. In practice ho we ver, well-
eparated pairs have negligible contributions to the power spectrum,
hus we can truncate the pair counts at separations greater than
 0 ≥ 200 h 

−1 Mpc , with minimal loss of information (Philcox &
isenstein 2020 ). This is done via a smooth polynomial window

unction 

 

( | r | 
R 0 

)
≡

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

1 , 0 ≤ r 
R 0 

< 

1 
2 

1 − 8(2 r 
R 0 

− 1) 3 + 8(2 r 
R 0 

− 1) 4 , 1 
2 ≤ r 

R 0 
< 

3 
4 

−64( r 
R 0 

− 1) 3 − 128( r 
R 0 

− 1) 4 , 3 
4 ≤ r 

R 0 
< 1 

0 , else , 

(7) 

hich modifies the anisotropic power spectrum estimator in equation
 6 ) by a factor W (( r i − r j ) /R 0 ). Though this necessarily induces
light distortions to the measured spectra, its effect can be straight-
orwardly included in the theoretical model for P 

a 

 , thus a v oiding

ny potential bias. 
Finally, we must consider the window function of the data, denoted

y � ( r ) ≡ D D ( r ) /ξ ( r ), where ξ ( r ) = 〈 δ( x ) δ( x + r ) 〉 , is the true
PCF of the data. Due to the sampling of the Ly α skewers, this
as a non-trivial form, and leads to our estimators returning a
indo w-convolved po wer spectrum measurement. Explicitly, this

ffect can be included by forward modelling the window function in
he theoretical model, using 

˜ 
 ( k ) = F [ ξ ( r ) � ( r ) W ( r; R 0 ) ] ( k ) , (8) 

here ξ ( r ) is the correlation function model, and ˜ P ( k ) is the output
indow- (and pair-separation-) convolved power. This procedure
ill be discussed in more detail in Section 3.1 . 
In discrete form, the full estimator for the Ly α power spectrum

sed in this work is given by a sum over each pair of pixels, i, j : 

ˆ 
 

a 

 = 

1 

V ( nw) 2 

∑ 

i 

∑ 

j, i �= j 

w i w j δF,i δF,j A 

a 

 ( r i , r j ) W ( | r i − r j | ; R 0 ) , 

(9) 

here we drop the (arbitrary) normalization factor and additionally
emo v e the ‘self-skewer’ counts; an advantage of doing the mea-
urement in configuration space to a v oid (correlated) uncertainties
temming from continuum estimation. The weights w are obtained
rom the continuum fitting ( dMdB20 ), and δF,i are the estimated Ly α
 In Philcox & Eisenstein ( 2020 ), an additional � 

−1 term was included to 
pproximately deconvolve the effects of the surv e y geometry. In this work, 
e instead forward model the effects of the window (to a v oid instabilities), 

s discussed in Section 3.1 . 



3D Ly α forest power spectrum 3759 

fl  

�

�

r
o
f  

i  

E
A

3

O  

U  

t  

s
i  

i
a
k

P

w
i
t  

l  

p  

i
e  

a  

f  

z  

t  

fl  

δ  

t
x  

b  

e  

s

β

f
a
u  

p  

s
t  

y  

t  

f

8

d
9

C

/

2  

r

b

b

w  

u  

1

f

F

w
k  

a
W  

t
o
t
f
M  

t  

a

P

w
f
d
t  

g  

d
a

 

c
p
f  

c
a
t
o
fl
w
d
b  

m
i  

d  

c

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/533/3/3756/7746762 by guest on 12 N
ovem

ber 2024
uctuations. We use the same set of pixels to compute the window
 (needed to forward model geometry effects): 

 

b 

 = 

1 

V ( nw) 2 
2 
 + 1 

V b 

∑ 

i 

∑ 

j, i �= j 

w i w j L 
 ( ̂ r i · ˆ r j ) � 

b ( | r i − r j | ) , (10) 

estricting to radial bin b and Legendre multipole 
 . The measurement 
f the multipoles of the power spectrum and corresponding window 

unctions for a data set with ∼ 10 8 pixels (similar to the data set used
n this work) takes ∼ 5 h on the Perlmutter computer at the National
nergy Research Scientific Computing Center (NERSC) using one 
MD Milan CPU. 

 T H E O RY  POWER  SPECTRUM  M O D E L L I N G  

ne of the key advantages of the Ly α forest is that it probes the
niverse at redshifts 2 ≤ z ≤ 5, i.e. with many more linear modes

han seen in galaxy surv e ys. F or our theory modelling, we use the
ame procedure to the one outlined in dMdB20 and briefly summarize 
t below. 8 The real-space quasi-linear power spectrum 

9 , P QL ( k, μ, z),
s modulated by a simulation-based non-linear fitting function, F NL , 
nd connected to the redshift-space flux power through the well- 
nown Kaiser formula (Kaiser 1987 ) 

 F ( k, μ, z) = b F ( z) 2 
(
1 + βF μ

2 
)2 

F NL ( k, μ) P QL ( k, z) , (11) 

here b F denotes the redshift dependent linear bias parameter, βF 

s the redshift space distortion (RSD) parameter (which is assumed 
o be redshift independent) and μ is the angle of k = { k ‖ , k ⊥ 

} to the
ine of sight, μ ≡ k ‖ /k. The redshift evolution of the Ly α forest bias
arameter enters the weights, w, which are taken from equation (7)
n dMdB20 , and enters the power spectrum measurement through 
quations ( 9 ) and ( 10 ). Following McDonald et al. ( 2006 ), dMdB20 ,
nd Gordon et al. 2023b , the product of Ly α forest bias and growth
actor is assumed to have a redshift dependence described by (1 +
) γLy α−1 where γLy α = 2 . 9 is the redshift evolution parameter of
he Ly α forest bias. Over sufficiently large scales the Ly α forest
uctuations are, to linear order, given by δF = b δ,F δ + b η,F η where
are mass fluctuations and η = −( ∂ v p / ∂ x p ) /aH is the gradient of

he peculiar velocity v p over the comoving line-of-sight coordinate 
 p with the scale factor a and the Hubble constant H . As such, the
ias factors are the partial deri v ati ves with respect to δ and η (see
.g. Arinyo-i-Prats et al. 2015 ). The RSD parameter for Ly α forest
urv e ys is 

F = 

f b η,F 

b δ,F 
, (12) 

or our fiducial cosmology we obtain f = 0 . 9704. We can estimate b η
nd b δ from simulations, by either fitting the (i) autopower spectrum 

sing the Kaiser formula (e.g. Arinyo-i-Prats et al. 2015 ); (ii) cross-
ower of Ly α and matter (e.g. Givans et al. 2022 ); or (iii) from
eparate Universe simulations (e.g. Cieplak & Slosar 2016 ). For 
he Ly α forest this results in an RSD parameter greater than unity,
ielding a quadrupole that is larger than the monopole (in contrast to
he case for galaxies). To account for the broadening in k ‖ stemming
rom high column density (HCD) systems (see e.g. Rogers et al. 
 Note that we do not include the G ( k ) in equation (27) of dMdB20 since we 
o not grid the data for our power spectrum computation. 
 The linear input power spectrum is computed using the Boltzmann solver 
AMB ( https:// camb.info/ ) as part of publicly available VEGA package ( https: 

/ github.com/ andreicuceu/ v e ga/). 

 

t

1

t

018 , and references therein), the Ly α bias parameters ( b, β) are
emapped to 

 

′ 
F = b F + b HCD F HCD ( k ‖ ) , (13) 

 

′ 
F β

′ 
F = b F βF + b HCD βHCD F HCD ( k ‖ ) , (14) 

here F HCD ( k ‖ ) = exp ( −L HCD k ‖ ) is fitted to hydrodynamical sim-
lations and L HCD is the typical scale for unmasked HCDs, set to
0 h 

−1 Mpc in dMdB20 . 
The non-linear (NL) correction to the power spectrum is obtained 

rom fits to hydrodynamical simulations (Arinyo-i-Prats et al. 2015 ) 

 NL ( k, μ) = exp 

( 

q 1 � 

2 ( k) 

[
1 −

(
k 

k ν

)αv 

μb ν

]
−

(
k 

k p 

)2 
) 

, (15) 

ith the usual dimensionless power spectrum � 

2 ( k) ≡
 

3 P lin ( k) / (2 π2 ). The parameter q 1 is a dimensionless parameter
nd controls the importance of the non-linear enhancement. 10 

hile q 1 is only (very) weakly dependent on redshift, it is,
ogether with αv and k αv 

ν , inversely proportional to the amplitude 
f the linear power spectrum. The remaining parameters model 
he Jeans smoothing and line-of-sight broadening stemming 
rom non-linear peculiar velocities and thermal broadening (see 

cDonald 2003 ; Arinyo-i-Prats et al. 2015 ). We set the parameters
o q 1 = 0 . 8558, k ν = 1 . 11454 h 

−1 Mpc , αν = 0 . 5378, b ν = 1 . 607,
nd k p = 19 . 47 h 

−1 Mpc , following dMdB20 . 
The quasi-linear power spectrum is given by 

 QL ( k, z) = P sm 

( k, z) + exp 

[ 

−k 2 ‖ � 

2 
‖ + k 2 ⊥ 

� 

2 
⊥ 

2 

] 

P peak ( k, z) , (16) 

hich decomposes the power spectrum into a smooth (no BAO 

eature) and a peak (isolating the BAO feature) component. This 
escription includes a correction for the non-linear broadening of 
he BAO peak denoted by � ‖ /� ⊥ 

= 1 + f where f is the (linear)
rowth rate (see e.g. Eisenstein, Seo & White 2007 ). Analogously to
MdB20 , we set the smoothing parameters to � ⊥ 

= 3 . 26 h 

−1 Mpc 
nd � ⊥ 

= 6 . 42 h 

−1 Mpc for a growth rate of f ≈ 0 . 97. 
Contaminants in the Ly α forest, such as absorption by metals and

orrelations due to the sky–subtraction procedure of the eBOSS data 
ipeline, are modelled as additive terms in the Ly α autocorrelation 
unction (see section 4 in dMdB20 , for a detailed discussion). The
omputation of comoving separations is based on the (erroneous) 
ssumption that all absorption stems solely from the H I Ly α
ransition. Transitions from other elements (e.g. silicon and carbon 
ften denoted as metals) contribute to the measured Ly α forest 
uctuations as well. Thus, the measured absorption at a given 
avelength is a mixture of absorption at different redshifts (from 

ifferent transitions). For each pair of possible transitions the offset 
etween the true and assumed redshift is computed. The resulting re-
apping matrix between the true and assumed comoving separation 

s called the metal matrix, see e.g., Blomqvist et al. ( 2018 ) and
MdB20 , relating the measured to the ‘true’ summary statistic in
onfiguration space, e.g. the correlation function. 

To estimate the windo w-convolved po wer spectra, we will require
he correlation function multipoles: these are defined as an angular 
MNRAS 533, 3756–3770 (2024) 

0 The parameter q 1 determines the impact of non-linearities, and is related to 
he parameter k NL in McDonald ( 2003 ). 

https://camb.info/
https://github.com/andreicuceu/vega/
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nte gral o v er the full correlation function ξ , 


 ( r ) ≡ 2 
 + 1 

2 

+ 1 ∫ 
μ=−1 

d μ ξ ( r , μ) L 
 ( μ) . (17) 

s described below, these will then be used to compute the mode
ixing introduced by the window matrix in equation ( 23 ), allowing

ccurate comparison of theory and data. 

.1 Forward modelling the window function 

n the present analysis, we forward model the effect of the sur-
 e y geometry, captured by the configuration-space window matrix
 ( r ) ≡ D D ( r ) /ξ ( r ), on the theoretically expected power spectrum

nstead of removing the window function from the data. This factor
s independent of the Ly α fluctuations, δF , and can be explicitly
omputed by counting pairs of Ly α pixels, as in equation ( 10 ). This
s analogous to the approach used in galaxy surv e ys e.g. Beutler et al.
 2017 ), Castorina & White ( 2018 ), and Beutler & McDonald ( 2021 ),
hence one writes 

 ( r ) ≡ R R ( r ) 
RR model ( r ) 

= 

R R ( r ) 

V ( nw) 2 
, (18) 

or (weighted) background density R( x ) = n ( x ) w( x ), and an ideal
in volume RR model ( r ) = 

4 π
3 ( r 

3 
max − r 3 min ), given some set of (thin)

ins in r ij . In the galaxy case, this is estimated using catalogues of
andom particles; for us, the procedure simply involves counting the
nweighted Ly α pixels. 11 

Expressed in terms of (even) Legendre multipoles, the pair-count
stimator of equation ( 9 ) measures the power spectrum convolved
ith the functions 

 

2 

 ( r) ≡ � 
 ( r) W ( r; R 0 ) , (19) 

here W ( r; R 0 ) is the pair-truncation function given in equation ( 7 ).
he convolved power spectrum multipoles can be obtained by first
onsidering the distortion induced to the 2PCF (see e.g. Beutler et al.
017 ): 

˜ 0 ( r) = ξ0 � 

2 
0 + 

1 

5 
ξ2 � 

2 
2 + 

1 

9 
ξ4 � 

2 
4 + . . . (20) 

˜ 2 ( r) = ξ0 � 

2 
2 + ξ2 

[
� 

2 
0 + 

2 

7 
� 

2 
2 + 

2 

7 
� 

2 
4 

]

+ ξ4 

[
2 

7 
� 

2 
2 + 

100 

693 
� 

2 
4 + 

25 

143 
� 

2 
6 

]
+ . . . (21) 

˜ 4 ( r) = ξ0 � 

2 
4 + ξ2 

[
18 

35 
� 

2 
2 + 

20 

77 
� 

2 
4 + 

45 

143 
� 

2 
6 

]

+ ξ4 

[
� 

2 
0 + 

20 

77 
� 

2 
2 + 

162 

1001 
� 

2 
4 

+ 

20 

143 
� 

2 
6 + 

490 

2431 
� 

2 
8 

]
+ . . . (22) 

rom equation ( 8 ), the power spectra can then be expressed as a
ankel transform: 

˜ 
 

a 

 = 4 πi 
 

∫ R 0 

d r r 2 ˜ ξ
 ( r ) K 

a 

 ( r ) , (23) 
NRAS 533, 3756–3770 (2024) 

0 

1 In full, the Ly α case can be imagined as a set of (correlated) pencil-beam 

urv e ys, whose sampling is known precisely. 

1

/
1

c
r

here K 

a 

 ( r) is the usual spherical Bessel function j 
 ( kr) integrated

 v er a k-bin to reduce oscillations: 

 

a 

 ( r ) = 

∫ k a max 
k a min 

k 2 d k j 
 ( kr ) ∫ k a max 
k a min 

k 2 d k 
, (24) 

s in equation ( 3 ). 12 For a thin k-bin centred at k a , K 

a 

 ( r) ≈ j 
 ( k a r). In

his work, we truncate our expansion of the window-convolved cor-
elation function, ˜ ξ
 , at 
 max = 4 for the 2PCF. Note that we include
ll corresponding window matrix multipoles for each multipole in

˜ 

 . 13 In Appendix A , we discuss the contribution of each correlation
unction multipole to the final result. 

 LY M A N -  α FOREST  DATA  F RO M  EBOSS  D R 1 6  

n the present analysis, we compute the P3D from Ly α forest spectra
rom the 16th data release (DR16Q; Lyke et al. 2020 ) of the com-
leted eBOSS (Dawson et al. 2016 ) of the fourth generation of the
loan Digital Sk y Surv e y (SDSS-IV; York et al. 2000 ). The primary
cientific goal of eBOSS was to constrain cosmological parameters
sing BAO and RSDs (see e.g. dMdB20 ; Alam et al. 2021 ). Briefly
ummarized, the DR16 data consists of the complete 5-yr BOSS
nd 5-yr eBOSS surv e y. The Ly α spectra were observ ed with a
ouble spectrograph mounted on the 2.5m Apache Point telescope
o map 10 000 deg 2 of the sky. The observations are conducted in
he observ ed wav elength range of 3600 < λobs < 10 , 000 Å with a
pectral resolution of R ∼1500–2500 (Dawson et al. 2016 ). The
uasar selection and algorithms of the pipeline are explained in detail
n Myers et al. ( 2015 ) as well as technical details related to the surv e y
tself in Dawson et al. ( 2016 ). 

.1 Data selection 

he full sample consists of 205 012 quasar spectra with absorber
edshifts in the range 1 . 96 ≤ z ≤ 3 . 93. The quasar sample is split
nto two disjoint regions on the sky; the northern (NGC) and southern
SGC) galactic caps, with 147 392 and 57 620 sightlines, respectively.
he number of spectral pixels are 34 . 3 · 10 6 for the entire data set with
n average signal-to-noise ratio of 2.56 per pixel calculated in the
y α forest. The forest used for cosmological analysis is defined to be
040 ≤ λrf ≤ 1200 Å. For ease of comparison to dMdB20 , we use the
ame set of flux decrements, δF , introduced in the following section.
e note that BOSS/eBOSS observed spectra in spectral pixels of
ith � log 10 ( λ) ∼ 10 −4 which have been rebinned for the purpose
f the final analysis on to a grid of � log 10 ( λ) ∼ 3 × 10 −4 . Damped
y α absorbers (DLAs), defined as regions where the transmission

s reduced by more than 20 per cent in the flux decrements, are
asked out. A Voigt profile is fitted to each DLA to correct for

he absorption in the wings (Noterdaeme et al. 2012 ). Quasars with
road absorption lines (BALs) have been remo v ed for the present
nalyses (see Lyke et al. 2020 , for more details). Both are the main
ontaminants affecting the data selection. 
2 These integrals of the spherical Bessel function are analytic (see e.g. https: 
/ dlmf.nist.gov/ ). 
3 We tested that including 2PCF contributions up to 
 max = 6 with all 
orresponding window matrix multipoles up to 
 max = 10 did not affect our 
esults. 

https://dlmf.nist.gov/
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17 In the following section, we will discuss a series of tests on more realistic 
mocks. 
18 We performed the same test using a DESI-like quasar density of 
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.2 Continuum fitting 

o measure clustering statistics such as the P3D, we use the flux
ecrement given in equation ( 1 ). Extracting the unabsorbed flux, i.e.
he quasar continuum, is a daunting task in general. In this paper,
e use the publicly available continuum-fitted spectra from eBOSS 

R16. 14 In the following, we briefly outline the continuum-fitting 
rocedure from dMdB20 : to each Ly α forest a slope and an amplitude
s fitted to the stacked spectra in the quasar sample using the PICCA

ackage. 15 The product in the denominator of equation ( 1 ) assumes
 common continuum for all quasars in rest frame, q ( λrf ), corrected
y a first-order polynomial for each quasar q in � ≡ log λ which 
ccounts for the diversity of the quasars 

 ( λ) q( λ) = q ( λ) 

(
a q + b q 

� − � min 

� max − � min 

)
, (25) 

hich results in a biased mean and spectral slope of each forest flux
ecrement ˆ δ( λ) = F ( λ) / 

[
( a q + b q � ( λ)) q ( λ) 

]− 1. The fluctuations 
re then given by 

˜ ( λ) = 

ˆ δ( λ) − 1 

W q 

∑ 

λ′ 
w( λ′ ) ̂ δ( λ′ ) 

[
1 + 

� ( λ) � ( λ′ ) 

� 

2 ( λ) 

]
, (26) 

ith W q = 

∑ 

λ′ w( λ′ ) and � ( λ) = log λ − log λ. We use this quan-
ity to measure the power spectrum. Estimating the continuum 

irectly from the forest distorts the field, requiring correction at 
he level of the flux decrement (see e.g. dMdB20 ). The continuum
tting and projection to centre the mean flux decrement at zero 
uppresses modes along the line of sight in the forest. A good
pproximation is to treat these distortions as linear and model them 

n the theoretically expected correlation function through a distortion 
atrix (DM; dMdB20 ) 

DM 

A = 

∑ 

A ′ 
D AA ′ ξA ′ , (27) 

here A and A 

′ denote two bins of the correlation function 

 AA ′ = 

1 ∑ 

λ w( λ) 

∑ 

( i,j ) ∈ A 
w i w j 

∑ 

( i ′ ,j ′ ) ∈ A ′ 
ηi i ′ ηjj ′ , (28) 

ith 

i i ′ ≡ δK 
i i ′ −

w j ∑ 

k w k 

− w j � i � j ∑ 

k w k � 

2 
k 

, (29) 

or forest pixel pairs ( i, j ) and ( i ′ , j ′ ) in sightlines A and A 

′ . Whilst
his approach marginalizes out large-scale modes, it lends itself 
ell to measure the small-scale continuum for the P1D. In the 

urrent implementation, we apply the distortion matrix to the theory 
orrelation function in { r ‖ , r ⊥ 

}−space. 16 (We denote the theory
orrelation function to be ‘distorted’ after applying the distortion 
atrix.) The distorted multipoles are then used to compute the 
indow convolved theory power spectrum in equation ( 23 ). See 
ppendix B for the effect of the distortion matrix on theory power

pectra and correlation function multipoles. 

 CON SISTENCY  TESTS  O N  SIMULATIONS  

efore presenting the main results of this paper, we first test our
ipeline by applying the power spectrum estimator, presented in 
4 Publicly available at https:// data.sdss.org/ sas/ dr16/ . 
5 Publicly available at https:// github.com/ igmhub/ picca . 
6 Analogous to dMdB20 we measure the distortion matrix in bins of 
 h −1 Mpc in the range 0 ≤ { r ‖ , r ⊥ } ≤ 200 h −1 Mpc . 

∼
p
1

2
2

i

ection 2 , to idealized Gaussian realizations, with results displayed in 
ection 5.1 . In Section 5.2 , we apply our pipeline to realistic eBOSS
R16 mocks including contaminants (such as HCD absorbers and 
etals). In particular, we discuss the effect of continuum fitting and

he extraction of the unabsorbed flux, on the resulting power spectrum
easurements. 

.1 Gaussian random field simulations 

he first series of tests of the power spectrum estimator presented in
ection 2 is on anisotropic Gaussian random fields (GRFs), generated 
ith a known linear matter power spectrum P lin ( k). The aim is to

nvestigate biases as well as the range of validity and robustness of
he estimator to non-trivial surv e y geometries with a known input
atter power spectrum. 17 The GRFs are realized in a periodic box

f size L = 1380 h 

−1 Mpc with N = 512 cells at redshift z = 2 . 4
ith a � cold dark matter (CDM) linear power spectrum as theory

nput (Planck Collaboration VI 2020 ). The fundamental mode is 
 F = 2 π/L = 0 . 0045 h Mpc −1 with the Nyquist frequency being
 Ny = 1 . 17 h Mpc −1 . 

We sample N s = 900 sightlines from the box, corresponding to
 (very sparse) quasar density of ∼2–3 qso deg −2 , and 460 800
y α pix els. 18 F or the Ly α forest fluctuations, δ, we use the pixel
alue, i.e. the modes from the GRF, and model the selection function
sing weights of unity. For the power spectrum measurement, we 
o not include pixels in the same skewer, as in the main Ly α
nalysis. Additionally, we apply a non-trivial selection function, i.e. 
ith edges and sparse sampling transverse to the line of sight to
easure the effect of the window function on the measured power

pectrum. To this end, we remo v e the periodicity of the box and
dd a 10 per cent root-mean-squared error, relative to the mean,
aussian, white (uncorrelated), noise to each of the pixels in the box,

orresponding to somewhat realistic Ly α noise levels for continuum 

tting and pipeline noise. 
We measure the monopole, quadrupole, and hexadecapole power 

pectra from the GRFs and compute the 2PCF contributions up 
o 
 max = 4 with all corresponding window matrix multipoles. We
se 30 equidistant k-bins in the range (0 . 01 ≤ k ≤ 0 . 50) h Mpc −1 

nd N r = 1 , 000 linearly spaced bins in the range (0 ≤ r ≤ R 0 =
00) h 

−1 Mpc for the window matrix, respectively. 19 We compare 
he measured power spectrum multipoles to the theory input power 
pectrum in Fig. 1 and reco v er the input spectrum well within the
 σ error bars up to k < ∼ 0 . 5 h Mpc −1 with the measured anisotropic
ower spectra. Note that the quadrupole is larger than the monopole
ue to the large RSD parameter βF = 1 . 5, typical for Ly α surv e ys.
ote that the pair separation window W ( r; R 0 ) suppresses power
n scales larger than the ones defined by k = 2 π/R 0 which is at
 = 0 . 031 h Mpc −1 for our chosen value of R 0 . Thus, we discard k-
 alues belo w the cut-of f in our analysis pipeline. In Appendix A , we
iscuss the effect of the number of skewers on the multipoles of the
indow matrix itself as well as their convolution with the window

onvolved theory power spectra. 20 
MNRAS 533, 3756–3770 (2024) 

30 qso deg −2 and reco v er the input power spectrum to per cent-level 
recision o v er the same k-range. 
9 We tested that our results are robust to the choice of N r and the 
 max of the 
PCF (and the corresponding window matrix multipole). 
0 Note that we use the terms ‘window function’ and ‘window matrix’ 
nterchangeably. 

https://data.sdss.org/sas/dr16/
https://github.com/igmhub/picca
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M

Figure 1. Consistency test of the power spectrum estimator, comparing the 
windo w-convolved linear po wer spectrum at z = 2 . 4 (monopole in black, 
quadrupole in red, hexadecapole in green, respectively) to the mean power 
spectrum of N = 100 Gaussian random field simulations (dots), computed 
using pair counts truncated R 0 = 200 h −1 Mpc . The shaded re gions giv e the 
square root of the diagonal of the covariance matrix and illustrate the variance 
between the N = 100 realizations; this is also shown by the error-bars, which 
include the factor of 1 / 

√ 

N = 1 / 10. The 2PCF contributions are computed up 
to 
 max = 4 with all corresponding window matrix multipoles, as described 
in Section 3 . 
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Figure 2. Correlation matrix of the power spectrum multipoles P 
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21 See Font-Ribera et al. ( 2018 ) and Horowitz et al. ( 2024 ) for approaches 
on how to marginalize o v er continuum uncertainties in the power spectrum 

computation. 
22 Publicly available at https:// github.com/ damonge/ CoLoRe . 
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The error bars shown in Fig. 1 capture the variation between
iffering GRF realizations and are obtained from the diagonal of
he covariance matrix computed from N = 100 realizations of the
RFs. F or Le gendre multipoles 
 1 , 
 2 of the anisotropic power in
-bins m, n , this is given by 

 

mn 

 1 
 2 

= 

1 

N − 1 

N ∑ 

i= 1 

(
ˆ P 

m 


 1 ,i 
− P̄ 

m 


 1 

) (
ˆ P 

n 

 2 ,i 

− P̄ 

n 

 2 

)
, (30) 

ith the mean of the power spectra given by 

¯
 

m 


 = 

1 

N 

N ∑ 

i= 1 

ˆ P 

m 


,i , (31) 

here i inde x es the N simulations. The correlation matrix is defined
s 

 

mn 

 1 
 2 

≡ C 

mn 

 1 
 2 √ 

C 

mm 


 1 
 1 
C 

nn 

 2 
 2 

; (32) 

y construction, this is unity along the diagonal. We show all
ombinations of the correlation matrix moments in Fig. 2 : the first
olumn displays the correlation between k-bins in the monopole
ith itself, the quadruple, and the hexadecapole (from bottom

o top, respectively). Analogously, the second column displays
he correlations of the quadrupole with the same power spectrum

ultipoles and the third column shows the correlations of the
exadecapole with said moments. The anisotropies sourced by
he imposed surv e y geometry and intrinsic correlations from the
enerated anisotropies are (weakly) visible as correlations along the
iagonal between the monopole and quadrupole (and the quadrupole
ith the he xadecapole, respectiv ely.). We find ne gligible correlation
etween the monopole and hexadecapole (the latter being mostly
ominated by noise). For the 
 1 = 
 2 correlations, we observe a
orrelation length of up to two k-bins, resulting in an approximately
i-diagonal correlation matrix. Note that for the quadrupole and the
exadecapole, the lowest three k-bins are highly correlated. This can
NRAS 533, 3756–3770 (2024) 
e remo v ed by increasing R 0 in the pair separation function, though
e caution that computation time-scales as O( N 

2 
pix R 

3 
0 ). 

Whilst the abo v e tests on GRFs give us confidence that the P3D
stimator reco v ers the input power spectrum to high precision in
he presence of surv e y geometries typical for Ly α data analysis, we
tress that these simplistic simulations ignore crucial systematic and
nstrumental effects as well as details of the data reduction pipeline
resent in real data, e.g. the co-addition of individual spectra, per
pectral pixel noise estimates, sky residuals, continuum fitting, metal
ontamination, damped Ly α absorbers, and broad absorption lines.

hilst resolution mostly affects high- k modes, the key systematic
rising along the line of sight, i.e. at large scales, is the uncertainty in
he continuum measurement. 21 In the following section, we address
some of) these issues using more realistic Ly α forest synthetic
ata. 

.2 Synthetic Ly α spectra: LyaCoLoRe simulations 

n this section, we present tests of our estimator on realistic Ly α
orest simulations (for a more complete discussion of the LyaCoL-
Re mocks, see Farr et al. 2020 ; dMdB20 ). In the following, we
ill briefly summarize the key steps to generate these simulations:
ach realization is based on a GRF of length 10 h 

−1 Gpc and
096 3 particles yielding a resolution of ∼ 2 . 4 h 

−1 Mpc generated
sing CoLoRe ’s log-normal density model (Ram ́ırez-P ́erez et al.
022 ). 22 The input cosmology is based on the best-fitting � CDM-
arameters obtained by the Planck satellite (see column 1 of table 3 in
lanck Collaboration XIII 2016 ). The Gaussian field is subsequently

ransformed to a log-normal density field which is Poisson sampled
ssuming a quasar density of 59 quasars per deg 2 and a functional
orm for the quasar bias redshift evolution (see e.g. dMdB20 ). The
ine-of-sight skewers are computed by interpolating from the GRF

https://github.com/damonge/CoLoRe
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Figure 3. Comparison of Ly α power spectra measured from LyaCoLoRe 
mocks for four different configurations: ‘raw’ are the raw Ly α forest 
fluctuations (solid lines); ‘raw-dist’ are the distorted fluctuations where the 
mean and the slope along each sight line have been removed (dashed–dotted 
lines); ‘0.0’ include continua and instrumental noise (dashed lines); ‘0.2’ 
include metals, HCDs, and random redshift errors (dotted lines). The coloured 
lines (black for the monopole, red for the quadrupole, and green for the 
he xadecapole, respectiv ely) are the mean power spectra and the error bars are 
the variance between the different realizations. 
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n to the ‘observed’ pixel positions and the radial velocity field to
he centre of the box. The obtained skewers are then post-processed
sing the LyaCoLoRe package (Farr et al. 2020 ; Herrera-Alcantar 
t al. 2023 ). 23 The sparse sampling of the Ly α forest transverse to the
ine of sight (also denoted by δ-sampling) results in power on small
cales contributing to the error on large scales (see e.g. McDonald &
isenstein 2007 ) which is quantified by the P1D. Thus, additional 
ower is added to each skewer by sampling from a Gaussian with
ariance set by the P1D. From the log-normal transformation of 
he final skewer the optical depth field, τ , is computed using
he fluctuating Gunn–Peterson approximation (FGPA; Croft et al. 
998 ). RSDs are obtained by convolving the τ field with the 
eculiar velocity field. The observed flux is then related to τ via 
 = exp ( −τ ) . 
The LyaCoLoRe mocks mimic noise and instrumental sys- 

ematics present in the eBOSS data. 24 In particular, the effect 
f continuum fitting, instrumental noise, HCD absorbers 25 , Ly α
bsorption and metals. Additionally, random redshift errors for the 
pectra are included by drawing from a Gaussian with mean zero 
nd σz = 400 km s −1 . The eBOSS analysis pipeline and spectral 
esolution are simulated using the SPECSIM package (Kirkby et al. 
021 ). 26 The co-addition of the resulting skewers with instrumental 
oise and a realistic quasar continuum is done using the DESISIM 

ackage. 27 

In the following, we present tests of our power spectrum estimator 
n N realizations of mocks with increasing levels of systematics. We 
ompare four different set of mocks (and use a similar nomenclature 
s the one adopted in table 4 of dMdB20 ): 

(i) Ly α ra w mocks (eboss-ra w): We estimate the P3D directly 
rom the simulated Ly α forest fluctuations. This analysis is sim- 
lar to the case of the GRFs but using the eBOSS Ly α surv e y
eometry with the corresponding ef fecti ve volume. We use N = 10
ealizations. 

(ii) Distorted Ly α raw mocks (eboss-raw-dist): We include a 
ariation of the ‘raw’ mocks of which we remo v e the mean of each
kewer and denote them by ‘raw-dist’. We use N = 10 realizations. 

(iii) + continuum + noise (eboss-0.0): We add the effect of 
easuring quasar continua of the spectra and include instrumental 

oise. The performed continuum fitting, introduced in Section 4.2 , 
equires forward modelling the suppression of modes along the line 
f sight through a so-called distortion matrix given in equation ( 27 ).
e use N = 10 realizations. 
(iv) + metals + HCDs + σν (eboss-0.2): We estimate P3D from 

ealistic Ly α mock spectra including the effects stemming from 

ontinuum fitting and instrumental noise (from step ii) and adding 
etals, HCD absorbers, and random redshift errors. Analogous to the 

nalysis on real data, HCDs are masked based on the cut log N Hi >

0 . 3 cm 

−2 . We use N = 100 realizations. 

In Fig. 3, we compare the power spectra of the LyaCoLoRe
ocks for the four different mock configurations, alongside their 

rrors. As in the main analysis, we measure the power spectra up to
3 Publicly available at https:// github.com/ igmhub/ LyaCoLoRe . 
4 Note that while this set of synthetic spectra have been tuned to BAO-scale 
nalyses and have also been tested in the context of full-shape analyses of the 
y α forest with the 2PCF (see e.g. Cuceu et al. 2023 ), these have not been 
 xplicitly dev eloped for the purpose of P3D analyses. 
5 Following dMdB20 , we denote systems with neutral hydrogen exceeding 
0 17 . 2 atoms cm 

−2 as HCDs. 
6 Publicly available at https:// github.com/ desihub/ specsim . 
7 Publicly available at https:// github.com/ desihub/ desisim . 
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 max = 4 and compute the window function multipoles up to 
 max =
. Therefore, we use 24 equidistant k-bins in the range (0 . 02 ≤ k ≤
 . 35) h Mpc −1 and N r = 1 , 000 linearly spaced bins in the range
0 ≤ r ≤ R 0 = 200) h 

−1 Mpc for the window matrix, respectively.
e treat the mean power spectra measured from the ‘raw’ Ly α forest

uctuations mocks (solid coloured lines in the plot), as ground truth
o assess the effect of contaminants on the power spectra. 28 

First, we consider the effects of removing the mean and the slope of
ach line of sight to mimic the effect of the distortion matrix (dashed–
otted lines in Fig. 3 ). This isolates the effect of the distortion matrix
odelling and can be seen to reduce the monopole power on all

cales with most pronounced impact at large scales where it reduces
he power up to a factor of two. The quadrupole is also affected at all
cales, leading to an increase in power by approximately 20 per cent.
he hexadecapole is also affected at all scales, and exhibits a sign
hange at large scales. Note that the effect becomes increasingly 
mall abo v e k ≥ 0 . 3 h Mpc −1 for all spectra. 

Second, we assess the impact of the continuum and instrumental 
oise (dashed lines in Fig. 3 ), denoted by ‘eboss-0.0’, discussed
n Appendix B . This affects all multipoles at large scales. For the
onopole it remo v es, as e xpected, power at k < ∼ 0 . 10 h Mpc −1 , since

he large-scale modes are projected out of the continuum. For the
uadrupole (red dashed line) it enhances power at all scales with a
urther enhancement of 10–15 per cent up to k < ∼ 0 . 15 h Mpc −1 .
he hexadecapole is strongly affected and switches sign below 

 

< ∼ 0 . 20 h Mpc −1 . Note that we do not expect the ‘raw-dist’ mocks
o agree exactly with the ‘0.0’ mocks since removing the mean
rom each line of sight is not exactly the same as introducing a
ontinuum in each spectrum (the latter also affecting the weights). 
hese differences will propagate into the distortions and yield the 
bserv ed qualitativ e agreement with a small offset. 
MNRAS 533, 3756–3770 (2024) 

8 Note that we do not compare the measured power spectrum to theoretically 
xpected power spectra since the true power in those mocks is not known, 
xcept that at large scales where it follows the Kaiser formula given in 
quation ( 11 ) with the best-fitting parameters from table 1 in Farr et al. 
 2020 ) for the parameters { α‖ , α⊥ , b η,F , βF , b δ,F } , shown in Fig. B1 . 

https://github.com/igmhub/LyaCoLoRe
https://github.com/desihub/specsim
https://github.com/desihub/desisim
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Figure 4. Consistency test for anisotropies induced by the (eBOSS-like) 
surv e y geometry. This shows the power spectra computed from an isotropic 
fiducial correlation function (without stochasticity), estimated from skewers 
taken from a LyaCoLoRe mock using pairs up to R 0 = 200 h −1 Mpc . The 
dots represent the measurement of the P3D estimator (black, red, and green 
for 
 = 0 , 2 , 4, respectively). The dashed lines are the fiducial correlation 
function, ξ ( r) multiplied by the window function and the pair count separation 
window, � 
 W ( r; R 0 ) (same colour coding). For ease of comparison, we 
divide the monopole by a factor of 10. 
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Third (dotted lines in Fig. 3 ), we include metals, HCDs, and
andom redshift errors. For the monopole (dashed to dotted) this
dds ∼10 per cent power at all scales, creating a small offset. For
he quadrupole this mostly affects scales up to k < ∼ 0 . 15 h Mpc −1 .
he hexadecapole, ho we ver, is barely af fected. We see that the
easurements are noisier and that the power is further decreased

n two regions around k ∼ 0 . 05 h Mpc −1 and k ∼ 0 . 15 h Mpc −1 . 

.3 Anisotr opies fr om the sur v ey geometry 

inally, we illustrate the effects of window function-induced
nisotropy by constructing a simple test built upon a known isotropic
orrelation function, ξfid ( r ) = exp ( −| r | / 10) . To remo v e the stochas-
icity of the data set, we replace the w i w j δi δj term in our pair count
stimator (given in equation 9 ) with the explicit correlation function
fid , e v aluated at the pair separation r ij = r i − r j . We apply the
esulting estimator to the LyaCoLoRe mocks as before, which tests
he sensitivity of the present approach to reco v ering anisotropies
urely sourced by the surv e y geometry, i.e. our measurement of the
indow matrix. Although the input correlation function is isotropic

with ξ
> 0 = 0), mode-mixing is expected to occur due to the
indow; thus ˆ P 
 ( k) will be non-zero in practice. To compare data

nd theory, we use equations ( 20 )–( 22 ), as before, setting ξ
> 0 = 0.
n this limit, ξ
 ( r) = ξ0 ( r) � 

2 
 ( r). 29 

In Fig. 4 , we show the results using all the skewers from our ‘eboss-
.2’ mocks which mimic the realistic eBOSS surv e y geometry. 30 

he δ-fields of these mocks have HCDs that are masked out, i.e.
his introduces an additional level of realism in reconstructing the
indow function. We reco v er the monopole (black), quadrupole

red), and hexadecapole (green) to better than 0.1 per cent precision
 v er the entire k-range of (0 . 0 < k ≤ 1 . 0) h Mpc −1 , indicating that
ur modelling of the window function is highly accurate. This gives
NRAS 533, 3756–3770 (2024) 

9 In the limit of a fully sampled and infinite box the reco v ered signal would 
e isotropic with ˆ P 
 = 2 = 

ˆ P 
 = 4 = 0. 
0 We performed the same test using the eBOSS DR16 skewers and reco v er 
he anisotropies to 0.1 per cent precision o v er the same k-range. 

t  

t  

t  

a  

o  

a  
s confidence in the present approach to measure the P3D at all scales
rom Ly α data. 

 RESULTS  

n this section, we use the pair-count estimator described in Section
 to measure the P3D from 205 012 eBOSS DR16 quasar spectra.
n Section 6.1 and Fig. 5 , we present the key result of the paper: the
3D measurement on eBOSS data in a single redshift bin 2 ≤ z ≤ 4
or both data sets (NGC and SGC). We compare the measurements
o window convolved theory power spectra described in Section
 . Throughout this section we adopt a Planck 2016 best-fitting
 CDM cosmology: 	c h 

2 = 0 . 1197 , 	b h 

2 = 0 . 02222 , 	νh 

2 =
 . 0006 , H 0 = 67 . 31 km s −1 Mpc −1 , σ8 = 0 . 8299 , n s = 0 . 9655
Planck Collaboration XIII 2016 ). For the Ly α forest, we use an
f fecti ve mean redshift of z = 2 . 334 and for theory power spectra,
iven in equation ( 11 ), we use the eBOSS DR16 best-fitting values
rom the Ly α autocorrelation presented in table 6 in dMdB20 . The
AO parameters are defined as usual 

α‖ ≡ D H 

( z eff ) /r d 
[ D H 

( z eff ) /r d ] fid 
= 1 . 047 , 

⊥ 

≡ D M 

( z eff ) /r d 
[ D M 

( z eff ) /r d ] fid 
= 0 . 980 , (33) 

here D H 

and D M 

are the Hubble and comoving angular diameter
istances, respecti vely, e v aluated at some ef fecti ve redshift, z eff . The
enominator is e v aluated at a fiducial � CDM cosmology. The bias
nd RSD best-fitting parameters are ( dMdB20 ) 

 η, Ly α = −0 . 201 , βLy α = 1 . 657 , (34) 

he metal biases with the associated rest-frame wavelength in
arentheses are 

b η, Si ii (1190) = −0 . 0029 , b η, Si ii (1193) = −0 . 0021 , 

 η, Si iii (1207) = −0 . 0045 , b η, Si ii (1260) = −0 . 0022 , (35) 

nd the bias parameters for the HCD systems (Rogers et al.
018 ) 

 HCD = −0 . 0522 , βHCD = 0 . 610 . (36) 

n Section 6.2 , we discuss our error bars and covariance matrix
or the P3D measurement obtained from N = 100 realistic Ly α
imulations. Increasing the pair separation in the pair truncation
indow function W ( r; R 0 ) to R 0 = 400 h 

−1 Mpc did not impro v e
he agreement between theory and measured power spectrum, thus
e do not show the corresponding results in this work. For our
ain analysis, we measure the power spectra up to 
 max = 4 in

4 equidistant k-bins in the range (0 . 02 ≤ k ≤ 0 . 35) h Mpc −1 and
he window function multipoles up to 
 max = 8 with N r = 1 , 000
inearly spaced bins in the range (0 ≤ r ≤ R 0 = 200) h Mpc −1 ,
espectively. 

.1 Power spectrum multipoles from eBOSS DR16 

n Fig. 5 , we show the P3D multipoles measured on eBOSS DR16
ata for the NGC (SGC) in the left (right) panel and compare them to
he window convolved quasi non-linear theory power spectrum mul-
ipoles. We show the monopole, quadrupole, and hexadecapole from
he data and compute the window function multipoles up to 
 max = 8,
s described in Section 3 . The error bars are given by the square root
f the diagonal of the covariance matrix, introduced in Section 6.2 . To
ccount for the employed continuum-fitting procedure that projects
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Figure 5. Power spectrum multipoles measured from eBOSS DR16 data for the NGC (left) and SGC (right), showing the monopole in black, quadrupole in 
red, hexadecapole in green. The dots give the measurements and the solid lines show the quasi-linear theory predictions using eBOSS DR16 best-fitting values 
( dMdB20 ). The error bars are the square root of the diagonal of the covariance matrix obtained from N = 100 realistic LyaCoLoRe mocks. The window 

function contributions are computed up to 
 max = 8 and convolved with the distorted theory power spectrum. All measurements use the pair-count estimator of 
equation ( 9 ), truncated at R 0 = 200 h −1 Mpc via a continuous window function W ( r; R 0 ). 
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ut large-scale modes, we apply a distortion matrix, further altering 
he large-scale shape. 31 The estimator uses a pair separation window 

runcating the pair count at R 0 ≥ 200 h 

−1 Mpc , as before. 
For the monopole, we find excellent agreement with the theory 

rediction o v er the entire k-range. The quadrupole is also in good
greement with the theory prediction, bar the last few measurement 
oints in the k > ∼ 0 . 20 h Mpc −1 range. The quadrupole and hexade-
apole both have correlated features at large scales: We conjecture 
hat this stems from the mode mixing introduced by the distortion

atrix. In particular, the ∼1–2 σ discrepancy at large scales in 
he hexadecapole has to be dealt with cautiously when extracting 
osmology from the Ly α forest. In Appendix B and Fig. B1 , we
ustify this by showing that the forward modelling of the DM 

oes not capture exactly the hexadecapole on large scales: first, the 
istortion matrix is computed out to separations of > ∼ 400 h 

−1 Mpc 
ut should, in principle, be computed up to the scales of the surv e y.
econd, it assumes a correlation function measurement in bins of size 
 4 h 

−1 Mpc × r ‖ , 4 h 

−1 Mpc × r ⊥ 

} . In the range k > ∼ 0 . 2 h Mpc −1 ,
he quadrupole and hexadecapole measurements and the theory 
redictions are in ∼ 1 σ agreement with each other. Note that the 
rror bars from SGC are larger than the ones from the NGC which
tems from the smaller statistics, i.e. NGC approximately has three 
imes the number of spectra than the SGC data set. 

In Fig. 6 , we show the ratio of the quadrupole and hexadecapole
o the monopole to obtain an estimate for the RSD parameter, 
F . Note that although the measurements are quite noisy, we get 
ood agreement for the measured power spectra to the non-linear 
heory predictions at scales k > ∼ 0 . 1 h Mpc −1 . For comparison, we
nclude the linear theory prediction (horizontal dashed lines) to 
uide the eye which we compute by integrating equation ( 17 )
n Fourier space. Assuming non-linear effects are negligible, the 
aiser effect gives the analytic pre-factors Q 
 = 0 ( β) = 1 + 2 β/ 3 +
2 / 5, Q 
 = 2 ( β) = 4 β/ 3 + 4 β2 / 7, and Q 
 = 4 ( β) = 8 β2 / 35 for the
onopole, quadrupole, and he xadecapole, respectiv ely. In this 

imit, the multipoles of our theory power spectrum are given by 
 
 ( k) = Q 
 ( β) b 2 P lin ( k); inserting the value of β = 1 . 627 gives
1 We remind the reader that we use the same data selection and Ly α flux 
ecrement obtained from eBOSS DR16 data for our analysis as dMdB20 . 

t  

r  

i  

p

.39 and 0.23 for the ratios of quadrupole to monopole and
exadecapole to monopole, respectively. The errorbars are taken 
rom the diagonals of the covariance matrices, re-scaled by the 
onopole power, and should be taken indicatively rather than at 

ace value. 

.2 Co v ariance matrix from mocks catalogues 

o capture the variance between spectra and account for instrumental 
nd systematic noise in the data, we compute a covariance matrix
rom N = 100 realizations of ‘eboss-0.2’ LyaCoLoRe simulations, 
ntroduced in Section 5.2 . The error bars in Fig. 5 are the square
oot of the diagonal of the covariance matrix with the corresponding
orrelation matrix shown in Fig. 7 for which we vary both Legendre
ultipoles and k-bins, as in Section 5.1 . The resulting correlation
atrix has a diagonal structure with non-negligible off-diagonal 

erms and blocks: it is interesting to note that the eBOSS DR16 surv e y
eometry mixes modes between ‘neighbouring multipoles’, e.g. 
etween monopole and quadrupole as well as between quadrupole 
nd he xadecapole. F or the 
 1 = 
 2 correlations, we observ e a
orrelation length of up to two k-bins. Note that we do not include
ny scales with k −1 larger than the pair separation window R 0 , thus
in contrast to the GRF correlation matrix) the lowest k-bins are
ot artificially correlated. The resulting covariance matrix is positive 
efinite and can thus be used for cosmological inference. We note
hat the covariance matrix of the monopole, P 
 = 0 × P 
 = 0 , shows
orrelations between k-bins of order 10 per cent on larger and up to
0 per cent on smaller scales. This may stem from the application
f the distortion matrix, which ef fecti v ely mix es δ-modes. Thus, we
xpect a less correlated correlation matrix when using an alternative 
ontinuum-fitting method that does not project out large-scale modes 
t the expense of increased noise in the forest. 

 SUMMARY  A N D  C O N C L U S I O N S  

he Ly α forest is a treasure tro v e of cosmological information on
he expansion history of the Universe and be yond. Giv en its high-
edshift range (2 ≤ z ≤ 4) and sensitivity to Mpc scales and below,
t is an ideal tracer to probe a wide range of scales: early-Universe
hysics from combinations with a large-scale tracer, e.g. the cosmic 
MNRAS 533, 3756–3770 (2024) 
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Figure 6. Ratio of measured quadrupole (black dots) and hexadecapole (black inverted triangles) power spectra to monopole power for eBOSS DR16 data (left 
panel: NGC, right panel: SGC), with linear expectation for βF = 1 . 627 given by the horizontal dashed lines and ratio of the (non-linear) theory power spectra 
for the ratio of the quadrupole (red line) and hexadecapole (green line) to the theory monopole. The error bars are taken from the power spectrum, i.e. the square 
root of the diagonal of the covariance matrix obtained from LyaCoLoRe simulations, and are rescaled by the monopole power. 

Figure 7. Correlation matrix of the power spectrum multipoles P 
 1 × P 
 2 obtained from N = 100 realizations of the LyaCoLoRe simulations, emulating 
that of the eBOSS data. The left (right) panel shows the NGC (SGC) measurements. For each multipole, we display the k-modes used in the analysis: 
0 . 02 ≤ k ≤ 0 . 35 h Mpc −1 . Pair counts are truncated abo v e R 0 > 200 h −1 Mpc . The correlation matrix is defined in equation ( 32 ); red denotes fully correlated 
and blue fully anticorrelated power spectrum bins. In general, the correlation matrix shows little off-diagonal terms except for the anisotropies sourced by 
the sparse Ly α sampling which are visible in the ‘cross’ terms P 
 × P 
 ′ for the combinations { 
 = 0 , 
 ′ = 2 } and { 
 = 2 , 
 ′ = 4 } (and their inverses). The 
autocorrelation of the monopole is at the level of 10–30 per cent for the off-diagonal terms. Cross-terms of the hexadecapole with the monopole are uncorrelated 
and with the quadrupole only slightly correlated. 
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icrowave background anisotropies, from large scales or dark matter
odels as well as thermal properties of the ionized (cold) IGM from

mall scales. Previous analyses have focused on the 2PCF (see e.g.
MdB20 ) or the small-scale P1D from Fourier transforms along each
ine of sight (see e.g. Ra v oux et al. 2023 ; Kara c ¸aylı et al. 2024 , in the
ontext of DESI); ho we ver, a pioneering study on simulations (Font-
ibera et al. 2018 ) and a recent small-scale measurement (Karim
t al. 2023 ) paired with advancements in the theoretical modelling
f the Ly α forest (see e.g. Ivanov 2023 ) have now paved the way for
3D analyses. To achieve this goal, we require accurate estimates
f the three-dimensional Ly α power spectrum: this is challenging,
iven the sparse sampling transverse to and dense sampling along
he line of sight. In this paper, we attack this problem by presenting
 pair count estimator to measure the P3D from the Ly α forest. Our
NRAS 533, 3756–3770 (2024) 
pproach is based on the pair counting estimator HIPSTER (Philcox &
isenstein 2020 ; Philcox 2021 ) and weighs each pair by exp ( ik · r ij ),

or wav ev ector k and particle pair separation r ij = r i − r j . This
irectly measures the power spectrum without the need for grid-based
ourier transforms which are affected by the sparse δ−function type
ampling of the Ly α forest. 

We have presented the first large-scale P3D measurement of Ly α
orest spectra on 205 012 medium-resolution Ly α forest spectra from
he eeBOSS DR16 in two disjoint regions of the sky: the NGC
nd SGC. Furthermore, we have compared our P3D measurement
o the best-fitting quasi-linear theory prediction from the 2PCF
resented in dMdB20 . We e xtensiv ely test the estimator on Gaussian
andom fields, i.e. realizations of a linear input power spectrum, with
aussian noise and realistic continuum error levels of 10 per cent. We
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eco v er the input power spectrum at the ∼ (1) 3 σ level for (dense)
parse configurations, respectively. Further, our pipeline has been 
 xtensiv ely tested on synthetic Ly α spectra ( LyaCoLoRe ) with
ncreasing levels of realism to probe for the effects of distorted
ontinua, instrumental noise, HCDs, metals and random redshift 
rrors. We demonstrated that we can forward model the effects 
f anisotropies sourced by the surv e y geometry and the distortions
ntroduced by the continuum fitting (modes along the line of sight,
 ‖ = 0) accurately for the multipoles. 

We present a covariance matrix derived from 100 realistic Lya- 
oLoRe simulations for further cosmological analysis of the Ly α

orest data set. We obtain a fairly diagonal covariance matrix with 
orrelations between adjacent multipoles stemming from the surv e y 
eometry and, for the autocorrelation of the monopole, contaminants 
nd the mode-mixing distortion matrix. We present the anisotropic 
lustering of eBOSS DR16 Ly α spectra up to the hexadecapole 
nd obtain good agreement to the Kaiser formula with a non-linear 
orrection term obtained from hydrodynamical simulations (Arinyo- 
-Prats et al. 2015 ) up to k ≤ 0 . 35 h Mpc −1 . The best-fitting theory
ower spectrum obtained from dMdB20 shows deviations at the 

2 σ level on the largest scales, in particular for the hexadecapole. 
he quadrupole and hexadecapole mix a large range of scales when 
onvolving the window matrix with the correlation function and 
ankel transforming it to Fourier space. This effect is even more 
ronounced if a distortion matrix (an artefact from the present 
ontinuum fitting approach) is applied. We leave for future work to 
 xplore alternativ e continuum fitting methods as well as the accurac y
f the presented covariance matrix. 
Our main conclusion is that the no v el estimator is well-suited to
easure clustering statistics from the Ly α forest and can deal with 

on-trivial surv e y geometries and masked data v ectors. This will
acilitate robust measurements of P3D for the currently observing 
ESI and future surv e ys such as the PFS, WEAVE-QSO, and
MOST, opening the door to a wide variety of no v el cosmological
nalyses. 
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Figure A1. Window function of the data, � 
 ( r), for two different configu- 
rations discussed in Section 5.1 : (i) sparse with ∼ 2 qso deg −2 ; and (ii) dense 
with an eBOSS DR16-like sampling of 30 qso deg −2 . The dense window 

function has been normalized by its number density for ease of comparison. 
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Figure A2. Effect of the convolution of the theory power spectrum with the 
pair-count truncation window function W ( r; R 0 ) and the surv e y geometry 
� 

2 

 = � 
 ( r , μ) W ( r ; R 0 ) up to 
 max e v aluated at the same wavenumbers as 

for the data in Section 6.1 . The power spectrum monopole contributions 
up to 
 max = 4, quadrupole convolution up to 
 max = 6, and hexadecapole 
convolution up to 
 max = 8 are shown from top to bottom, respectively. 
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Figure B1. Comparison of power spectra measured from ‘raw’ (solid 
coloured lines) and continuum-fitted ‘eboss-0.0’ (dashed coloured lines) 
LyaCoLoRe mocks shown for the monopole (black), quadrupole (red), 
and hexadecapole (green lines), respectively. The linear-theory Kaiser power 
spectrum, P 

th , shown as a dashed–dotted grey line fits well the large scales of 
the ‘raw’ mocks. To illustrate the fidelity of the forward modelling of the dis- 
tortion matrix, we show two variants of the analysis with distortion matrices 
computed for two different maximum separations: (i) R DM 

= 200 h −1 Mpc 
shown as dotted line in grey; (ii) R DM 

= 400 h −1 Mpc as dashed grey line. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/533/3/3756/7746762 by guest on 12 N
ovem

ber 2024
 
 ( r), for a sparse and a dense surv e y configuration with ∼2–3
nd 30 qso deg −2 , respectively. The window function for the dense 
onfiguration is normalized by its number density to illustrate that 
educing the number of skewers only increases the noise in each r 
in. 
In Fig. A2 , we consider the impact of window function convolution

n the linear theory power spectrum. We show five cases in the
igure: (i) the raw linear theory power spectrum; (ii) the convolution 
ith the pair truncation window function with R 0 = 200 h 

−1 Mpc ;
iii) the window-convolved spectra, defined in equations ( 20 )–( 22 ),
ncluding only ξ0 contributions; (iv) as (iii), but adding ξ2 contribu- 
ions; and (v) as (iv) but adding ξ4 contributions. Here, � 

2 denotes 
he window matrix obtained from the surv e y geometry through pair-
ounting without the δF weights. It is interesting to note that the 
indow pair separation function only affects very large scales below 

 

< ∼ 0 . 08 h Mpc −1 ; this is as expected since the W ( r; R 0 ) function
iven in equation ( 7 ) was chosen to reduce aliasing (Philcox &
isenstein 2020 ). For the monopole spectra (top panel), we find 

arge contributions from the monopole and quadrupole windows 
t all scales , though negligible effects from the hexadecapole. In
he middle panel, we show the power spectrum quadrupole with 
ontributions up to 
 max = 6 where the hexadecapole contributions 
re strongest and higher order terms have vanishing power. In the 
ottom panel, we show the theory convolv ed he xadecapole with
indow matrix contributions up to 
 max = 8. Here, it is important

o note that all multipoles of the window matrix contribute visibly
o the final window convolved power spectrum. This stems from 

he integrand of the Hankel transform from the window convolved 
orrelation function to the power spectrum multipoles. Note that the 
ntegrands of the quadrupole and hexadecapole mix a wide range of
cales; this is discussed in the context of the eBOSS DR16 data in
ppendix B . 

PPENDI X  B:  F O RWA R D  M O D E L L I N G  

I STORTI ONS  F RO M  C O N T I N U U M  FITTING  

In Fig. B1 , we compare measured power spectra of ‘raw’ (solid)
nd continuum-fitted ‘eboss-0.0’ (dashed) mocks to a best-fitting 
inear theory power spectrum. We apply the distortion matrix, 
enoted by DM, to the dashed–dotted linear power spectrum to 
est the range of validity of our distortion matrix treatment. The
esulting distorted linear theory power is shown for two different 
aximum separations: (i) R DM 

= 200 h 

−1 Mpc (dotted grey line); 
nd (ii) R DM 

= 400 h 

−1 Mpc (dashed). The continuum fitting ap-
roach introduced in Section 4.2 suppresses modes along the line 
f sight, ef fecti vely mixing δ fields resulting in distortions in the
easured power spectra (or correlation functions). The resulting 

istortion matrix is computed from the ‘eboss-0.0’ mocks using 
quation ( 27 ). 

When comparing the measured power spectra of the ‘raw’ to the
eboss-0.0’ mocks we find a suppression of the monopole on all
cales which is most pronounced at k < ∼ 0 . 1 h Mpc −1 by up to ∼
0 per cent . The quadrupole (red) is enhanced by ∼ 20 per cent 
osson all scales. The hexadecapole (green) switches sign at the 
argest scales and is strongly damped. We compare the measured 
pectra to the linear-theory power spectra (grey lines) which are 
nly valid on large scales (since the true power of these mocks is
ot known). Applying the DM to the multipoles, we find that the
orward modelling of the distortion is accurate at the ∼ 5 per cent
MNRAS 533, 3756–3770 (2024) 
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igure B2. Effect of the distortion matrix and contaminants on the theory
orrelation function multipoles: monopole (black), quadrupole (red), and
e xadecapole (green lines), respectiv ely. The solid lines are the best-fitting
orrelation functions obtained from the mean correlation function measure-
ents ( dMdB20 ) which agree well with the mean measured power spectrum

or each mock configuration in Fig. 3 : solid lines correspond to the ones from
raw’ mocks, dashed–dotted lines from ‘raw-dist’ mocks including the mean
ubtraction displaying the effect of the distortion matrix, dashed lines from
he ‘eboss-0.0’ mocks which include the effect of noise and continuum fitting
hrough the distortion matrix and the dotted lines are the correlation function
ultipoles of the ‘eboss-0.2’ mocks which include contaminants and effects

rom continuum fitting. 

ev el. F or the quadrupole and the hexadecapole, we observe that the
iscrepancy between the distorted theory and the measurement for
he ‘eboss-0.0’ mocks is reduced at the largest scales by increasing
he computed maximum separation of the distortion matrix from
00 h 

−1 Mpc to 400 h 

−1 Mpc in 4 h 

−1 Mpc bins in { r ‖ , r ⊥ 

} . We
dditionally tested that including higher order contributions of the
heory correlation function, ξ
 ( r) up to 
 max = 6, and including all
he window matrix multipoles in equations ( 20 )–( 22 ), did have a
egligible effect on the theory prediction of the multipoles. This
dditional level of complexity can be removed from the analysis
ipeline by using a continuum fitting method that does not introduce
istortions, e.g. a PCA-based continuum fitting at the expense of
btaining noisier continuum estimates. 
For comparison, we show the effect of the distortion matrix and

ontaminants on the multipoles of the theory correlation function
n Fig. B2 for the four LyaCoLoRe mock configurations. It is
nteresting to note that the application of the DM introduces a
orrelation between modes that are much further apart than a skewer
NRAS 533, 3756–3770 (2024) 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
igure B3. Integrand of the Hankel transform given in equation ( 23 ) from
he multipole of the correlation function to the corresponding multipole of
he power spectrum (monopole top, quadrupole centre, hexadecapole bottom).
he pair truncation window W ( r; R 0 = 200 h −1 Mpc ) is applied to the theory
orrelation functions. The solid (dashed) lines are for k = 0 . 1 h Mpc −1 ( k =
 . 3 h Mpc −1 ); red (black) lines are with (with out) the distortion matrix. 

ength of a few hundred h 

−1 Mpc ’s, i.e. in Fig. B1 quadrupole modes
t k ∼ 0 . 1 h Mpc −1 and k ∼ 0 . 35 h Mpc −1 are both affected by the
M. We conjecture that for a given mode k the power spectrum
uadrupole is sensitive to larger scales in the correlation function
uadrupole than for the monopole. Therefore, we show in Fig. B3 the
ntegrand of the Hankel transform of the window-convolved correla-
ion function to the power spectrum multipoles for both wavenumbers
 ∼ 0 . 1 h Mpc −1 as a black solid and k ∼ 0 . 35 h Mpc −1 as a dashed
ine, respectively. The application of the distortion matrix (black to
ed) mixes a wide range of scales for quadrupole and hexadecapole.
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