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A B S T R A C T 

Being the most prominent H I line, Ly α permeates the cosmic web in emission. Despite its potential as a cosmological 
probe, its detection on large scales remains elusive. We present a new methodology to perform Ly α intensity mapping with 

broad-band optical images, by cross-correlating them with Ly α forest data using a custom one-parameter estimator. We also 

develop an analytical large-scale Ly α emission model with two parameters (average luminosity 〈 L Ly α〉 and bias b e ) that respects 
observational constraints from quasar (QSO) luminosity functions. We compute a forecast for Dark Energy Camera Le gac y Surv e y 

(DECaLS)/Beijing–Arizona Sk y Surv e y (BASS) g-band images cross-correlated with Dark Energy Spectroscopic Instrument 
(DESI) Ly α forest data, setting guidelines for reducing images into Ly α intensity maps. Given the transversal scales of our cross- 
correlation (26.4 arcmin, ∼33 cMpc h 

−1 ), our study ef fecti v ely inte grates Ly α emission o v er all the cosmic volume inside the 
DESI footprint at 2 . 2 < z < 3 . 4 (the g-band Ly α redshift range). Over the parameter space ( 〈 L Ly α〉 , b e ) sampled by our forecast, 
we find a 3 σ of large-scale structure in Ly α likely, with a probability of detection of 23.95 per cent for DESI–DECaLS/BASS, 
and 54.93 per cent for a hypothetical DESI phase-II with twice as much Ly α QSOs. Without a detection, we derive upper bounds 
on 〈 L Ly α〉 competitive with optimistic literature estimates [2 . 3 ± 1 × 10 

41 erg s −1 (cMpc 3 ) −1 for DESI, and ∼35 per cent lower 
for its hypothetical phase-II]. Extrapolation to the DESI-Rubin o v erlap shows that a detection of large-scale structure with Ly α

intensity mapping using next-generation imaging surveys is certain. Such detection would allow constraining 〈 L Ly α〉 , and explore 
the constraining power of Ly α intensity mapping as a cosmological probe. 

Key words: intergalactic medium – large-scale structure of Universe – cosmology: observations. 
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 I N T RO D U C T I O N  

he observational study of the Universe consists mostly in the
etection and analysis of radiation from cosmic origin, emitted by
aryonic matter, and bent by the gravitational potential of matter
tself. In the visible spectrum, the vast majority of this radiation is
ue to thermal and line emission of resolved objects, such as galaxies
nd quasars (QSOs). These resolved objects cluster in filaments and
odes, forming a cosmic web that traces the underlying dark matter
arge-scale structure (LSS). The study of the LSS statistical properties
s a cornerstone of observational cosmology, constraining vastly
ifferent aspects of cosmological models (Bernardeau et al. 2002 ),
uch as inflationary fields (Planck Collaboration 2020 ), dark matter
roperties (Kunz, Nesseris & Sawicki 2016 ), or neutrino masses
Palanque-Delabrouille et al. 2015 ). 

Most of the baryon budget of the Universe lies in the intergalactic
edium (IGM), in the form of diffuse gas (Shull, Smith & Danforth

012 ). One observational technique that traces diffuse baryons in the
GM, as well as objects too faint to be directly resolved, is intensity
 E-mail: p.renard.guiral@gmail.com 
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Commons Attribution License ( http:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
apping (IM). IM consists on the analysis of a single emission
ine across large sky areas, without resolving any objects (Peterson
t al. 2009 ). Since the rest-frame wavelength of the emission line is
ell known, observing in a given wavelength range is equi v alent to
bserving in a certain redshift interval. This technique was originally
evised for 21-cm line emission (Madau, Meiksin & Rees 1997 ;
oeb & Zaldarriaga 2004 ; Hu et al. 2020 ), but its application has
lso been studied for other emission lines (Bernal & Ko v etz 2022 ),
uch as CO (Bre ysse, Ko v etz & Kamionkowski 2014 ; Li et al. 2016 ;
eating et al. 2020 ) and C II (Gong et al. 2012 ; Yue et al. 2015 ; Yang,
ullen & Switzer 2019 ) in the infrared, H α in the optical (Parsons
t al. 2022 ), or Ly α in the ultraviolet (UV, Silva et al. 2013 ; Pullen,
or ́e & Bock 2014 ). The case for Ly α IM is of particular interest,
iven that it is the strongest emission line from neutral hydrogen
H I ), hence its presence should be ubiquitous in the IGM. 

In fact, IGM Ly α absorption has been widely observed in the
pectra of high-redshift QSOs, where it produces the so-called Ly α
orest (Rauch 1998 ), i.e., a series of absorption lines bluewards
f the prominent QSO Ly α emission. Compiling large Ly α forest
atalogues has been a key goal of many spectroscopic surv e ys
e.g. the Baryon Oscillation Spectroscopic Surv e y, BOSS, Da wson
t al. 2013 ; the extended Baryon Oscillation Spectroscopic Surv e y,
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BOSS, Ahumada et al. 2020 ; the Dark Energy Spectroscopic Instru-
ent, DESI, Ram ́ırez-P ́erez et al. 2024 ; or the WHT Enhanced Area
elocity Explorer QSO surv e y, WEAVE-QSO, Pieri et al. 2016 ),

rom which LSS features have been observed, such as baryon acoustic 
scillations (BAO, e.g. Bautista et al. 2017 ; DuMasDesBourboux 
t al. 2020 ; DESI Collaboration 2024 ), and smaller scale features
uch as the one-dimensional power spectrum (Palanque-Delabrouille 
t al. 2013 ; Ir ̌si ̌c et al. 2017 ; Chabanier et al. 2019 ). The absorption
eatures of the QSOs Ly α forest are due to absorption by neutral
as within relatively low-density regions. This means that the Ly α
orest traces a density field more linear than galaxy clustering (i.e. its
volution can be described with reasonable accuracy with linearized 
quations, Bernardeau et al. 2002 ). Ho we ver, if the H I density is
oo high, Ly α absorption saturates, resulting in Lyman limit systems 
Songaila & Cowie 2010 ) and damped Ly α systems (DLAs, Wolfe, 
awiser & Prochaska 2005 ; Wang et al. 2022a ). Since the Ly α

orest traces the underlying dark matter distribution in a low-density 
egime that can primarily be described by linearized equations, it is a
articularly useful tracer to place valuable constraints on dark matter 
odels (Viel et al. 2013 ; Palanque-Delabrouille et al. 2020 ; Ir ̌si ̌c et al.

024 ) neutrino masses (Palanque-Delabrouille et al. 2015 ; Y ̀eche 
t al. 2017 ), or even reionization physics (Montero-Camacho & Mao 
021 ). 
On the other hand, Ly α emission traces LSS in a very different
anner. UV emission from galaxies, QSOs or the UV background 

Chiang, M ́enard & Schiminovich 2019 ; Gallego et al. 2021 ) ex-
ites H I , which in turn emits in Ly α. Being a resonant line, the
iffuse Ly α emission scatters into the IGM before reaching the 
bserver (Cantalupo et al. 2005 ; Byrohl & Nelson 2023 ). This
y α emission generates primarily in o v erdense re gions (Byrohl &
elson 2023 ), which makes it complementary to the Ly α forest

bsorption tracing the underdense regime. Since it scatters before 
eaching us, the observed Ly α emission is directly associated 
o baryons enclosed within the cosmic web. Hence, IGM Ly α
mission highly depends on IGM physical properties, such as 
emperature or ionization state (Ouchi, Ono & Shibuya 2020 ). 
herefore, combining Ly α forest measurements with Ly α emission 
SS may help disentangling how both astrophysical and cosmo- 

ogical processes shape the baryon distribution across the cosmic 
eb. 
This diffuse Ly α emission has already been well documented up 

o cMpc scales. At halo scales ( ∼100 pkpc) diffuse Ly α emission
round QSOs and star-forming galaxies has been e xtensiv ely studied 
Ly α blobs, Taniguchi, Shioya & Kakazu 2001 ; Matsuda et al. 2004 ;

isotzki et al. 2018 ), and more recently, larger Ly α nebulae of
cales < 1p.m.pc sourced by QSO UV emission have also been 
eported (enourmous Ly α nebulae, Cai et al. 2017 , 2019 ; Battaia
t al. 2022 ). On even larger scales, filamentary emission between 
alaxies at scales of few cMpc has been observed (Bacon et al.
021 ). Generally, these studies are based on observations on small, 
ltradeep fields, since great image depth is usually needed to securely 
easure faint, extended Ly α emission. 
Another possible approach to statistically measure LSS in Ly α

mission is to perform IM, i.e., to average observed cosmic emission
ith a given correlation estimator over large cosmological volumes 

i.e. cosmological surv e ys with much wider but shallower fields than
eep, targeted observations). Such studies would allow to detect 
SS Ly α emission on scales much larger than those probed by 
ltradeep fields (e.g. ∼ 5 cMpc field size for Bacon et al. 2021 );
o we ver, all studies so far have only partially succeeded at this
ndea v our. F or e xample, Croft et al. ( 2016 ) and Lin, Zheng &
ai ( 2022 ) detect Ly α emission at scales < 30 cMpc h −1 at z ∼ 2 . 5
y cross-correlating the residuals in galaxy spectra with QSOs in 
OSS/eBOSS. Ho we ver, these cross-correlations only sample the 
 v erdense re gions surrounding QSOs; a small fraction of the total
urv e y volume that might not be fully representative of the cosmic
verage. When repeating this cross-correlation with the Ly α forest 
o sample a much larger volume (Croft et al. 2018 ), no significant
SS in Ly α emission is found. The detection of a large-scale cross-
orrelation between Ly α emission in a narrow-band photometric 
urv e y (the Physics of the Accelerating Universe Survey, PAUS,
adilla et al. 2019 ) and Ly α forest data are also simulated and
 v aluated in Renard et al. ( 2021 ). The results of the Renard et al.
 2021 ) forecast were that a detection of large-scale Ly α emission
ith Ly α forest cross-correlation was seemingly impossible for a 
rojected surv e y footprint of 100 de g 2 , but for similar observation
imes expanding the survey footprint was far more efficient in 
ncreasing the signal-to-noise ratio (SNR) than going deeper. It is 
orth noting that future IM experiments, such as SPHEREx (Dor ́e

t al. 2014 ), also aim to perform IM with Ly α among other lines
Visbal & McQuinn 2023 ). 

Here, we present a new methodology to perform Ly α IM by
ross-correlating broad-band images and Ly α forest data: being the 
tandard for photometric surv e ys, most of the night sky has already
een observed in broad bands, which potentially allows IM to be
pplied on very large cosmological volumes. We develop a specific 
ne-parameter correlation estimator to e v aluate the fluctuation of 
 y α luminosity versus L y α forest absorption, as well as a simple
nalytical Ly α emission model for cosmological scales. We perform 

 forecast for DESI and the g band of its Le gac y Imaging Surv e ys
Dark Energy Camera Le gac y Surv e y, DECaLS/Beijing–Arizona 
k y Surv e y, BASS; De y et al. 2019 ), pro viding realistic e xpectations
or a detection of Ly α LSS, as well as the upper bounds derived from
 non-detection. 

This work is divided as follows. In Section 2 , we describe
he rele v ant specifications of the cosmological surv e ys used in
ur forecast. In Section 3 , we provide an in-depth explanation of
he proposed Ly α IM methodology. In Section 4 , the simulation
or our forecast is described, with special emphasis on image 
eduction and computation of intensity maps; the forecast results 
re displayed in Section 5 . Finally, in Section 6 , we discuss the
mplications of our results for upcoming surv e ys, as well as the
ines of research that our analysis may open up. We summarize
ur conclusions in Section 7 . Throughout this paper, we assume
 flat Lamda cold dark matter cosmology with h = 0 . 702, �m 

=
 . 275, �� 

= 0 . 725, �b = 0 . 046, n s = 0 . 968, and σ8 = 0 . 82, as
his is the parameter set of the hydrodynamic simulation used in
ection 4 . 

 C O S M O L O G I C A L  SURV EYS  

ptical cosmological surv e ys are broadly divided in two categories:
maging/photometric. The former take images of the sky with CCDs 
o v ering the field of view (FOV) of a camera (e.g. Flaugher et al.
015 ; Padilla et al. 2019 ); their wavelength sensitivity is determined
y different sets of filters. The latter generally observe spectra of pre-
esignated targets (e.g. Eisenstein et al. 2011 ; DESI Collaboration 
022 ), trading off speed and full sky coverage for much higher
pectral resolution. Our work consists in detecting the diffuse Ly α
mission tracing LSS that must be contained in photometric images, 
y cross-correlating said images with the Ly α forest contained 
n QSO spectra. Hence, both spectroscopic and imaging data are 
equired. 
MNRAS 535, 826–852 (2024) 
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Figure 1. Upper panel: standard SDSS g -band response function. The g - 
band wavelength in the upper x -axis matches the redshift for the Ly α line in 
the x -axis of the lower panel. Middle panel: product of the g-band response 
function times the number density of Ly α forest sightlines per redshift, 
normalized. This is the redshift kernel of our cross-correlation study; the 
dash–dotted line (in all three panels) represents the average redshift of our 
convolution kernel. Lower panel: DESI projected QSO angular density versus 
redshift (solid blue line). The accompanying dashed blue line represents the 
lower redshift limit of the observable Ly α forest, marked by the start of the 
Ly β forest. Therefore, the green-shaded region is the redshift range co v ered 
by the Ly α forest for a given QSO redshift. 
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.1 DESI 

he DESI (DESI Collaboration 2022 ) is a spectroscopic cosmolog-
cal surv e y, currently ongoing at the Mayall telescope in Kitt Peak,
rizona. The surv e y is e xpected to co v er a total of 14 000 de g 2 in its
hase-I, thus becoming the largest spectroscopic surv e y yet. 
DESI targets four different galaxy samples, in ascending redshift

rder: the bright galaxy sample, luminous red galaxies, emission-
ine galaxies, and QSO. The latter are split into two subsamples,
ccording to their redshift. The sample at z < 2 . 1 is only detected via
trong QSO emission lines, such as Ly α, C IV , C III , and S IV typically
ccurring in QSO spectra (e.g. Vanden Berk et al. 2001 ; Selsing et al.
016 ), and thus only QSO positions are used as tracers. On the other
and, the QSOs at z > 2.1 (i.e. the Ly α QSOs) show Ly α forest
bsorption lines in their spectra, in addition to the aforementioned
SO emission lines. This is because at z > 2.1, the spectral range

ffected by the Ly α forest (bluewards of the Ly α line at the QSO
edshift) becomes observable by the DESI spectrograph (3600–9800
, DESI Collaboration 2022 ). Our work is focused on the Ly α QSO

ubsample at z > 2 . 1. 
The DESI QSO target selection is based on a colour cut of point-

ike sources using the optical grz magnitudes from the DESI Le gac y
maging Surv e ys (De y et al. 2019 ), together with the W 1 and W 2
nfrared magnitudes of the Wide-Field Infrared Surv e y Explorer
atellite ( WISE , Wright et al. 2010 ). This QSO colour selection is
xpected to yield an approximate completeness of 60 per cent for
 limiting magnitude of r < 23 (DESI Collaboration 2016 ). This
election results in a preliminary Ly α QSO density of 40 deg −2 , and
he QSO redshift distribution shown in Fig. 1 (only for the redshift
ange of interest in this work). We will work with this preliminary
stimate, but it is worth noting that current DESI observations reach
ignificantly higher Ly α QSO completeness, yielding a Ly α QSO
ensity of 60 deg −2 (Chaussidon et al. 2023 ), well abo v e the DESI
cience requirement of 50 deg −2 . Higher Ly α QSO density on an
ventual final DESI phase-I data release means a larger total number
f Ly α forests, and thus higher statistical power and SNR for our
y α IM methodology. 

.2 DECaLS–BASS 

pectroscopic surv e ys require preliminary target selection, usually
ased on already existing photometric data. For DESI, three imaging
urv e ys where carried out for this purpose (Dey et al. 2019 ): the
ECaLS ( grz bands), the BASS ( gr bands, Zou et al. 2017a ), and

he Mayall z-band Le gac y Surv e y ( z band). Since this work uses the
 band to perform an IM forecast, we focus only on the first two. The
ombination of DECaLS and BASS co v ers the entirety of the DESI
ootprint on the gr bands. 

DECaLS has been carried out at the Blanco Telescope, with the
ark Energy Camera (DECam, Flaugher et al. 2015 ), a large camera
ith an hexagonal FOV of approximately 3.2 deg 2 . BASS was
bserved at the Bok Telescope with the 90Prime camera (Williams
t al. 2004 ), which provides a square FOV of 1.08 × 1.03 deg 2 . Both
urv e ys reach similar magnitudes: for a point source, the detection
imit at 5 σ is g = 23 . 95 for DECaLS and g = 23 . 65 for BASS (Dey
t al. 2019 , see table 4). 

For the purposes of our forecast, the surv e y features we are
nterested in are the surv e y depth and the FOV of the camera.
 deeper surv e y means a fainter magnitude detection limit, and

ower photometric noise in the images. The FOV will determine the
aximum angular area in which sky subtraction can be performed
ithout removing clustered diffuse Ly α emission (see Section 4.2.1 ),
NRAS 535, 826–852 (2024) 
nd thus the largest scales we can sample. DECaLS both has a larger
OV and slightly higher surv e y depth than BASS (Dey et al. 2019 ),

herefore, we will be conserv ati ve and model our forecast only after
ASS, even though DECaLS covers most of the DESI footprint

9850 de g 2 v ersus 5500 de g 2 ). 
For the sake of homogeneity, we use in this work the original

tandard g band from the Sloan Digital Sk y Surv e y (SDSS, York
t al. 2000 ); hypothetical deviations in the response function of the
-band filters used in DECaLS/BASS are expected to be negligible.
e show in Fig. 1 the response function of the SDSS g band, with

he corresponding redshift range for the Ly α line. Together with
he DESI QSO redshift distribution, this figure gives an idea of
he redshift range sampled by our study: the DECalS/BASS images
ontain an intensity map of Ly α emission convolved in redshift with
he g band, and the Ly α forest of DESI samples Ly α-sightlines with
 spatial density given by the QSO distribution. Both are convolved
n the middle panel of Fig. 1 to show the redshift kernel of our
ross-correlation study, whose average redshift is 〈 z〉 = 2 . 64. 

 M E T H O D O L O G Y  

he optical depth of the Ly α forest is a tracer of the H I density
long the line of sight; hence regions with higher optical depths
orresponding to higher H I densities. This relationship between Ly α
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Figure 2. Diagram of the Ly α IM forecast presented in this paper. Blue region corresponds to forecast-only steps (i.e. simulation of the Ly α absorption/emission 
signals). Red region corresponds to steps carried out in this forecast, but also expected to be performed on an eventual observational study (e.g. image reduction 
and cross-correlation). 

a
e
s
b
t
1
H  

r  

L  

a
B

 

i  

b
f
m  

s
b

(
B  

H  

t  

t  

n
e
w
(  

c  

b  

c  

v  

p
 

e
r  

a  

2  

o  

o  

b  

e
(  

p
a
t

 

i
a
s  

w
t  

a
b
fi
h  

2  

w  

o
w
i  

2  

t  

i  

c
 

s
a
L  

r
s  

laid out. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/1/826/7821249 by guest on 03 January 2025
bsorption and H I column density depends on both physical param- 
ters of the IGM (e.g. temperature, photoionization rate, and line-of- 
ight velocity) and cosmological parameters ( Hubble constant and 
aryon density). For an analytical model valid on linear scales, see 
he fluctuating Gunn–Peterson approximation (e.g. Weinberg et al. 
997 ; Kooistra, Lee & Horowitz 2022 ). The relationship between 
 I density and Ly α emission is also convoluted, given that it is a

esonant line (Dijkstra 2017 ; Ouchi et al. 2020 ), and the bulk of
y α emission seems to be sourced from faint Ly α emitters (LAEs)
nd their surrounding circumgalactic medium (Bacon et al. 2021 ; 
yrohl & Nelson 2023 ). 
In order to e v aluate the correlation between the Ly α absorption

n the DESI QSO spectra and the Ly α emission contained in g-
and images, we will not use the conventional two-point correlation 
unction (2PCF) and its Fourier space analogue, the power spectrum 

onopole (Bernardeau et al. 2002 ), but a custom estimator based on
tacking with Bayesian inference the fluctuations of Ly α emission 
inned in bins of Ly α forest absorption. 
The 2PCF/power spectrum and its higher order counterparts 

e.g. bispectrum), are the backbone of the study of LSS (e.g. 
ernardeau et al. 2002 ), including IM (Bernal & Ko v etz 2022 ).
o we ver, alternati ve summary statistics have also been described in

he literature and applied to constrain the properties of different LSS
racers. F or e xample, the wav elet transform has seen use to e xtract
on-Gaussian information (Maksora Tohfa et al. 2024 ) or capture 
nvironmental information (Wang, Yang & He 2022b ), among other 
orks. Another example of alternative statistic is the k -estimator 

Adelberger et al. 2005 ), which e v aluates clustering strength and
onstrains linear tracer bias in small fields, using only fine redshift
ins (e.g. Diener et al. 2017 ; Herrero Alonso et al. 2021 ). In the
ontext of IM, the voxel intensity distribution, i.e., the histogram of
ox el flux es, has also been studied as a complementary statistic to the
ower spectrum (e.g. Ihle et al. 2019 ; Sato-Polito & Bernal 2022 ). 
F ollowing these e xamples, in this work we define a custom

stimator instead of using the 2PCF/power spectrum. Our main 
eason is the de generac y between the absolute value of the 2PCF
nd the foreground value in the Ly α intensity map (Renard et al.
021 ). Due to this de generac y, we would need a significant detection
f the 2PCF in at least two distance bins to place any constraints
n the combined bias of diffuse Ly α emission as an LSS tracer,
y constraining the shape of the 2PCF. Unfortunately, the SNR we
xpect with DESI–DECaLS/BASS is very likely to not be enough 
Section 5 ). Moreo v er, the bias of the Ly α emission field is not
roperly constrained (see Section 4.1 for a short discussion), which 
dds an extra degeneracy to potential constraints obtained through 
he 2PCF. 

Therefore, to fully exploit the low SNR of the Ly α emission
ntensity map, we use a single-parameter estimator with the fewest 
ssumptions possible, namely: the cosmological principle. We as- 
ume both the Ly α absorption and emission fields to be isotropic,
hich should be sufficient as a first approximation (especially given 

he very large redshift convolution kernel, see Fig. 1 ). We assume
 correlation monotonically decreasing with comoving distance 
etween two arbitrary points, and both Ly α emission and absorption 
elds being virtually homogeneous on large enough scales (the 
omogeneity scale χh , e.g. see Sarkar et al. 2009 ; P ande y & Sarkar
015 ; Gon c ¸alves et al. 2018 ). Despite the use of a custom estimator,
e consider our work an IM study, since we constrain the properties
f an emission-line tracing LSS by integrating all observed emission, 
ithout resolving any objects (as in the general definitions given 

n e.g. Peterson et al. 2009 ; Ko v etz et al. 2017 ; Bernal & Ko v etz
022 ). Moreo v er, the transv ersal scales we sample are large enough
o be considered LSS (Section 5.1.2 ), and our Ly α emission model
s defined in the linear regime, where the effects of gravitational
ollapse become negligible (Section 4.1 ). 

In Fig. 2 , we provide a diagram which illustrates the overall
tructure of our forecast: how different simulated and observed data 
re combined to simulate DESI and DECaLS/BASS, and perform 

y α IM by cross-correlating them. This is intended just as a visual
eference; the cross-correlation estimator is fully described in this 
ection, and in Section 4 , the simulation of our forecast is thoroughly
MNRAS 535, 826–852 (2024) 
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.1 Imaging data: QSO patches 

he g-band images are a two-dimensional projection of the Ly α
mission field, convolv ed o v er a large redshift range. Giv en our
ssumption that the correlation between Ly α emission and absorption
ecreases with distance and that isotropy holds, our analysis must
oncentrate on circular regions centred on the Ly α DESI QSOs. This
pproach will maximize the correlation and consequently yield the
ighest SNR. Throughout the paper, by distance r , we will refer to
ransversal angular distance, projected onto the sky. We will assume
hat the flat-sky approximation holds true on the scales we sample
of the order of arcminutes), and thus our assumptions derived from
he cosmological principle also hold true. 

Hence, we define a patch of a given QSO i as a circular aperture
f radius r centred on such QSO i, on the image of a given broad-
and filter (the g band in our case). The patch flux in the g band,
 

g 
i , will be the average integrated flux in such patch, minus the flux
f all resolved sources inside the patch (below a given magnitude
hreshold): 

 

g 
i ≡ 1 

πr 2 patch 

⎡ 

⎢ ⎣ 

2 π∫ 
0 

r patch ∫ 
0 

f g ( r , θ ) r 2 d r d θ −
∑ 

g<g lim 
r<r patch 

f g src 

⎤ 

⎥ ⎦ 

, (1) 

where f g ( r, θ ) is the observed flux in the g-band image, in polar
oordinates centred on the respective QSO, r patch the patch radius,
nd f g src the flux of resolved sources in the image, brighter than
he foreground threshold g lim 

. This source flux is summed o v er all
ources inside the patch ( r < r patch ) and with magnitude brighter
han the foreground cut magnitude limit g < g lim 

. Even if the QSO
t the centre of the patch itself has g < g lim 

, it is not included in this
um, since we do not consider it foregrounds (a significant part of its
ntegrated emission will be Ly α). 

The only criterion we have adopted to choose to remo v e a giv en
esolve source is g < g lim 

. Therefore, if any QSO with available
y α forest data is inside another Ly α QSO patch, it will only be
emo v ed if its g magnitude is brighter than g lim 

. Ho we ver, we will
hoose a conserv ati v e fore ground cut ( g lim 

= 19) that preserves the
ast majority of DESI Ly α QSOs, as discussed in Section 4.2.1 . 

In a more general sense, we could define a patch as 

 

g 
i ≡

2 π∫ 
0 

∞ ∫ 
0 

W ( r ) f g ( r , θ ) r 2 d r d θ − ∑ 

g<g lim 
r<r patch 

f g src 

2 π
∞ ∫ 
0 

W ( r) d r 
, (2) 

with W ( r) being a radial kernel such that lim r→∞ 

W ( r) = 0, nor-
alized by its integral. Under this definition, equation ( 1 ) represents

he particular case where W ( r) is a step function with W ( r) = 1 for
 < r patch and W ( r) = 0 else where. A dif ferent radial kernel W ( r)
hat weights more the more correlated (closer) regions might result
n a higher SNR of our estimator (i.e. a Gaussian kernel, or any
onotonically decreasing function). Ho we ver, since we will perform

ur forecast for the r patch that yields the maximum SNR for our
stimator (Section 5.1.2 ), we argue that the gains in SNR we may
erive from using a different W ( r) must be fairly limited. 
Moreo v er, we also choose a step kernel and follow equation ( 1 )

o ensure that we reach radial scales large enough to sample the
hole cosmological volume defined by the DESI footprint and the
-band Ly α redshift range. A W ( r) preferentially weighting closer
egions could lead to an o v erestimation the cross-correlation radial
ength, since larger radial scales would be unfa v ourably weighted,
egardless of the correlation length we define (e.g. the full width at
NRAS 535, 826–852 (2024) 
alf-maximum, FWHM of W ( r) or its second moment). Ho we ver,
ith a step function, r patch is unequivocally the maximum radial scale

hat contributes to our cross-correlation. 
Being able to sample the entire surv e y cosmological volume is an

mportant feature of our methodology. Previous Ly α IM works cross-
orrelating QSO positions with residuals in galaxy spectra (Croft
t al. 2016 ; Lin et al. 2022 ) only sample ∼20–30 cMpc around
SOs in both transversal and line-of-sight directions, which is a

mall fraction of the total surv e y volume: o v erdense re gions affected
y the QSO proximity effect that may not be representative of the
hole surv e y volume. 
Throughout the paper, we will adopt the convention of applying

 superscript g to cosmic emission/absorption fields that have been
bserved and convolved in redshift/wavelength with the g band.
oreo v er, we will assume flux units of erg s −1 cm 

−2 Å−1 through
his work, and erg s −1 cm 

−2 Å−1 arcmin −2 units for integrated patch
uxes. 
Most of the flux f g observed inside a given QSO patch will not

ome from Ly α itself ( f g Ly α), but contamination of various origins
 f g noise ): instrumental (CCD thermal noise), atmospheric (telluric
ines and airglow), solar/lunar (moonlight and zodiacal light), and
osmic (unresolv ed/non-remo v ed emission from other rest-frame
avelengths than Ly α). For this reason, it is crucial to understand how

he emitted Ly α luminosity of cosmic origin, L Ly α , is transformed
nto the signal we observe, f g Ly α . If we consider an infinitesimal
lement of volume in redshift and celestial equatorial coordinates
d z d α d δ), the Ly α luminosity emitted in such element of volume
ill be L Ly α( z, α, θ ) d z d α d δ. Therefore, the contribution of each
olume element to the total observed Ly α flux density would be: 

 Ly α( z, α, δ) d z d α d δ = 

L Ly α( z, α, δ) d z d α d δ

4 πD L ( z) 2 �λobs 
, (3) 

here D L ( z) is the luminosity distance to said volume element, and
λobs the wavelength width of the Ly α line emitted by this element.
eglecting line broadening, this wavelength width is: 

λobs = λLy α d z. (4) 

Giv en that an y line broadening due to thermal motion, turbulence
r line resonance (Ouchi et al. 2020 ) is at least an order of magnitude
maller than the FWHM of any broad-band filter ( ∼1000 Å), this
ssumption fully holds for g-band images. Finally, to determine the
otal Ly α flux of cosmic origin observed with the g band, we just need
o convolve equation (3) with the g-band transmission curve/response
unction: 

 

g 

Ly α( α, δ) d α d δ = 

∫ ∞ 

0 f Ly α( z, α, δ) d α d δR g ((1 + z) · λLy α)d z ∫ ∞ 

0 R g ((1 + z) · λLy α) d z 
, (5) 

where R g is the response function of the g band displayed in the
pper panel of Fig. 1 . The integration limits have been simply been
et to z = 0 and ∞ , as the redshift interval is naturally bounded by
 g . 
This f g Ly α( α, δ) flux is all the information we receive from the

GM Ly α emission in g-band images; proper integration over angular
oordinates will yield the patch flux es f g i e xpressed in equation ( 1 ).
ach one of these patches can be seen as the redshift projection of a
arrow cylinder of Ly α emission centred on the QSO (see Fig. 3 ), plus
ll the noise from different sources. Given that we expect noise to be
ominant o v er the L y α emission signal, the L y α emission contained
n patches should be impossible to observe on an individual patch
asis, so a very large sample and/or a signal to cross-correlate with
re needed for a detection. 
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Figure 3. Left panel: cartoon of a g-band QSO patch with a radius of 10 arcmin, centred around a z = 2 . 75 QSO (not to scale). Right panel: deprojection of 
the patch along the redshift direction ( g-band deconvolution). The lower x -axis shows the redshift of the Ly α signal in linear scale, and the upper x -axis, the 
corresponding comoving line-of-sight distance from the QSO. The y -axis shows the comoving transverse distance from the line of sight, and the solid grey 
lines, the comoving limits of the patch, which evolve with redshift (not to scale with the line-of-sight distance). The coloured region inside the patch cylinder 
is the sensitivity of the g-band response to Ly α emission, with brighter regions inside the volume being more sensitive, and black regions not observing any 
Ly α emission. Finally, both the QSO line of sight (dash–dotted line) and the redshift range co v ered by its Ly α forest (green solid line) are represented along the 
central axis of the patch. 
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.2 Spectroscopic data: conv olv ed forest probabilities 

he ideal data set to cross-correlate the QSO patches with is the Ly α
orest, as it contains high-SNR information of the Ly α absorption 
eld in the line of sight of the QSO (centre of the patch). Moreo v er,

ts redshift range totally or partially o v erlaps with the Ly α emission
bserved by the g band (Fig. 3 ). Nevertheless, to properly correlate
oth quantities, the absorption field of the Ly α forest must undergo 
he same transformation imprinted by the g band on the Ly α emission
eld (equations 3–5). First, we define the flux absorption contrast (i.e. 
F ) for the Ly α forest in a given QSO spectrum i as: 

( z) F i ≡ e −τQSO i (z) 

〈 e −τ 〉 , (6) 

where τ ( z) is the optical depth of the Ly α forest at redshift
. We note that δF is a cosmological scalar field in spherical 
oordinates, similar to L Ly α in equation (3). Therefore, the redshift z 
n equation (3) acts as radial coordinate along the sightline; angular 
oordinates are omitted since these are fixed by the respective QSO 

hose spectra contains the Ly α forest. 
We can apply to δ( z) F i from equation (6) the same transformation

e have applied to convert Ly α luminosity to observed g-band Ly α
ux (equations 3–5) as follows: 

g 

F i = 

1 

〈 δg 

F 〉 

∫ z max i 

z min i 

δ( z) F i 

4 πD L ( z) 2 �λobs R g ((1 + z) · λLy α) d z ∫ z max i 

z min i 
R g ((1 + z) · λLy α) d z 

, (7) 

here we have divided the convolved δg 
F i by its average for all QSOs,

 δ
g 
F 〉 , to keep it dimensionless. 1 We also note that we adopted a

efinition of the δF flux contrast in equation (6) without the −1 term
which is the standard convention, e.g. Cisewski et al. 2014 ; Ozbek,
roft & Khandai 2016 ; de Sainte Agathe et al. 2019 ). This choice
as been made to prevent 〈 δg 

F 〉 ∼ 0 and keep the 〈 δg 

F 〉 −1 factor finite
nd numerically stable. 

Notably, the integration ranges in equation ( 7 ) have been left
pecified as z min i and z max i , instead of going from 0 to ∞ , since
 Without the 〈 δg 
F 〉 −1 f actor, δg 

F w ould have dimensions of cm 

−2 Å−1 , and an 
xtremely small order of magnitude ( ∼ 10 −61 ). 

a  

s  

i

p

he redshift range in which the Ly α forest can be observed is limited.
he observational redshift limits are given by 

 max i = z QSO i , (8) 

 min i = max (2 . 1 , z Ly β i ); z Ly β ≡ λLy β

λLy α
(1 + z QSO i ) − 1 , (9) 

where the numerical value 2.1 is simply the lowest redshift at
hich Ly α can be observed with the DESI spectrograph, while z Ly β

s the redshift at which the Ly β forest starts. Since λLy β = 1025 . 722
and λLy β < λLy α , z Ly β is necessarily a lower redshift limit for the

bservation of the Ly α forest. At z < z Ly β , the observed forest will
e the superimposition of L y α and L y β lines, which are produced by
argely uncorrelated structure, given the large redshift offset. While 
ome works use the Ly β-contaminated zone of the Ly α forest (e.g.
o measure BAO in Blomqvist et al. 2019 ), or even perform power
pectrum measurements on the Ly β forest itself (e.g. Wilson, Ir ̌si ̌c &
cQuinn 2022 ), we will be conserv ati ve and exclude the Ly β regions

rom our forecast. 
Knowing that the redshift range co v ered by the Ly α forest data

s only a fraction of the g-band redshift co v erage, and that it will
lso vary for each QSO, a question arises: what is the optimal way
o make use of the limited redshift range? To address this question,
e first introduce a nomenclature distinction. We define δg obs 

F as the 
F of the Ly α forest convolv ed o v er the observable redshift range
equation 7 with the integration limits defined in equations 8 and
 ), and δg full 

F as the convolution with the g band o v er the whole
edshift range co v ered by the g band (i.e. equation 7 with z min = 0
nd z max = ∞ , as in equation 5). Following this definition, δg full 

F can
ot be directly observed. We could just cross-correlate δg obs 

F with f g 

the patch fluxes), but f g samples a significantly larger redshift range, 
nd thus it will only be partially correlated with δg obs 

F . Moreo v er, due
o the D L ( z) −2 term in equation ( 7 ), the value of δg obs 

F has a strong
orrelation with z QSO (the higher z QSO , the smaller the D L ( z) −2 term,
nd thus the average δg obs 

F ). This is a trend uncorrelated to f g (since it
hould be independent of z QSO ) that would be an undesired systematic
n our analysis. 

We may instead adopt a Bayesian approach and determine the 
robability of having a certain δg full 

F on a QSO sightline, having 
MNRAS 535, 826–852 (2024) 
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M

Figure 4. δF ( z) from a full Ly α forest from our simulation (see Section 4 ) 
in grey thin line, together with the same forest, smoothed in comoving 
bins of width 150 cMpc, in red thick line. The bins are not uniform in 
wavelength/redshift space. 
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Figure 5. Four examples of generated forests (in red thick line) with the 
insertion of an observed forest with z QSO = 3 (in grey thin line). 

Figure 6. The EDF P ( δg full 
F | δg obs 

F ) for four different QSOs of different 

δ
g obs 
F , all of them at approximately z QSO ∼ 2 . 7. All data extracted from our 

full simulation of DESI Ly α forest data Section 4.3 . 
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bserved a given δg obs 
F . This can be done in a model-independent

ay by resampling observational data, if we assume that all δF i ( z)
alues (i.e. all redshift bins/spectral pixels) for a given forest in a
SO spectrum i are uncorrelated. This approximation holds for bins
f δF ( z) abo v e the scale of homogeneity, χh ; to do so, we must
mooth the Ly α forest extracted from the spectra in bins much larger
han the pixels of the DESI spectrograph (DESI Collaboration 2022 )
or the resolution of the simulation in a forecast like this work, see
ection 4 ). 
For this work, we will assume χh = 150 cMpc ( ∼105 cMpc h −1 ),

 scale similar to values reported in the literature (e.g. P ande y &
arkar 2015 ; Gon c ¸alves et al. 2018 ). It is worth noting that the
omogeneity scale itself depends on the criterion used to measure
t, as the correlation tends to zero asymptotically. For example,
 ande y & Sarkar ( 2015 ) find a transition to homogeneity between
20 and 140 cMpc h −1 applying Shannon entropy to SDSS galaxy
amples at z < 0 . 2, while Gon c ¸alves et al. ( 2018 ) find χh < 100
Mpc h −1 for most redshift bins of SDSS QSOs at z > 0 . 8 using
he fractal dimension (with a threshold for homogeneity D 2 > 2 . 97).
hey also note that, when correcting for QSO bias, χh shows a clear
ecreasing trend with redshift; hence our assumption of χh = 150
Mpc at z > 2 . 2 is quite conserv ati ve. 

Consequently, if we smooth the forest data into wide redshift bins
f comoving size �χ = χh , (as in Fig. 4 ), the correlation of one bin
ith their adjacent bins will be close to negligible. By performing

his smoothing o v er all our Ly α forest sample, we can generate
ew smoothed forests by randomly drawing the δF ( z) values of
ach redshift bin from all observed values of said bin. While any
nformation on scales smaller than the smoothing scale �χ is lost,
he scale of the g-band convolution is one order of magnitude larger
han χh ( ∼1 cGpc, see upper x -axis on Fig. 3 ), so the effect of this
orest smoothing is close to negligible for our study (see Appendix A
or further proof of the validity of this assumption). 

With this method, we can generate an indefinite amount of
moothed forests co v ering the whole g-band redshift range just by
esampling from observed forest spectra, provided that they have
een previously smoothed in comoving bins of size �χh = χh . This
rocedure allows us to integrate these generated forests using equa-
ion ( 7 ) (with z min = 0 and z max = ∞ ) to draw likely values of δg full 

F 

ased on real data, despite δg full 
F not being directly observable. For

 large enough sample of generated smoothed forests, the empirical
istribution function (EDF) of δg full 

F will be akin to P ( δg full 
F ). 

Observed forest data can then be inserted into the generated
moothed forest sample by replacing the randomly drawn value of
F by the real observed δF , in the redshift range of the observed
orest (dependent on z QSO , see equations 8 and 9 ). Fig. 5 shows the
istribution of δg obs 

F for four generated smoothed forests with the
NRAS 535, 826–852 (2024) 
nsertion of the same observed forest at z QSO = 3. We note that the
ifference in spectral resolution/comoving bin size of the generated
nd inserted forest in Fig. 5 does not affect significantly the resulting
g full 
F value (see Appendix A for details). 

If we compute the EDF of δg full 
F for the generated sample of

moothed forests, all of them with an insertion of a given observed
orest, we obtain the distribution of δg full 

F having observed a given
g obs 
F . In a Bayesian sense, when we insert the observed forest
ata we update a prior that contains no information of a specific
SO ( P ( δg full 

F )) to a posterior with the observed information of a
pecific QSO ( δg obs 

F ), which yields P ( δg full 
F | δg obs 

F ), i.e. the probability
istribution of δg full 

F updated with the information observed for a
iven QSO ( δg obs 

F ). Fig. 6 displays an example of four different
 ( δg full 

F | δg obs 
F ) for four QSOs at z QSO ∼ 2 . 7 with different δg obs 

F 

alues. We can see that the EDFs shift towards higher values of
g full 
F when δg obs 

F increases. 

.3 Correlation estimator: Ly α average fluctuation 

or each Ly α QSO in DESI, we have defined two observable
uantities. First, the g-band patch flux surrounding the QSO, f g ,
hich contains the information of the LSS Ly α emission field.
econd, the probability distribution of δF convolved through the
hole g band, having a given observed Ly α forest: P ( δg full 

F | δg obs 
F ).

his is a Bayesian estimation of the LSS Ly α absorption field based
n the redshift range we can observe. Both these quantities must be
orrelated, as these Ly α emission and absorption fields trace the same
SS. Now we want to define a correlation estimator with maximal
NR, which also maximizes our possibilities of detecting the Ly α
mission in the g-band images, despite the very low SNR expected
rom the diffuse Ly α emission. 
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First, let us define a δg full 
F bin j , comprising all values δg full 

F j min < 

g full 
F < δ

g full 
F j max . If we consider a QSO i, with a patch flux f g i , and an

ssociated forest observed value δg obs 
F i , we can express the probability 

f such patch i having a δg full 
F i value inside the bin j as: 

 ij = 

∫ δ
g full 
F j max 

δ
g full 
F j min 

P 

(
δ

g full 
F | δg obs 

F i 

)
d δg full 

F . (10) 

Since this probability w ij is a degree of belief, we can use it as a
eight in the determination of the average patch flux in the forest bin
, 〈 f g 〉 j . In this way, for each ith patch w ij will be proportional to

he probability of δg, full 
F i being within the j -th bin. The average patch 

ux for a given δg full 
F bin j will be 

 f g 〉 j = 〈 f g 〉 
(
δ

g full 
F j min , δ

g full 
F j max 

)
= 

∑ 

i w ij f 
g 

i ∑ 

i w ij 

. (11) 

This average patch flux 〈 f g 〉 j can be understood as a Bayesian
tacking of observed flux f g in bins j of the Ly α forest absorption
onvolved with the entire g band ( δg full 

F ). 
If the g-band images contain unresolved Ly α emission tracing 

SS (and this is correlated to the Ly α forest), the average patch
ux es 〈 f g 〉 j must evolv e for different δg full 

F bins j . In other words,
ntegrating the weights in equation ( 10 ) for different ranges of δg full 

F 

hould yield different values of 〈 f g 〉 . If this evolution of 〈 f g 〉 j 
ersus δg full 

F j is statistically significant and physically meaningful 
e.g. pointing towards more o v erdense re gions having brighter Ly α
mission), then we will have detected LSS in Ly α emission. Such a
etection would not be a cross-correlation in the strict sense usually 
pplied in cosmology (i.e. the 2PCF computed using two different 
racers), but it will still be a cross-correlation in the broadest sense
i.e. an estimator that pro v es that a correlation exists between two
ifferent data sets). 
We will not assume a given functional form to fit to the 〈 f g 〉 j 

ersus δg full 
j relation. Instead, we will start from the most agnostic as-

umption possible: on av erage, o v erdense re gions will hav e brighter
ntegrated Ly α emission than underdense regions. Therefore, our 
orrelation estimator will be the difference in average Ly α patch flux 
etween underdense and o v erdense re gions, i.e., 

 〈 L Ly α〉 ≡ 〈 f g 〉 o v er − 〈 f g 〉 under = 〈 f g 〉 (0 , 1) − 〈 f g 〉 (1 , ∞ ) , (12) 

where 〈 f g 〉 o v er is the average patch flux for overdense regions
for δg full < 1, i.e. regions where the transmitted flux fraction in the
y α forest is smaller than average), and 〈 f g 〉 under is its counterpart
or underdense regions. Hence, we expect � 〈 L Ly α〉 > 0, and the
ignificance of � 〈 L Ly α〉 > 0 will be the significance of the detection
f LSS in Ly α emission. The behaviour of the estimator versus
roperties of the Ly α emission field, as well as its reasonable values,
ill be explored and discussed in Sections 5.1 and 6.2.2 . Since

he estimator in equation (12) does not make any assumption of
nderlying physics (other than o v erdense re gions being brighter 
han underdense), we expect it to ef fecti vely detect LSS in Ly α
egardless of the true nature of the Ly α emission field, as long as
NR is high enough. Ho we ver, gi ven the large redshift convolution
f the estimator (Fig. 1 ), we do not expect it to be able to detect
 ery o v er/underdense local features in specific regions, such as
rotoclusters or large voids. 
The error of � 〈 L Ly α〉 in equation (12) is not trivial to propagate,

ince the probability distributions of 〈 f g 〉 o v er and 〈 f g 〉 under are not
ndependent. While both are expected to have Gaussian distributions 
imply by being the weighted average of a large number of inde-
endent patch fluxes, the weights in equation (11) for 〈 f g 〉 o v er and
 f g 〉 under are correlated. F or an y QSO, the sum of the two weights
sed for 〈 f g 〉 o v er and 〈 f g 〉 under must be 1, as that sum would be
he full integral of P ( δg full 

F | δg obs 
F i ) over the set of all real numbers

 (equation 10 ). Therefore, we will compute the errors of � 〈 L Ly α〉
ia bootstrapping, resampling our data by randomly drawing QSOs 
ubsamples from our simulation with replacement (see Section 5 for 
ore details). 

 FORECAST  SI MULATI ON  

n this section, we will briefly explain how both the DECaLS/BASS
mages and the DESI Ly α forest spectra are simulated for our
orecast. First, the Ly α emission and absorption field (i.e. our signal)
s modelled by employing a hydrodynamic simulation specifically 
esigned for Ly α forest studies. This simulation was performed with 
he P-GADGET code (Springel 2005 ; Di Matteo et al. 2012 ), using
he cosmology specified in Introduction, for a comoving box size of
00 cMpc h −1 (571.4 cMpc). This is a volume larger than the current
ublicly available, state-of-the-art hydrodynamic simulations (e.g. 
llustrisTNG, Nelson et al. 2019 , with a maximum comoving size
f 300 Mpc), so some approximations had to be made to reduce
omputation time. 

The simulation contains 2 × 4096 2 particles, with masses of 
 . 19 × 10 7 and 5 . 92 × 10 7 M � h −1 for baryons and dark matter
espectively, calculated with a gravitational softening length of 
.25 kpc h −1 . A density threshold for star formation lower than usual
e.g. Springel & Hernquist 2003 ; Pillepich et al. 2018 ) was adopted
just 1000 times the average gas density), to allow for gas particles to
e more easily turned into collisionless star particles and hence re-
uce the computational cost of following the gas hydrodynamics for 
onger periods. Moreo v er, black hole formation and stellar feedback
ere not applied. All these approximations simplify calculations and 

educe computation time, but result in inaccurate stellar properties 
or galaxies. While active galactic nucleus (AGN) feedback (Bird 
t al. 2023 ) or star formation (Sorini, Dav ́e & Angl ́es-Alc ́azar 2020 )
ay have a limited effect on the the IGM, and thus its associated
y α forest, we consider these effects subdominant and thus do not
odel them in our study, as in Viel, Haehnelt & Springel ( 2004 ). 
This simulation box was used in Cisewski et al. ( 2014 ) and Ozbek

t al. ( 2016 ) in order to test different approaches to interpolate the
hree-dimensional IGM distribution based on Ly α forest observa- 
ions. The same simulation was again used by Croft et al. ( 2018 )
o place constraints on Ly α emission models by comparing it to
bservational data, and by Renard et al. ( 2021 ) to perform a Ly α
M forecast with narrow-band photometry o v er a smaller footprint.
 voxel plot of the simulation snapshot at z = 3 (the one used for

his work) is displayed in Fig. 7 , for both the Ly α emission (with
ntermediate parameters of our Ly α emission model, see Section 4.1 )
nd Ly α absorption fields. For our analysis, this snapshot of the
imulation box is divided into 256 equal bins per side, which results
n cubic voxels of 1.56 cMpc h −1 (2.23 cMpc) per side (613 pkpc at
 z〉 = 2 . 64). 

.1 Ly α emission model 

he Ly α forest is a well-understood and e xtensiv ely studied cosmo-
ogical probe, and thus, its simulation has already been addressed in
 multitude of works (e.g. Peirani et al. 2014 ; Ram ́ırez-P ́erez et al.
022 ). In this work, the optical depth of the Ly α absorption field
as computed along sightlines of the hydrodynamic simulation box, 

ollowing Hernquist et al. ( 1996 ). 
MNRAS 535, 826–852 (2024) 
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M

Figure 7. Left panel: simulation box for the Ly α emission field, with the parameters of an intermediate case [ 〈 L Ly α〉 = 7 . 5 · 10 40 erg s −1 (cMpc 3 ) −1 , b e = 2 . 5]. 
Right panel: simulation box for the Ly α absorption field. 

 

s  

c  

C  

c  

a  

a  

T  

f  

e  

o  

L

L

w
a  

l  

v  

a  

〈  

i  

i  

a  

d  

m  

i  

L
 

d  

f  

t  

d  

S  

A  

1  

o  

d  

a

Figure 8. Bias values found in the literature for QSOs (empty markers) and 
LAEs (solid markers). The grey interval represents the range considered in 
our model. Dashed vertical line are the sensitivity limits of the g band to Ly α
(5 per cent of maximum sensitivity). 

3  

d  

a  

o
〈  

e  

W
1  

t  

t  

n  

o  

s  

T  

s
 

L  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/1/826/7821249 by guest on 03 January 2025
In contrast, the Ly α emission is far less constrained, lacking
traightforward and standardized simulation methods apart from
omputationally e xpensiv e radiativ e transfer implementations (e.g.
antalupo et al. 2005 ; Byrohl & Nelson 2023 ). Given the modelling
onstraints and the observational limitations, we have opted for
 simple analytical model that determines the Ly α luminosity at
n y giv en simulation vox el as a function of the baryonic density.
he model has two free parameters which we will explore in our

orecast: 〈 L Ly α〉 , the average Ly α luminosity per unit of volume [in
rg s −1 (cMpc 3 ) −1 ], and b e , the linear bias of the power spectrum
f Ly α emission. In detail, below a given luminosity threshold
 Ly α cut ∼ 10 45 erg s −1 , the Ly α luminosity follows the power law 

 Ly α( δ) = C L · (1 + δ) b e , (13) 

here δ is the dark matter o v erdensity field, b e the bias, and C L 

 normalization constant computed numerically so that the average
uminosity per unit volume in our simulation box matches the input
alue, 〈 L Ly α〉 . While this simple model successfully reproduces
ny desired average luminosity and bias in the linear regime, at
 L Ly α〉 > 10 40 erg s −1 (cMpc 3 ) −1 the voxels with highest δ may result
n e xcessiv ely bright Ly α luminosities (a problem already discussed
n Renard et al. 2021 ). It is also worth noting that no physics are
ssumed in this Ly α emission model: just a normalization constant
erived from 〈 L Ly α〉 , and a linear bias with respect to the dark
atter LSS (Bernardeau et al. 2002 ). More sophisticated alternatives

mplementing the physics behind the generation and scattering of
y α emission will be discussed in Section 6.2.2 . 
To explore the wide range of average Ly α luminosities and biases

escribed in the literature, we impose an ad hoc power-law cut-off
or L Ly α > L Ly α cut . This observ ationally moti v ated cut-of f ensures
hat the brightest voxels have L Ly α values within approximately 1
ex of the observed luminosity functions (LFs) for bright QSOs (e.g.
pinoso et al. 2020 ; Liu et al. 2022 ; T orralba-T orregrosa et al. 2023 ).
dditionally, it sets the maximum total L Ly α in a voxel to around
0 45 . 5 erg s −1 , consistent with the integrated luminosity of the largest
bserved Ly α nebulae (Cantalupo et al. 2014 ; Cai et al. 2017 ). The
etails of this bright-end cut-off and the whole Ly α emission model
re thoroughly discussed in Appendix B . 
NRAS 535, 826–852 (2024) 
Our model encompasses a range of bias values from 1 . 5 ≤ b e ≤
 . 5. For values outside this range, the model’s inner parameters
iverge (see Appendix B ). Within this bias range, the model can
dopt any value of 〈 L Ly α〉 . However, we consider realistic values
f 〈 L Ly α〉 to lie within the interval 1 . 5 × 10 40 erg s −1 (cMpc 3 ) −1 ≤
 L Ly α〉 ≤ 1 . 5 × 10 41 erg s −1 (cMpc 3 ) −1 , based on current literature
stimates (e.g. Ouchi et al. 2008 ; Drake et al. 2017 ; Lin et al. 2022 ).
e will explore larger values of 〈 L Ly α〉 in Section 5 [up to 5 ×

0 41 erg s −1 (cMpc 3 ) −1 ], but we consider these unlikely to represent
he average luminosity of the real Ly α emission field. We also caution
hat in our Ly α emission model, such high 〈 L Ly α〉 values may yield
on-physically high luminosities in the brightest Ly α vox els, ev en if
nly by a factor of a fe w. Ho we ver, we do not consider this an issue
ince it only happens for 〈 L Ly α〉 . values we already deem unphysical.
hese ranges of b e and 〈 L Ly α〉 are supported by the literature, as
hown in Figs 8 and 9 . 

Fig. 8 displays dif ferent v alues of bias found in the literature for
AEs (Gawiser et al. 2007 ; Guaita et al. 2010 ; Ouchi et al. 2010 )
nd QSOs (Croom et al. 2005 ; Font-Ribera et al. 2013 ; Laurent et al.
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Figure 9. 〈 L Ly α〉 values found in the literature. The grey triangles are the 
lower limits obtained by integrating the bright QSO LFs from Spinoso 
et al. ( 2020 ), recomputed after applying the g < 19 foreground cut from 

Section 4.2.1 . All luminosity intervals without central point correspond to 
integrals of LAE LFs + Spinoso et al. ( 2020 ) QSO LFs. The brown point 
(Byrohl & Nelson 2023 ) is derived from simulations, and the pink point (Lin 
et al. 2022 ) from QSO-galaxy spectra cross-correlation. The grey interval 
represents the interval considered as realistic in our model. Dashed vertical 
line are the sensitivity limits of the g band to Ly α (5 per cent of maximum 

sensitivity). 

Table 1. Percentage of Ly α QSOs remaining in the Spinoso et al. ( 2020 ) 
sample for different g-band magnitude cuts, together with σ , the standard 
deviation of the observed pixel flux in our BASS g-band intensity map 
(Fig. 10 ), after foreground subtraction with the same g-band magnitude cuts. 

F ore ground cut g < 19 g < 20 g < 21 

QSO fraction (per cent) 93.353 49.245 3.001 
σ (10 −16 erg s −1 cm 

−2 Å−1 ) 1.606 1.559 1.540 
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016 ; Gordon et al. 2023 ; Bault et al. 2024 ), in the the approximate
edshift range of the g band for Ly α. The upper limit of the bias
arameter in our model is close to the lowest value of the QSO bias
easured to date (Croom et al. 2005 , at z ∼ 2 . 1). On the other hand,

he lower limit corresponds to the lowest LAE bias (Ouchi et al.
010 , at z ∼ 3 . 1). Since the g-band IM comprises all Ly α emission,
rom unresolved sources to all QSOs (except the ones remo v ed by
ur foreground cut, see Table 1 ), it is reasonable to assume that
he bias b e of the whole Ly α emission field lies in-between that
f QSOs and that of LAEs, as show with the grey area in Fig. 8 .
ven if unresolved LAEs or diffuse IGM emission were significant 
omponents of the total Ly α emission field, according to Byrohl & 

elson ( 2023 ), the smallest dark matter haloes with significant LAEs
ave M halo = 10 9 M �. Such haloes have a bias b e ∼ 1 at z = 3 (see
.g. fig. 7 of Ouchi et al. 2018 ). Given this absolute lower boundary to
y α emission bias, and given that bright QSOs may reach b e ∼ 5 and
epresent approximately from 3 per cent to 50 per cent of total Ly α
mission in our model (Fig. 9 ), it is highly unlikely that the true bias
f the integrated Ly α emission field is significantly lower than 1.5. 
Fig. 9 shows the range of 〈 L Ly α〉 of our study, together with

e veral v alues from the literature. First, the grey triangles are the
 L Ly α〉 obtained by integrating the QSO LFs from Spinoso et al.
 2020 , recomputed after applying the foreground cut g ≤ 19 to their
ample, as specified in Section 4.2.1 ). All the luminosity intervals 
ithout central points (Gronwall et al. 2007 ; Ouchi et al. 2008 ;
assata et al. 2011 ; Drake et al. 2017 ; Sobral et al. 2017 , 2018 )
orrespond to integrated LAE LFs. For all cases, the lower limit
s the respective LF integrated to the observational limit specified 
n each work, plus the bright QSO LF integral from Spinoso et al.
 2020 , as none of these works sample sources as bright as Spinoso
t al. 2020 ). The upper limit is the LF integrated to the absolute
ower limit L Ly α = 10 37 erg s −1 proposed in Bacon et al. ( 2021 ) and
errero-Alonso et al. ( 2023 ), plus the contribution from the QSO LF

ntegral. The remaining points are derived from a theoretical model 
f Ly α emission applied to the IllustrisTNG simulation (Byrohl & 

elson 2023 ), and a cross-correlation study in eBOSS of residuals
f galaxy spectra with QSOs (Lin et al. 2022 ). 
It is worth commenting briefly on the highest estimate of 〈 L Ly α〉

n Fig. 9 , namely: the upper limit presented by Drake et al. ( 2017 ).
ccording to Herenz et al. ( 2019 ), most studies in the literature
nderestimate the faint end of the Ly α LF by a factor of 2.5 due
o correcting for completeness by treating LAEs as point sources 
ather than extended emitters. Notably, Drake et al. ( 2017 ) is the
ole study in Fig. 9 that accounts for LAEs as extended sources,
hereby a v oiding the underestimation of LAE density at the faint
nd. Consequently, even though the upper limit reported by Drake 
t al. ( 2017 ) is 50 per cent higher than other estimates in Fig. 9 , recent
iterature supports its credibility. This justifies the upper limit of our
 L Ly α〉 range. 

.2 Image simulation: QSO patches 

he integrated g-band flux of the patches around each QSO has two
ncorrelated components: the Ly α signal and the noise. Here, we 
xplain how both are simulated and combined in our forecast. The
teps we follows are: (i) the construction of a noise intensity map
sing real BASS g-band images, (ii) the generation of a Ly α intensity
ap from our simulation, and (iii) the final combination of these two

lements, plus the simulation of all rele v ant systematics. 

.2.1 Photometric noise: BASS intensity map 

ny signal in the g-band images that does not correspond to
y α emission of cosmic origin is noise for the purposes of our
tudy. This noise encompasses various sources such as cosmic 
ackground/foregrounds, zodiacal light, airglow, moonlight, and 
hermal noise. In Renard et al. ( 2021 ), cosmic foregrounds and all
ther noise sources were modelled as two distinct components (a 
ock galaxy catalogue and noise extrapolations from real PAUS 

mages, respecti vely). Ho we ver, here we do model all noise sources
ith one single element. In order to do so, we employ real BASS
-band images to model both cosmic foregrounds and other noise 
ources, following the same image reduction strategy we propose 
or an e ventual observ ational study with full imaging surv e ys. This
rocedure ensures that cosmic foregrounds are real and not simulated, 
s they are already contained in the BASS images, and also allows
s to develop and test an image reduction strategy. 
It is of utmost importance that the diffuse Ly α signal is preserved

hroughout the entire data reduction of the g-band images. This 
mposes a hard limit on ho w aggressi ve can the foreground and noise
emoval procedures be when applied to these images. Although in 
his forecast the Ly α signal is simulated, and we only use the real
-band images as noise, we still make sure that the real Ly α emission
ontained in them is preserved. To do so, we take all BASS reduced
-band science images in an arbitrary patch of 20 deg 2 centred on
A = 235 ◦, Dec. = 45 ◦. Since the standard BASS pipeline only
erforms background subtraction when computing the photometric 
MNRAS 535, 826–852 (2024) 
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Figure 10. Intensity map of 20 deg 2 of BASS g-band images, overlaid 
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atalogue (Zou et al. 2017b ), these images do still contain the diffuse
y α emission, and can be used as provided for our forecast (and an
 ventual observ ational study). Ho we v er, if an y sort of background
ubtraction by performing a fit to the images themselves was part of
he standard image reduction, a custom reduction without it would
e required, as the unresolved Ly α emission that constitutes the bulk
f our signal would have been removed. 
We apply additional reduction steps on the selected images as

ollows. First, we subtract the SKY value of each observation to
ll CCD images in the camera. For each observation, we take all
CD images (four for BASS), compute the mean of their median
KY values, and subtract it from the four CCD images. This
rocedure greatly homogenizes the g-band intensity map, mitigating
he variability due to atmospheric and moon conditions, which is one
f the main sources of noise in our study. Ho we ver, by subtracting
he median SKY value at the camera level, we effectively erase
ny signal of structure in Ly α at scales larger than the FOV of the
amera itself. 90Prime, the camera used by BASS, has an ef fecti ve
pproximately square FOV of 1 . 08 × 1 . 03 deg 2 (Williams et al.
004 ), which corresponds to 120 cMpc at 〈 z〉 = 2 . 64. This imposes
 hard limit to the transversal scales we can sample with this study.
or DECaLS, the DECam has a significantly larger FOV. Thus, by
ssuming the BASS specifications we are being again conserv ati ve in
ur forecast. If larger transversal scales needed to be sampled, more
ophisticated methods of sky subtraction could be implemented. For
nstance, modelling sky emission without averaging out all observed
ux o v er a giv en area (e.g. Kimeswenger et al. 2015 ; Han, Song &
hao 2023 ). 
Second, we crop the image borders (12 pixels) to a v oid edge

ffects, and co-add all selected images in a low-resolution intensity
ap with SWARP (Bertin et al. 2002 ), with the same pixel size

s our Ly αg -band simulated image (66.125 × 66.125 arcsec 2 , see
ection 4.2.2 ). We then deproject the resulting intensity map into
 simple equal-area projection (Sanson-Flamsteed projection, see
.g. Calabretta & Greisen 2002 ). This projection is adequate for
he 20 deg 2 used in this forecast. Ho we ver, a study with the
ull DECaLS/BASS surv e ys may require either the computation
f several small intensity maps, or the use of more sophisticated
rojections such as HEALPIX (Gorski et al. 2005 ). 
Third, we apply extra reduction steps on the intensity map to

emo v e noise sources. In particular, we employ σ -clipping on
he image at the 3 σ level; this mostly removes very bright stars,

imicking the effect of a surv e y mask (in a eventual observational
tudy, the DECaLS/BASS surv e y masks could be applied instead).
hen, we perform a foreground cut by removing all sources with
 < 19. Since photometry has already been performed o v er the entire
ASS surv e y, we sum the flux of all sources with g < 19 for each
ixel of the intensity map and subtract it, instead of masking the
oregrounds in each individual image. The g < 19 threshold has
een chosen to remo v e the brightest sources, while keeping the great
ajority of bright QSOs from Spinoso et al. ( 2020 , and thus, the

reat majority of DESI Ly α QSOs). Indeed, considering a pessimistic
cenario, these bright QSOs may represent up to 50 per cent of the
otal Ly α luminosity (Fig. 9 ). In Table 1 , we show the σ of the
ASS g-band intensity map for different foreground cuts, together
ith the per cent of QSOs in Spinoso et al. ( 2020 ) after applying

he same foreground cut. We checked that cuts more stringent than
 < 19 would remo v e a significant fraction of the Ly α QSOs while
ecreasing the σ of the intensity map by less than 5 per cent. 
Finally, we apply once more a σ -clipping at 3 σ to the intensity
ap instead of masking very bright sources. Indeed, at this stage, the

atter may be contiguous-pixels areas in the map image, so the effect
NRAS 535, 826–852 (2024) 
f this last σ -clipping is to mask very bright isolated pixels (hence
emoving outliers and making the intensity map smoother) without
ignificantly increasing the fraction of masked pixels. 2 The resulting
ntensity map, with the mean flux subtracted, is shown in Fig. 10 . 

It is worth noting that, despite the image reduction, a chequered
attern on the BASS intensity map is still clearly noticeable by visual
nspection. This pattern is composed of squares of approximately
.5 × 0.5 deg 2 ; roughly the size of the BASS camera CCDs (Williams
t al. 2004 ).Thus, the primary source of noise for our forecast is
ot foregrounds of cosmic origin, but rather variations between
CDs and exposures. These variations likely arise from either

he instrumental noise of the camera or changes in flux due to
tmospheric or lunar sources (e.g. moonlight and airglow). We will
urther discuss the ramifications of this for our forecast and future
y α IM studies in Section 6 . 

.2.2 Photometric signal: Ly α intensity map 

o simulate the Ly α emission intensity map, we apply the Ly α
mission model described in Section 4.1 to our simulation box
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Fig. 7 ). This allows us to obtain a Ly α emission simulation box
rom which we then compute a light-cone. For this, we replicate 
nd rotate twice (by 90 ◦) the resulting luminosity box in the redshift
irection, to fully co v er the Ly α redshift range associated to the g 
and. The simulation voxels are converted from transversal comoving 
o angular coordinates, interpolating to the grid at lowest redshift, i.e. 
he lowest angular resolution. This angular resolution limit constrains 
he pixel size of our forecast: 66.125 × 66.125 arcsec 2 . Finally, the
y α luminosity within each voxel is converted to observed flux 
ollowing equation (3). The result is a light-cone of Ly α observed 
ux, which is convolved with the g band to obtain the Ly α intensity
ap displayed in the inset of Fig. 10 . 

.2.3 Photometric signal and noise combination 

he simulated Ly α intensity map plus the real g-band BASS intensity 
ap need to be combined into a single data set simulating real g-band

atches around DESI Ly α QSOs. There are more projected DESI Ly α
SOs (700 000) than pixels in our intensity maps (65 536 for the
y α simulation and 379 241 for the BASS intensity map), so some
epetition of Ly α emission/noise patches is una v oidable. To solve 
his issue, we separately select pixels from the Ly α emission and 
ASS noise intensity maps as QSOs, in a random and independent 

ashion. 
For each DESI Ly α QSO, we randomly draw with replacement a 

ixel from the Ly α simulated map and the BASS real map. In other
ords, a pixel that has been drawn once can be drawn again; the
robability of drawing a given pixel remains constant regardless 
f previous outcomes. We integrate the fluxes for a Ly α patch 
from the Ly α map) and noise patch (from the BASS map) centred
round the drawn pixels, and add them to simulate the g-band patch
ux around a given QSO, containing both the Ly α emission signal 
nd noise. By drawing random pairs of both intensity maps, we 
nsure that no artificial correlations arise from the periodicity of the 
ydrodynamic simulation combined with the periodic CCD-sized 
atterns in the BASS intensity map (Fig. 10 ). Moreo v er, the amount
f possible combinations of Ly α patches + BASS noise patches 
argely outnumbers the expected number of DESI Ly α QSOs (by 4 
rders of magnitude). This implies that the impact of the repetition 
f Ly α signal + noise combinations is ne gligible, ev en if we include
ll expected DESI Ly α QSOs in our study. 

The most important systematics affecting the observed flux are 
odelled before combining the Ly α + noise patches. Zero-point 

alibration error is included in the Ly α patch fluxes by converting 
he fluxes to magnitudes, adding a random magnitude offset drawn 
rom a Gaussian of μ = 0 and σ = 7 mmag (Dey et al. 2019 ),
nd then converting back to fluxes. Since BASS noise patches are 
omputed on real data, the calibration error is already present, so no
xtra offset is added. It is worth noting that calibration techniques 
ith zero-points varying across a given CCD exist (e.g. J-PLUS/J- 

AS, L ́opez-Sanjuan et al. 2019 ), instead of per-CCD calibration 
s in DECaLS/BASS (Dey et al. 2019 ). These calibration methods 
ay significantly reduce our calibration error, since when computing 

atch fluxes we integrate relatively large fractions of a given CCD. 
Fluxes in the noise patches are integrated by summing the flux 

n all pixels inside each patch, barring masked pixels (according to 
he mask computed in Section 4.2.1 and displayed as white regions 
n Fig. 10 ). For the Ly α patches, ho we ver, we do not replicate
he same mask, as this would require generating a single Ly α
utout with the respective mask for every QSO patch we need to
imulate, dramatically increasing computation time. Instead, we first 
re-compute all possible Ly α patches of the desired radius in our
imulated Ly α image, and determine the flux percentiles for each 
ossible patch, P 

per cent 
Ly α . Then, we simulate the error stemming from

asking by shifting the flux percentile as follows: 

 

per cent 
Ly α masked = P 

per cent 
Ly α + U ( −per cent masked / 2 per cent masked / 2) , (14) 

here U is the uniform distribution, and per cent masked is the percent- 
ge of area masked in the respective BASS noise patch. For example,
 Ly α patch with a flux in the 50th percentile, that is superimposed
ith a BASS noise patch that has 10 per cent of its area masked, will
ave a Ly α flux after making between the 45th and 55th percentile
if the result was to be below the 0th or abo v e the 100th percentile,
t is capped at 0 or 100, respectively). This method results in a flux
catter similar to what would be obtained by the Ly α image with
he BASS mask, at a negligible computational cost. After the zero-
oint calibration error and the mask of fset follo wing equation (14)
s added to the Ly α patch fluxes, and the BASS noise patch fluxes
av e been inte grated with their actual mask, we sum the BASS noise
atch fluxes to the Ly α patch fluxes. The result is a set of simulated
-band patches for each DESI QSO, each one of them with a (very

ikely) unique Ly α signal + noise combination. 

.3 Spectra simulation: Ly α forest probabilities 

o simulate the Ly α forest data, first the Ly α absorption simulation
ox (Fig. 7 ) is replicated and rotated in the redshift direction, as
ell as interpolated to angular coordinates, following the same 
rocedure carried out for the Ly α emission box (Section 4.2.2 ). We
dd observational noise to this Ly α forest light-cone and continuum- 
ubtraction bias as a function of redshift/observed wavelength. The 
bservational noise is extracted from the SDSS BOSS mocks in 
autista et al. ( 2015 ), and the bias is derived from the continuum-

ubtraction algorithm presented in Sun, Ting & Cai ( 2023 ). Fig. 11
isplays both the bias and error as a function of Ly α redshift/observed
avelength. 
After adding noise and bias, we duplicate the light-cone, and 

mooth the duplicate in redshift bins of width 150 cMpc. This
uplicate, smoothed version of the light-cone will be used to 
MNRAS 535, 826–852 (2024) 
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andomly generate smoothed forests to fill the redshift range not
o v ered by the observed forests, as described in Section 3.2 . 

We simulate the observed forests from the unsmoothed light-cone
y randomly drawing a QSO redshift for each angular bin (i.e. each
ossible sightline), following the DESI QSO redshift distribution
Fig. 1 ). Indeed, the latter sets the observed redshift/wavelength range
n each light-cone sightline. DLAs (Wolfe et al. 2005 ) are added to
he observed forests approximately following the redshift distribution
nd width of the DLAs in the Bautista et al. ( 2015 ) mocks. Since
y α absorption is saturated in DLAs, the underlying H I density
eld is significantly more difficult to measure, thus we mask them.
o we ver, we fill the masked DLA regions with the average Ly α forest

bsorption δF at its redshift. This is done because in the convolution
f δF with the g band ( δg 

F , as expressed in equation 7 ), not all the
edshift pixels contribute equally (because of the D L ( z) −2 factor).
herefore, omitting lower redshift regions from integration results in

o wer v alues of δg 
F , introducing an undesired bias in our sample. 

After computing a simulation of full smoothed forests and another
f unsmoothed observed forests, we follow the procedure outlined
n Section 3.2 to obtain, for each sightline in our simulation, the pos-
erior distribution of full convolved forests given an observed forest,
 ( δg full 

F | δg obs 
F ). To do so, for each observed light-cone sightline, we

enerate 5000 smoothed forests o v er the whole g-band redshift range
y drawing with replacement values for each redshift bin from all
he smoothed light-cone sightlines. We inject the observed forests
nto the 5000 generated smoothed forests, convolve all of them
ith equation ( 7 ), and compute their EDF, which is analogous to
 ( δg full 

F | δg obs 
F ). 

Therefore, ev ery pix el in our simulated Ly α intensity map (Fig. 10 )
as an associated posterior of the full Ly α forest convolution,
 ( δg full 

F | δg obs 
F ). When randomly selecting a given pixel in the Ly α

ntensity map as a DESI Ly α QSO to compute the g-band patch
round it, its correspondent P ( δg full 

F | δg obs 
F ) is also selected. 

 FOREC A ST  R ESULTS  

.1 Estimator behaviour and SNR optimization 

efore simulating the actual forecast for DESI–DECaLS/BASS,
e need to e v aluate the behaviour of the � 〈 L Ly α〉 estimator and,
ore importantly, its error. We acknowledge that we have made

he conserv ati ve choice of using BASS images to model our noise
ntensity map (Section 4.2.1 ); ho we ver, we compute our forecast for
he combined DECaLS/BASS footprint (i.e. the entirety of DESI).
herefore, we will refer to the cross-correlation simulated in this
ork as DESI–DECaLS/BASS. The expected changes we may

xpect in our results by using actual DECaLS images to simulate
ts respective fraction of DESI are discussed in Section 6.1 ; ho we ver
hese anticipated changes do not modify our o v erarching conclusions.

Since we expect the SNR to be low, and a detection of Ly α LSS
o be uncertain, it is crucial that the errors provided for � 〈 L Ly α〉
re properly justified, and the observational parameters are chosen to
aximize the SNR. Unless specified otherwise, in this subsection we
ill use a ‘fiducial’ Ly α emission model with 〈 L Ly α〉 = 7 . 5 × 10 40 

rg s −1 (cMpc 3 ) −1 and b e = 2 . 5. 
We will assume that all results can be extrapolated to any other

ombination of 〈 L Ly α〉 and b e of our model. Since 〈 L Ly α〉 is just
 multiplicative constant of our model (equation 13 ), we have no
eason to believe the optimal parameters yielding the highest SNR
ill be sensitive to 〈 L Ly α〉 . Moreover, since our estimator � 〈 L Ly α〉

volves symmetrically with respect to 〈 L Ly α〉 and b e (Fig. 16 ), we
ssume the same invariance with respect to b e . 
NRAS 535, 826–852 (2024) 
.1.1 Error estimation 

s specified in Section 3.3 , we will compute the errors via boot-
trapping. Having a given number of QSOs, N QSO , we randomly
raw with replacement N QSO QSOs N B times, creating N B bootstrap
esamplings. For each one of these resamples, we compute � 〈 L Ly α〉 B ,
he value of the estimator in a given bootstrap resampling. The value
nd error of � 〈 L Ly α〉 will be the average and standard deviation of
ll � 〈 L Ly α〉 B , respectively. 

Fig. 12 shows the distribution of � 〈 L Ly α〉 B for 10 000 bootstrap
esamplings, for a noiseless case and for a case with 5 per cent of
he expected BASS noise. In detail, for the former, the BASS noise
atches were not combined with the Ly α patches from the Ly α
mage (i.e. the BASS intensity map was not used in the forecast
t all); for the latter, we added the BASS noise patches, after
ultiplying their fluxes by 0.05. Additional systematics such as
asking and flux calibration errors were added only in the 5 per cent

oise case. For both cases, the histogram of � 〈 L Ly α〉 B values closely
ollows a Gaussian distribution; adding the 5 per cent BASS noise and
ystematics widens the Gaussian and increases the error, but it does
ot significantly alter the average value of � 〈 L Ly α〉 B (approximately
t 8 . 16 × 10 −20 erg s −1 cm 

−2 Å−1 arcmin −2 ). Hence, Fig. 12 shows
hat the error estimated via bootstrapping is well behaved, and the
ntroduction of noise and systematics from a real imaging surv e y like
ASS does not bias the results. 
Beyond the intrinsic cosmic variance in the hydrodynamic simula-

ion and the noise/systematics broadening the � 〈 L Lyα〉 B distribution
n Fig. 12 , we must consider an additional source of variability. Our
orecast involves randomly selecting pixels from the Ly α simulated
mage as QSOs (patch centres) and pairing them with randomly
hosen pixels from the BASS intensity map. In other words, we ran-
omly pair each patch of integrated signal with a patch of integrated
oise. Depending on how these signal-noise patches are paired, the
alue of � 〈 L Ly α〉 may artificially be increased (e.g. if areas with high
y α emission happen to be paired with exposures with a particularly
right sky) or decreased (e.g. if a large masked area caused by a bright
tar o v erlaps with a bright Ly α region). In the following, we will call a
iven set of randomly chosen signal-noise patches a realization of our 
orecast. 
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Figure 13. Upper and middle panels: histograms of � 〈 L Ly α〉 B for 20 
realizations of Ly α patches–noise patches, with 1000 bootstrap resamplings 
each, together with their respective derived Gaussian distributions. The 
realizations have been randomly divided in two panels, each one displaying 
10. Lower panel: histogram and Gaussian distributions for all the � 〈 L Ly α〉 B 
from the 20 realizations combined. The x -axis has the same scale as Fig. 12 . 
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In Fig. 13 , we sho w ho w � 〈 L Ly α〉 varies for 20 different re-
lizations of our forecast; each one obtained with 1000 bootstrap 
esamplings and 5 per cent of BASS noise. The values of � 〈 L Ly α〉
the mean of � 〈 L Ly α〉 B ) vary between realizations, the error (the σ of
 〈 L Ly α〉 B ) remains approximately constant. F or e xample, in Fig. 13 ,

he average error and its standard deviation for all 20 realizations 
s 6 . 89 ± 0 . 15 × 10 −21 erg s −1 cm 

−2 Å−1 arcmin −2 (i.e. the σ of the
rror is ∼2 per cent of its average value). 

If all the realizations are combined into a single one (i.e. combining 
he 20 realizations of 1000 bootstraps into a single one with 20 000),
he result is a wider Gaussian distribution for � 〈 L Ly α〉 B than the
istributions for separate realizations (lower panel of Fig. 13 ). The 
tandard deviation for this combined distribution is 9 . 48 × 10 −21 

rg s −1 cm 

−2 Å−1 arcmin −2 ; an increase of almost 40 per cent com-
ared to individual realizations. In fact, some of the Gaussian 
istributions corresponding to different realizations in Fig. 13 are 
eparated by more than 1 σ , indicating that this variation between 
ealizations might be significant in some cases (larger than the error
f � 〈 L Ly α〉 ). 
This variability of results between realizations is not a limitation 

f our forecast, but an additional systematic that is also expected to
rise when carrying out the Ly α IM study with real data. Indeed,
ust as in our forecast, the correlated noise (chequered pattern in 
ig. 10 ) and masking o v er the full DECaLS/BASS g-band intensity
ap may artificially enhance or worsen the structure of the real 
y α emission field, resulting in a shift of the true value of � 〈 L Ly α〉 .
oreo v er, in the real Universe there is only one realization of the

ky positions of the QSOs targeted by DESI; hence the variability 
etween realizations is not the error of the � 〈 L Ly α〉 measurement,
ut the variability of outcome for a measurement of � 〈 L Ly α〉 with
eal DESI–DECaLS/BASS data. 

Consequently, the variability between forecast realizations im- 
oses a hard limit on the precision with which we can determine
 〈 L Ly α〉 , in a similar way cosmic variance limits any cosmological

tatistics (e.g. Marra et al. 2013 ; Ma et al. 2024 ). In fact, the
ntrinsic variability of � 〈 L Ly α〉 can be seen as the combined effect
f cosmic variance, the limited space sampling of the Ly α forest,
nd the correlated noise in the g-band intensity map. Hence, all error
ntervals and regions shown hereafter, both for � 〈 L Ly α〉 and its SNR,
orrespond to their variability between forecast realizations. 

.1.2 Optimal r patch 

he most rele v ant free parameter in our Ly α IM methodology is
 patch ; in principle, we can choose any r patch as long as it remains
elow the angular scales of the BASS camera. Hence, we should
 v aluate ho w our � 〈 L Ly α〉 (and more importantly, its SNR), e volve
ersus r patch , with the aim of finding its optimal value. By optimal
 patch , we e xclusiv ely refer to the r patch that yields the maximum
 〈 L Ly α〉 SNR, not the r patch that may provide tighter constraints for

ther parameters (e.g. 〈 L Ly α〉 or b e ). 
In Fig. 14 , we display how the value of � 〈 L Ly α〉 and, more

mportantly, its SNR evolve versus patch radius. We show both 
 noiseless forecast and one with 10 per cent of BASS noise (for
oth cases, 100 forecast realizations with 100 bootstrap resamplings 
ere computed). The value of � 〈 L Ly α〉 monotonically decreases with

adius, as would be expected from integrating regions further away 
rom the Ly α forest sightline. The SNR, ho we ver, increases with
adius up to a given maximum, and then smoothly decreases. This
NR maximum is caused by two opposing trends: the integration 
MNRAS 535, 826–852 (2024) 
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Figure 15. Upper panel: evolution of � 〈 L Ly α〉 versus minimum QSO 

redshift in our study, for a noiseless case (blue) and 10 per cent of BASS 
noise case (red). Middle panel: SNR versus minimum QSO redshift (left y - 
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for the 10 per cent noise case. 
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f more Ly α emission versus the smaller correlation between Ly α
mission and Ly α forest absorption as the patch radius increases.
he SNR maximum is localized at r patch = 16 . 5 arcmin for the
oiseless forecast, but when we add noise the optimal radius shifts
o r patch = 26 . 4 arcmin (approximately 33 cMpc h −1 at 〈 z〉 = 2 . 64).

e have verified that this radius remains constant for increasing
oise levels, so we will adopt r patch = 26 . 4 arcmin for our forecast.
oreo v er, we hav e also v erified that smaller trends such as the

pparent minimum at r patch ∼ 35 arcmin in the lower panel of Fig. 14
r the apparent SNR increase at the largest r patch on the same panel are
ot significant. They stem from the variability between realizations,
nd they do not consistently appear if we recompute Fig. 14 with a
ifferent set of realizations. 
Moreo v er, by choosing such a large r patch , we ensure that all Ly α

mission inside the cosmic volume defined by the DESI footprint and
he g-band redshift range (2 . 2 < z < 3 . 4) is integrated in our study.
 circular patch of radius 26.4 arcmin has an area of 0.61 deg 2 ;

ccording to the DESI QSO density distribution (Fig. 1 ), on average
uch an area should contain at least one Ly α QSO (and thus a patch
hould be integrated around it) up to z = 3 . 75. Since this redshift
s higher than the maximum Ly α redshift observed by the g band,
e can state that on average all Ly α emission in the cosmic volume
efined by the DESI footprint and the g-band redshift convolution is
ampled by at least one patch. 

Three additional remarks are worth mentioning regarding Fig. 14 .
irst, at r patch > 26 . 4, the SNR decreases with radius very slowly,

o the point that the decrease until r patch = 45 is barely significant
aking into account the aforementioned variability between forecast
ealizations (shaded regions). Hence, the SNR is almost insensitive
o patch radius at r patch > 26 . 4, which means that a real observational
tudy does not necessarily have to use r patch = 26 . 4 arcmin, and that
 significant detection of � 〈 L Ly α〉 > 0 would very likely imply a
etection at larger patch radii, and thus larger scales. 
Second, it is possible that the SNR peak at r patch = 26 . 4 and the

low decline at larger radii are partially or totally caused by the
imited size of our simulation box. The maximum scales at which
he 2PCF/power spectrum can be sampled in a given simulation are
imited by the simulation size (Bagla & Ray 2005 ). In Renard et al.
 2021 ), using the same hydrodynamic simulation (with a box size
f 400 cMpc h −1 , Section 4 ) a sharp decrease in the 2PCF and its
espective SNR at scales of > 35 cMpc h −1 could be seen. Direct
xtrapolations of Renard et al. ( 2021 ) results cannot be made here
o understand the impact of the box size. This is because Renard
t al. ( 2021 ) used fine redshift slices to compute the 2PCF while
ere we define a custom estimator o v er a much larger light-cone.
e vertheless, gi ven their results, it is likely that the limited size of

he simulation box artificially decreases the SNR of our forecast
fter a given r patch . Regardless, this limitation of our forecast would
nly mean that the r patch for true maximum SNR is larger than 26.4
rcmin, and thus by choosing r patch = 26 . 4 arcmin we might be being
onserv ati ve on our SNR estimates. Based on this reasoning, while
e suggest r patch = 26 . 4 arcmin for an actual observational study
ased on Fig. 14 , we warn that repeating said study with larger r patch 

ay yield higher SNR. 
Third, the value of r patch = 26 . 4 is close to the CCD size of

0Prime, the BASS camera. It is also possible that the slow SNR
ecrease at r patch > 26 . 4 is due to the chequered CCD-sized pattern
n Fig. 10 at similar scales. Re gardless, ev en if we used a DECaLS
ntensity map for the forecast instead, the transversal scales we can
ample are still limited by the size of our hydrodynamic simulation;
ithout a significantly larger simulation box we cannot disentangle

hose effects. Hence, our conclusions remain the same: it is possible
NRAS 535, 826–852 (2024) 
hat a larger r patch yields a higher SNR with a real data study, and
t is also possible that the real optimal r patch is limited by CCD or
OV size. Ho we ver, since the � 〈 L Ly α〉 SNR versus r patch in Fig. 14
uctuates by less than 50 per cent, we expect the predicted SNR to
ave the same order of magnitude as our forecast even if the optimal
 patch for real data ends up being significantly different than the r patch 

e employ. 

.1.3 Optimal z min QSO 

n addition to r patch , another parameter we may explore to optimise
NR is z min QSO ; the minimum redshift at which we take the
y α QSOs from DESI into our Ly α IM study. Following DESI
ollaboration ( 2016 ), all QSOs with z > 2 . 1 have Ly α forest that
an be observed with DESI, but the Ly α redshift range of the g band
s approximately 2 . 2 < z < 3 . 4 (Fig. 1 ). Hence, we can choose a
igher value of z min QSO to increase the minimum redshift o v erlap
etween the Ly α forest data and the integrated Ly α emission in the
-band patches. Ho we ver, by choosing a higher z min QSO cut, we also
elect a smaller total number of QSOs, reducing the size of our
ample. 

This trade-off between number of QSOs and redshift o v erlap is
xplored in Fig. 15 , which shows the evolution of � 〈 L Ly α〉 and
ts SNR versus z min QSO , for our fiducial Ly α emission model and
00 realizations with 100 bootstrap resamplings in each case. The
SO number has been computed following DESI Collaboration

 2016 ), which assumes a total of 700 000 QSOs 3 for the full DESI
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Figure 16. Colour map of � 〈 L Ly α〉 values for the ranges of b e of our model 
and 〈 L Ly α〉 we deem realistic, for r patch = 26 . 4 arcmin. The isolines are 
for the value � 〈 L Ly α〉 = 2 × 10 −20 erg s −1 cm 

−2 Å−1 arcmin −2 for r patch = 

22 arcmin (dotted line), r patch = 26 . 4 arcmin (dashed line), and r patch = 33 
arcmin (dash–dotted line). 
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urv e y at z min QSO = 2 . 1. The � 〈 L Ly α〉 values in Fig. 15 increase
ith z min QSO up until z min QSO = 2 . 5 (since we remo v e the QSOs
ith the least redshift o v erlap with the g band, and thus the least

orrelated to patch flux). At higher z min QSO , the � 〈 L Ly α〉 value
teadily decreases (because at that point, increasing z min QSO remo v es 
he most o v erlapping/correlated QSOs). 

The SNR, ho we ver, peaks just at z min QSO = 2 . 2, both in the
oiseless case and for 10 per cent BASS noise. At z min QSO > 2 . 2,
emoving the least overlapping/correlated QSOs in exchange for 
educing our sample does not increase � 〈 L Ly α〉 SNR. This behaviour
s to be expected, since the QSO redshift distribution is monotonically 
ecreasing in our redshift range, and by removing QSOs starting by 
he lowest redshift we significantly reduce our sample, and thus the 
NR of � 〈 L Ly α〉 . Hence, we choose z min QSO = 2 . 2 for our study,
hich results in 579 183 DESI QSOs (DESI Collaboration 2016 ). 

.1.4 Evolution of � 〈 L Ly α〉 versus 〈 L Ly α〉 and b e 

fter determining the optimal r patch and z QSO min to maximize SNR, 
e show in Fig. 16 how our statistic � 〈 L Ly α〉 evolves in the 〈 L Ly α〉 ,
 e parameter space of our Ly α emission model. Here, for every pixel
n the colour map we computed our forecast without BASS noise nor
ystematics, using the 〈 L Ly α〉 , b e parameter values corresponding to
he pixel coordinates (shown on Fig. 16 axis), instead of the ‘fiducial’
odel used so far. For all 〈 L Ly α〉 , b e pairs we used the same QSO

ealization, by choosing the exact same pixels of our Ly α and noise
ntensity maps for all cases. This was done to control that source
f variability. Furthermore, we did not resample via bootstrapping 
ecause the SNR is high enough (SNR ∼ 100) for the bootstrapping 
ariability to become negligible. 

From Fig. 16 , we can see that � 〈 L Ly α〉 increases for both higher
alues of 〈 L Ly α〉 and b e . These trends are in line with our Ly α
mission model (equation 13 ): 〈 L Ly α〉 is simply a multiplicative
actor, and the bias b e increases the contrast between underdense 
nd o v erdense re gions. Fig. 16 colour map also exhibits an almost
adial symmetry centred at the highest 〈 L Ly α〉 , b e corner (upper right).
herefore, a given measured value of � 〈 L Ly α〉 just constrains a curve
n 〈 L Ly α〉 , b e space. Nevertheless, it is worth examining if we can
reak the 〈 L Ly α〉 –b e de generac y by measuring the value of � 〈 L Ly α〉
or different patch radii. 

This question can be answered by examining the isolines plotted 
 v er the colour map in Fig. 16 . These correspond to the arbitrary
alue of � 〈 L Ly α〉 = 2 × 10 −20 erg s −1 cm 

−2 Å−1 arcmin −2 , for the
ptimal r patch of 26.4 arcmin, as well as for patch radii of 22 and 33
rcmin. Increasing (decreasing) patch radius just offsets the 〈 L Ly α〉 –
 e curv e a w ay (tow ards) the upper right corner (the ‘centre’ of radial
ymmetry). Interestingly, curves corresponding to different r patch do 
ot intersect. Consequently, modifying r patch only offsets our � 〈 L Ly α〉
y a gi ven v alue, without providing additional constraints for either
 L Ly α〉 or b e . 

Re gardless, this de generac y is not an issue, since we hav e dev el-
ped the � 〈 L Ly α〉 estimator assuming a low SNR scenario with a
ignificant detection for a single r patch at most. If the � 〈 L Ly α〉 SNR
ith an eventual observational study was high enough to constrain 
 〈 L Ly α〉 in several radial bins, the angular power spectrum could

e computed instead, which could be used to constrain b e alone [as
alaxy bias has been constrained with e.g. weak lensing in Dvornik
t al. 2017 , or cosmic microwave background (CMB) lensing in
lonso et al. 2021 ]. 
Therefore, our forecast for DESI in the following subsection will 

nly focus on the � 〈 L Ly α〉 SNR we expect for the optimal r patch 

nd z min QSO , as well as the upper bounds that may be placed on
 L Ly α〉 and b e in the case of a non-detection. It is worth noting
hat, following the isolines in Fig. 16 , smaller r patch values result in a
 〈 L Ly α〉 estimator more sensitive to b e : a given variation in b e results

n a larger variation in � 〈 L Ly α〉 . Hence, if the SNR is high enough for
 confident detection with the optimal r patch = 26 . 4 arcmin, exploring
maller r patch may yield better constraints in the 〈 L Ly α〉 –b e space. 

.1.5 Additional remarks 

efore moving on, here we shortly comment on two rele v ant
alidations we performed while evaluating the behaviour of � 〈 L Ly α〉 .
irst, for a number of QSOs smaller than the number of pixels of our
y α simulated image (Fig. 10 ), selecting adjacent QSO pixels (in
 ‘compact’ configuration’) or sparse pixels from the whole image 
which would be closer to a real QSO distribution) did not make
 significant difference for the � 〈 L Ly α〉 value or SNR. Therefore,
n arbitrarily wide surv e y with an arbitrary large number of QSOs
an be simulated by just drawing enough Ly α patch-noise patch 
ombinations, with the only limit being the cosmic variance intrinsic 
o the hydrodynamic simulation. 

Second, the BASS intensity map we use to model all noise sources
ogether might actually lead to an SNR underestimation. The real Ly α
SS signal is already contained in that map, but uncorrelated to the
imulated Ly α signal of our hydrodynamic simulation, so it is an
dditional source of noise that will not be present in an eventual
bserv ational study. To e v aluate this ef fect, we computed � 〈 L Ly α〉
nd its SNR by adding the flux of an uncorrelated Ly α patch to each
y α patch (i.e. from a randomly drawn QSO that does not correspond

o the QSO used to extract the Ly α fores data). This uncorrelated Ly α
ignal decreased SNR by 30 per cent–40 per cent when no extra noise
ources were added. Nevertheless, when a fraction of the BASS noise
as added to our forecast, the SNR decrease became negligible, i.e.:

he SNR was virtually the same for the 10 per cent BASS noise cases
n Figs 14 and 15 . Hence, while having a real, uncorrelated Ly α
ignal in our noise model makes our forecast more conserv ati ve, the
MNRAS 535, 826–852 (2024) 
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M

Figure 17. Average SNR of � 〈 L Ly α〉 for our DESI forecast (left) and a hypothetical DESI ×2 extension (right), versus 〈 L Ly α〉 and b e of our Ly α emission 
model. The SNR is derived from 100 bootstrap resamplings, and for each 〈 L Ly α〉 –b e case 100 QSO realizations were computed. Solid white line is the isoline 
for average SNR = 3 (the average detection limit), while dashed white lines are the 1 σ confidence interval of the detection limit. Grey hatched area is the 〈 L Ly α〉 
range we deem realistic. 
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Figure 18. Mean SNR and the 1 σ confidence interval (coloured area), versus 
〈 L Ly α〉 , for DESI (green) and DESI ×2 (purple). Solid lines represent the 
cases with the minimum bias of our model ( b e = 1 . 5), and dashed lines, 
the maximum bias ( b e = 3 . 5). Horizontal grey line represents the SNR = 3 
detection threshold. 
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ffect we expect in our SNR predictions with real BASS noise is
egligible. 

.2 Results for DESI/DESI ×2 

e computed our final forecast for two surv e ys: DESI, as originally
aid out in DESI Collaboration ( 2016 , with 579 183 QSOs at
 > 2 . 2 considered in our study), and a hypothetical DESI phase-
I extension which doubles the amount of observed Ly α QSOs
1 158 366 for our study). The exact characteristics of DESI phase-
I are not disclosed/decided at the time of writing (to the best of
he authors knowledge), hence we will simply dub our hypothetical
xtension as DESI ×2. Simply increasing the number of QSOs does
ot consider other factors that influence our forecast. For example,
he characteristics of the o v erlapping imaging surv e ys, or a likely
hange in the QSO redshift distribution towards higher redshift
temming from deeper target selection. Regardless, doubling the
umber of QSOs is a reasonable order-of-magnitude estimate of
hat an eventual DESI extension may yield. For example, Schlegel

t al. ( 2022 ) propose observing an additional extra 1.1 million LAEs
t z > 2 . 3, although it does not specify how well the Ly α forest could
e extracted from the spectra of those sources. 
Fig. 17 shows the � 〈 L Ly α〉 average SNR versus the parameters

f our Ly α emission model ( 〈 L Ly α〉 , b e ). We have explored a larger
ange of 〈 L Ly α〉 than the limit we considered realistic [up to 5 ×
0 41 erg s −1 (cMpc 3 ) −1 instead of 1 . 5 × 10 41 erg s −1 (cMpc 3 ) −1 ]: the
redible 〈 L Ly α〉 range [up to 1 . 5 × 10 41 erg s −1 (cMpc 3 ) −1 ] is hatched
n gre y. F or all simulated cases, the 100 realizations of the forecast
ere computed, with 100 bootstrap resamplings each. 
The solid white line in Fig. 17 represents the detection limit

i.e. average SNR = 3), while the two dashed white lines are its
σ contours. By examining the colour maps on Fig. 17 , the SNR

ependence with Ly α tracer bias b e becomes evident: for both DESI
nd DESI ×2, a detection seems very unlikely for b e = 1 . 5 (the SNR
 3 contour lies abo v e the grey-hatched area by more than 1 σ ). On
NRAS 535, 826–852 (2024) 
he other hand, for b e = 3 . 5, a detection appears plausible for DESI
the SNR = 3 contour sits just at the limit of the realistic 〈 L Ly α〉
e gion). F or DESI ×2, a detection becomes highly likely, with the
NR = 3 line 1 σ below the limit of the grey hatched area. 
To better understand the SNR variability between forecast realiza-

ions, in Fig. 18 the average SNR and its ±σ range are displayed for
oth DESI and DESI ×2, for the highest and lowest bias ( b e = 3 . 5
nd 1.5, respectiv ely). F or all cases, the SNR variability (i.e. σSNR )
emains approximately constant v ersus 〈 L Ly α〉 , e xcept in the lowest
NR regime (SNR ∼ 1), which stems from the SNR distribution
ecoming progressively more skewed (as SNR is strictly positive).
igher bias b e increases the SNR and its variability (from σSNR ∼ 1

t b e = 1 . 5 to σSNR ∼ 1 . 2 at b e = 3 . 5), but a larger surv e y footprint
r number of QSOs seems to increase the SNR while leaving σSNR 
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Figure 19. Triangle plot of the upper bounds on 〈 L Ly α〉 and b e placed by a 
non-detection ( � 〈 L Ly α〉 SNR < 3) for DESI (green) and DESI ×2 (purple). 
Contours in the bottom left panel correspond to 1 σ and 2 σ constraints, while 
the hatched areas indicate the range of 〈 L Ly α〉 we deem realistic. 
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Table 2. Marginalized upper bounds for 〈 L Ly α〉 and b e for a non-detection in 
our forecast, together with probability of detecting Ly α LSS (SNR � 〈 L Ly α〉 > 

3). 

〈 L Ly α〉 [10 40 erg s −1 (cMpc 3 ) −1 ] b e P detect (per cent) 

DESI 23 ± 10 2 . 39 ± 0 . 56 23.95 
DESI ×2 15 . 5 ± 7 . 0 2 . 40 ± 0 . 56 54.93 
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argely unaffected. Regardless, the most relevant result of Fig. 18 is
hat the SNR variability is only significant in the low SNR regime,
amely: when a detection seems uncertain. For an average SNR = 3
e find σSNR ∼ 1, which means that a detection is plausible, yet 
nsure. Also, any upper bounds placed by a non-detection will have 
ignificant errors intervals. On the other hand, for a hypothetical 
 〈 L Ly α〉 SNR = 10, which could happen if the total 〈 L Ly α〉 was

eavily underestimated in the literature, or if a deeper imaging 
urv e y was used, we still find σSNR ∼ 1. On such a high SNR regime,
he intrinsic variability between forecast realizations (and between 
SO positions and imaging data with real observations) becomes 

ubdominant. 
Hence, for a gi ven v alue 〈 L Ly α〉 , there are two sources of variability

or the expected SNR of our forecast: the (unknown) real value of the
ias b e , and the intrinsic variability between forecast realizations of
 〈 L Ly α〉 . Nevertheless, we can still place upper bounds on 〈 L Ly α〉 for
 non-detection of � 〈 L Ly α〉 . For each ( 〈 L Ly α〉 n , b e n ) case e v aluated in
ig. 17 (i.e. each pixel n on the colour map), the fraction of forecast
ealizations with SNR < 3 is the probability of not detecting � 〈 L Ly α〉
or that given ( 〈 L Ly α〉 n , b e n ). We can also interpret it as the probability
f the real value of 〈 L Ly α〉 , b e being equal or lower to 〈 L Ly α〉 n , b e n ,
iven a non-detection. In other words, the cumulative distribution 
unction P ( 〈 L Ly α〉 ≤ 〈 L Ly α〉 n , b e ≤ b e n | SNR < 3). Therefore, by
ifferentiating this cumulative distribution with respect of 〈 L Ly α〉 and 
 e , we obtain P ( 〈 L Ly α〉 n , b e n | SNR < 3), the probability distribution
f the upper bounds of ( 〈 L Ly α〉 , b e ). 
Fig. 19 displays this probability distribution of the upper bounds, 

ogether with the marginalized probability distributions for 〈 L Ly α〉 
nd b e . Table 2 contains the mean and σ of the marginalized upper
ounds, together with the probability of detection for an actual 
bservational study ( � 〈 L Ly α〉 SNR > 3). This probability of detection
as computed by integrating P ( 〈 L Ly α〉 , b e | SNR < 3) over the whole
ias range of our Ly α emission model, and o v er the credible range
f 〈 L Ly α〉 values (assuming a flat prior) and then normalizing by
he integral of P ( 〈 L Ly α〉 , b e | SNR < 3) o v er the whole ( 〈 L Ly α〉 , b e )
arameter space sampled in Fig. 19 . 
From both Fig. 19 and Table 2 , a clear conclusion can be drawn:

ur methodology can impose increasingly tight upper bounds on 
 L Ly α〉 , but it has little constraining power for the tracer bias b e .
ndeed, compared to DESI, the marginalized 〈 L Ly α〉 distribution for
ESI ×2 is significantly narrower and shifted towards lower 〈 L Ly α〉
alues, while the marginalized b e distribution remains ef fecti vely the
ame, namely: a rather flat distribution across the sampled b e range,
ith some preference for lower b e values (given that a detection is

ess likely for lower b e ). 
Regarding the 〈 L Ly α〉 upper bounds in Table 2 , a non-detection

n DESI would predict them to be approximately a factor of ∼
.5 times larger than the most optimistic literature estimates [2 . 3 ±
 . 0 × 10 41 erg s −1 (cMpc 3 ) −1 versus 1 . 5 × 10 41 erg s −1 (cMpc 3 ) −1 ].
n the other hand, for the hypothetical DESI ×2, the upper
ounds are extremely similar to said estimates [1 . 55 ± 0 . 73 · 10 41 

rg s −1 (cMpc 3 ) −1 ]. This is also reflected in the probability of a
etection: going from just 23.95 per cent in DESI to 54.93 per cent
n DESI ×2. Consequently, we can claim that even with DESI alone
he upper bounds on 〈 L Ly α〉 are of the same order of magnitude of
he state-of-the-art LFs of faint LAEs (Drake et al. 2017 ), and with
ESI ×2 a proper detection of Ly α LSS in g-band images becomes
uite plausible. In the following section, we will discuss more in-
epth the implications of these results, and in Appendix C , we show
he results of a extrapolation of this forecast to the cross-correlation
f DESI with the Large Synoptic Surv e y Telescope (LSST, Ivezi ́c
t al. 2019 ). 

 DI SCUSSI ON  

he results of our forecast are moderately optimistic for DESI: 
hile a detection of Ly α LSS is uncertain, the upper bounds that
e derive from a non-detection are competitive. Here, we discuss 

he interpretation of the results presented here, as well as the
ossible ways to impro v e our analysis and results in future works,
ither by improving the SNR of an eventual study with real DESI–
ECaLS/BASS data, or tightening the constraints on 〈 L Ly α〉 and b e .
e also comment on the results and science that can be expected

rom upcoming imaging/spectroscopic surv e ys. 

.1 Extrapolation to number of obser v ed QSOs 

he forecast presented in this work is intentionally conserv ati ve at
 very stage; whene ver a decision was necessary, we consistently
pted for a reasonable and cautious approach. For example, imaging 
ata were modelled using BASS instead of DECaLS, which is slightly 
hallower, and thus noisier [23.95 5 σg-band point spread function 
PSF) depth versus 23.65, Dey et al. 2019 ], and public SDSS BOSS
ocks were used to model the Ly α forest noise (Bautista et al.

015 ), which are bound to be noisier than DESI observations. In fact,
ECaLS has a g-band magnitude limit 0.3 mag deeper than BASS

Dey et al. 2019 ); extrapolating the imaging noise map with a very
MNRAS 535, 826–852 (2024) 
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imple approximation (equation C1) we can expect a reduction in
oise (and thus SNR increase) of ∼25 per cent. Given that DECaLS
o v ers 9000 de g 2 of the DESI footprint, and BASS 5000 deg 2 , a total
NR increase of ∼15 per cent can be expected (assuming the total
NR is the average of DECaLS and BASS, weighted by footprint
ize). This simple extrapolation confirms that our estimations are
onserv ati ve, although an SNR increase of 15 per cent does not
hange the general conclusions of this work. 

The image reduction procedure to mitigate photometric noise was
lso the most rudimentary we could perform while ensuring that
he Ly α emission signal was preserved (subtraction of average sky
er pointing and resolved foreground subtraction, Section 4.2.1 ). We
id not assume more sophisticated image reduction or foreground
emoval methods that might be developed in future work. Therefore,
he results presented throughout Section 5.2 , and especially in
able 2 , are to be taken as conserv ati ve estimates. 
Ho we ver, we can easily update our estimates for the actual

umber of Ly α QSOs contained in an eventual DESI Y5 data
elease. This number will exceed the baseline projection from DESI
ollaboration ( 2016 ). Moreo v er, a e xtension/second phase of DESI
ill not be an exact duplicate of its currently ongoing first phase, as

ssumed here; an extension reaching a total footprint of 18 000 deg 2 

s is currently more likely (instead of 28 000 deg 2 assumed for
ESI ×2). 
On the other hand, for the first phase of DESI there is reason

or optimism: current QSO densities observed with DESI are
pproximately 20 per cent higher than the requirements in DESI
ollaboration ( 2016 ; Chaussidon et al. 2023 ). Regardless, the 〈 L Ly α〉
pper bounds scale well with the inverse of the square root of the
umber of QSOs: in Table 2 both the upper bound derived for
ESI ×2 and its error are approximately the DESI upper bounds
ivided by 

√ 

2 . Hence, the upper bounds on 〈 L Ly α〉 for a given
umber of observed DESI QSOs N QSO obs can be rescaled from our
ESI forecast simply with 

 L Ly α〉 UB obs = (2 . 3 ± 1 . 0) ×
√ 

579 , 183 

N QSO obs 
×10 41 erg s −1 (cMpc 3 ) −1 , (15) 

where the 〈 L Ly α〉 UB obs is the observational upper bound, and the
umerical values correspond to the upper bound and number of
SOs of our work. Following this extrapolation, just the increase in
0 per cent of QSO density shown in Chaussidon et al. ( 2023 ) already
owers the 〈 L Ly α〉 upper bounds of our forecast by ∼9 per cent. If
e consider a DESI phase-II with a total footprint of 18 000 deg 2 

n addition to the QSO density impro v ement from Chaussidon
t al. ( 2023 ), the total QSO number would increase by 54 per cent
ompared to our DESI forecast, lowering the 〈 L Lyα〉 upper bounds
y approximately 20 per cent. 
The extrapolation presented in equation (15) would only work as

ong as observations were to be performed in an area with g-band
ata of similar depth to DECaLS/BASS. In case a DESI phase-II
arget selection was to be carried out with a significantly deeper
urv e y, our forecast would have to be recomputed with images from
uch surv e y. 

.2 Future work 

his work demonstrates that detecting LSS in Ly α emission within
 g-band intensity map is feasible with DESI, particularly with a
otential phase-II. Even if no LSS is detected, the upper bounds
n Ly α emission that can be established are comparable to the
ost optimistic estimates in the literature. Nevertheless, two areas

f further research could substantially enhance this projections:
NRAS 535, 826–852 (2024) 
mpro v ed image reduction/foreground subtraction and more sophisti-
ated simulations of the Ly α emission and absorption fields. We also
xpect that future work will use larger simulation boxes, computed
ith state-of-the-art cosmological models (e.g, MillenniumTNG,
ern ́andez-Aguayo et al. 2023 ). 

.2.1 For eground r emo val and ima g e reduction 

 ore ground subtraction has arguably been the most important
bservational challenge for 21 cm IM studies, as the resulting
ntensity maps are not dominated by 21 cm emission of H I LSS,
ut synchrotron and free–free emission of galactic origin (Santos,
ooray & Knox 2005 ; Jeli ́c et al. 2010 ). Several methods have been
eveloped to subtract this unwanted signal, from polynomial fitting
e.g. Ansari et al. 2012 ) to more sophisticated statistical methods
uch as principal component analysis (Alonso et al. 2015 ; Zuo,
hen & Mao 2023 ), or machine learning approaches like Gaussian
rocesses (Soares et al. 2022 ). All these approaches rely on the
oreground emission being smoother in frequency than the 21 cm
osmic signal; the foreground-contaminated region in Fourier space
s usually called the ‘foreground wedge’ (Liu, Parsons & Trott
014 ). 
In this study, it is evident that the Ly α intensity map derived from g-

and images is predominantly dominated by components other than
he Ly α signal. The chequered pattern in Fig. 10 roughly matches the
CD size of the BASS camera, which clearly points to the dominant
omponent of the intensity map being of instrumental/atmospheric
rigin. Moreo v er, in Renard et al. ( 2021 ), it was already pro v en that
osmic foregrounds are subdominant for similar imaging depths:
or a Ly α forest-narrow-band imaging cross-correlation on 100 deg 2 

eBOSS/DESI–PAUS, with magnitude limit i = 23), cosmic fore-
rounds alone would still allow a clear detection of the 2PCF in
everal radial bins, while adding instrumental noise would make a
etection unfeasible. 
Hence, we are faced with a fundamentally different problem than

oreground subtraction for 21 cm: instead of modelling and removing
 foreground intensity map of mostly galactic origin (i.e. a scalar
eld defined in RA, Dec., and z coordinates), we have to model
nd subtract a series of signals that will not depend on cosmic
oordinates, but on observation time, atmospheric, and instrumental
onditions. It is worth noting that observations of the 21 cm line is also
ontaminated by noise of atmospheric origin (ionospheric effects,
hen et al. 2021 ) or even man-made, dependant on observation

ime (radio-frequency intereference, Wilensky et al. 2023 ), but these
emain subdominant. 

The mitigation of instrumental systematics (mainly the CCD-
o-CCD variability in Fig. 10 ) and undesired emission of atmo-
pheric/lunar/zodiacal origin (e.g. sky gradients remaining in Fig. 10 )
ould be tackled separately. F or e xample, detailed sk y emission
odels already exist for certain observatories (e.g. Noll et al.

012 ), albeit they are more focused on modelling sky spectra.
he development and subtraction of mock sky images based on
imilar models could remo v e part of the undesired sky foregrounds.
educing the CCD-to-CCD variability, on the other hand, should be
ostly attained via the impro v ement of image reduction pipelines. 
Therefore, we can confidently state that there is a margin

or impro v ement on the SNR side and on the general previ-
ions of our forecast. This is especially true if research is car-
ied out on image reduction/foreground subtraction. Ho we ver, we
annot quantify the extent of this improvement without further
ork. 
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.2.2 Modelling the Ly α emission field 

n this work, we have used a simple two-parameter Ly α emission
odel that allows tuning the total average cosmic Ly α emission, 

 L Ly α〉 , and its bias as a cosmological tracer, b e , while respecting
ithin ∼1 dex the constraints imposed by the brightest QSOs and 
y α nebulae on the bright end (Section 4.1 and Appendix B ). While

his model generates a Ly α emission field with the desired features, 
t is agnostic when it comes to the relationship between 〈 L Ly α〉 and
 e : it allows for any combination of both, as long as b e is within the
ange it has been tuned to work. 

Nevertheless, not all combinations of 〈 L Ly α〉 and b e are plausible
r allowed by a physically moti v ated model. In Fig. 8 , we sho wed that
SOs are significantly more biased ( b e � 3 . 5) than observed LAE

amples ( b e ∼ 1 . 5). Ho we ver, the total Ly α luminosity contribution
f QSOs is fairly well constrained, given their brightness (e.g. 
pinoso et al. 2020 ; Liu et al. 2022 ; T orralba-T orregrosa et al.
023 ), while the faint of the LAE LF is just hypothesized from
ltradeep observations of cosmic filaments (Bacon et al. 2021 ). 
ence, if the real value of 〈 L Ly α〉 corresponds to the most optimistic

stimates [1 . 5 × 10 41 erg s −1 (cMpc 3 ) −1 , Fig. 9 ], the reason for it
ill be that the bulk of Ly α luminosity is produced by the currently
ndetected faint end of the LAE LF of Drake et al. ( 2017 ), plus
iffuse fluorescent/resonant emission like the one sampled by Croft 
t al. ( 2016 ) and Lin et al. ( 2022 ). 

Therefore, a high value of 〈 L Ly α〉 will push the tracer bias
f Ly α emission to the low end ( b e ∼ 1 . 5). Conversely, a low
alue of 〈 L Ly α〉 will necessarily imply a higher bias, since QSOs,
he most biased tracers, are making a significant contribution to 
he total Ly α luminosity budget. From this reasoning, it follows 
hat there must be a ‘forbidden’ high- 〈 L Ly α〉 high- b e zone in our
arameter space, namely: a region where 〈 L Ly α〉 is high enough
o be mostly produced by faint LAEs and diffuse emission, 
ut a b e so high to also require a significant contribution from
SOs. 
Such ‘forbidden zone’ would restrict our 〈 L Ly α〉 –b e parameter 

pace, and would be represented by a masked area in the upper right
orner of Fig. 17 . This restriction has remarkable implications for
ur results, since we would not inte grate o v er the whole 〈 L Ly α〉 –b e 
pace sampled in Fig. 19 . First, the upper bounds on 〈 L Ly α〉 displayed
n Table 2 would tighten, as we marginalize o v er a smaller b e range.
econd, the detection probabilities in Table 2 would be likely to 
ecrease, given that we are removing the highest SNR region of our
arameter space. Regardless, a physically moti v ated Ly α emission 
odel that considers all possible sources (from QSOs to fluorescent 

GM emission) is out of the scope of this work, and without such a
odel, any speculation of the shape of this ‘forbidden zone’ would 

e just a guess. 
With a physically moti v ated (or at least more developed) Ly α

mission model, we may also impro v e the SNR of an eventual Ly α IM
tudy. In this work, we have integrated the g-band patches with uni-
orm radial weighting – equation ( 1 ) –, but for a given Ly α emission
odel and a given radial length, there must be a radial kernel ( W ( r)

n equation 2 ) that maximizes the SNR of � 〈 L Ly α〉 . Convolution
ernels that increase the SNR of a given statistic are already used in
osmology, i.e. in CMB lensing by weighting the redshift convolution 
y the inverse of the variance (e.g. Qu et al. 2024 ), or in CMB
olarization by weighting more the redshift ranges where a signal 
s expected (Montero-Camacho & Hirata 2018 ). Ho we ver, since we
ave performed our forecast for the r patch with maximum 〈 L Ly α〉 SNR,
he gains we may expect from a more sophisticated W ( r) will be
imited. 
e
Moreo v er, we do not expect a different W ( r) to break the 〈 L Ly α〉 –b e 
e generac y displayed in Fig. 16 . The isolines of � 〈 L Ly α〉 for different
 patch display a radial symmetry in the 〈 L Ly α〉 –b e space (which is the
ause of the de generac y). A different W ( r) would be a weighted
verage of � 〈 L Ly α〉 using step kernels of different r patch , i.e. a linear
ombination that would not break the radial symmetry of isolines in
ig. 16 . 
There are already examples in the literature of physically moti v ated

y α emission models for the cosmic web, computed by post- 
rocessing hydrodynamic simulations with radiative transfer (e.g. 
antalupo et al. 2005 ; Goerdt et al. 2010 ; Behrens et al. 2019 ;
yrohl & Nelson 2023 ). Less computationally e xpensiv e approaches, 

uch as lognormal mocks, have also been e xplored (Nieme yer 2024 ).
o we ver, the box sizes of these simulations are generally too small

or a study on the scales we sample ( > 1 Gpc in redshift direction,
nd > 30 cMpc in transverse direction for our patch size). Some of
hese simulations (e.g. Cantalupo et al. 2005 ; Behrens et al. 2019 ) are
f halo scales or slightly abo v e, and ev en the largest ones (to the best
f the author’s knowledge) are not large enough for the proper study
f LSS. For example, in Byrohl & Nelson (2023 ), the simulation box
ize is of 50 cMpc, as it is post-processed on the Illustris TNG50
imulation (Nelson et al. 2019 ). Moreo v er, not all possible sources of
y α emission are al w ays considered (e.g. in Behrens et al. 2019 only
tellar emission as an ionizing source is considered, and in Byrohl &
elson 2023 ionization from local stellar sources is not considered). 
Regardless, the implementation of a radiative transfer model, 

nstead of the simple Ly α emission model presented in this work,
ould significantly impro v e the accurac y of our forecast, and tighten

he 〈 L Ly α〉 upper bounds. State-of-the-art hydrodynamical simula- 
ions with larger sizes than our simulation box already exist (e.g.

illenniumTNG, Hern ́andez-Aguayo et al. 2023 , with a box size of
00 cMpc h −1 ). Running radiative transfer simulations with different 
ets of parameters (e.g. UV background, ionization from QSOs and 
tellar emission, cooling mechanisms) may result in different values 
f 〈 L Ly α〉 and b e for the Ly α emission field, which would allow
he Ly α IM studies like the one presented here to directly constrain
hysical properties of the IGM and/or cosmological parameters. 
Simulating the Ly α emission field for different radiative transfer 
odels may pro v e computationally too e xpensiv e; howev er, recent

evelopments in machine learning may dramatically reduce com- 
utational costs. Moreo v er, the e xploration of the cosmological
arameter space with Ly α IM amplifies the need for ine xpensiv e
y α emission simulations, as the Ly α emission field will have to be
omputed on several boxes with different cosmologies. 

The application of deep-learning models to extrapolate the results 
f small-scale radiative-transfer codes to larger simulated volumes 
s a v ery activ e field of research. Baryon inpainting generates baryon
istributions from much faster N -body simulations without the need 
or hydrodynamical computations (Wadekar et al. 2021 ; Dai et al.
024 ), and even H I density fields can be generated with similar
ethodologies (Bernardini et al. 2022 ). Physical properties of the 

GM gas (e.g. temperature, pressure, and electron density) can 
lso be simulated with neural networks (Mohammad et al. 2022 ;
ndrianomena, Hassan & Villaescusa-Navarro 2023 ); a similar 
eural network could be trained to generate Ly α emission fields 
rom hydrodynamical or N -body simulations for different sets of 
GM physical parameters. Another possible approach would be the 
se of emulators to interpolate statistics such as the power spectrum
etween simulations with different parameters. This approach has 
een widely explored for the matter power spectrum (e.g. Heitmann 
t al. 2013 ; Aric ̀o et al. 2021 ), and tracers such as galaxies (Kwan
t al. 2015 ) or the Ly α forest (Bird et al. 2023 ). 
MNRAS 535, 826–852 (2024) 
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In fact, if next-generation spectroscopic and imaging surv e ys
llow for Ly α IM studies with higher SNR than our expectations
or DESI/DESI ×2 (i.e. enough SNR to constrain the angular power
pectrum in several bins of distance), a very clear synergy between
imulations and observations may emerge. More sophisticated Ly α
mission models than those currently available will give more con-
training power to Ly α IM observations, and observations themselves
ill help rule out IGM physical models or place cosmological

onstraints. Moreo v er, resolv ed sources could be selectively removed
rom Ly α intensity maps before coadding (i.e. by applying colour cuts
o remo v e QSOs, or general magnitude cuts), to better understand
o w dif fuse emission versus dif ferent kinds of resolved emitters trace
he cosmic web. 

.3 Expectations for upcoming sur v eys 

he Ly α IM methodology presented in this work requires both
maging data to generate the Ly α emission intensity maps, and
pectroscopic data to extract the Ly α forest and cross-correlate it
ith the patches integrated around QSOs. Hence, future Ly α IM

tudies beyond DESI and its Legacy Imaging Surveys are contingent
n the development of both imaging surveys in the optical spectrum,
nd spectroscopic surv e ys targeting QSOs at redshifts high enough
o observe the Ly α forest. Moreover, if the SNR provided by future
urv e ys is high enough to have significant detections of � 〈 L Ly α〉 in
everal r patch , the 2PCF could be used instead of our estimator to
ross-correlate Ly α emission with Ly α forest absorption. A more
conventional’ IM study with the 2PCF would constrain the shape
f the power spectrum in Ly α emission, which would have a much
ore direct link to the existing LSS theory (e.g. Peebles & Yu 1970 ;
ernardeau et al. 2002 ) than our custom estimator. 
Two types of upcoming imaging surv e ys hold great promise for

ot only detecting Ly α IM, but even constraining the Ly α power
pectrum: space telescopes and ground-based time-domain surv e ys. 

.3.1 Broad-band imaging surveys 

s we have discussed and shown in Fig. 10 , the dominant pattern
n our BASS intensity map, and thus our main source of noise, is
rom instrumental and atmospheric origin. Observations from space
elescopes are free of any undesired emission of atmospheric origin,
o an optical intensity map constructed from such images should have
he chequered pattern displayed in Fig. 10 significantly mitigated,
ven with the exact same image reduction procedure carried out
n this paper. The already-launched Euclid mission (Scaramella
t al. 2022 ) will observe over 15 000 deg s of the sky significantly
 v erlapping with the DESI footprint (o v er 9000 deg 2 , Naidoo et al.
023 ). Its filter system consists of a very broad optical band I E 
between 5500–9000 Å), expected to reach a depth of I E = 26 . 2, as
ell as three near-infrared bands up to similar depths. The Euclid
 E band observes Ly α in a redshift range higher than most of
ESI Ly α forest data (3 . 5 ≤ z Ly α ≤ 6 . 4 versus 2 . 1 ≤ z Ly α ≤ 4 for

he great majority of DESI Ly α QSOs), so deeper, next-generation
pectroscopic surv e ys may be needed to cross-correlate with Euclid
mages (e.g. Schlegel et al. 2022 ). 

Another space telescope projected to launch in the next years that
olds even more promise for Ly α IM is the China Space Station
elescope (CSST, Miao et al. 2022 ; Liu et al. 2023 ). Planned to carry
ut a imaging surv e y co v ering at least the entire Euclid footprint,
SST is designed to observe at bluer wavelength, using standard
UV + ugrizy filters, with a approximate 5 σ magnitude limit
NRAS 535, 826–852 (2024) 
f 25.5 for point sources (Liu et al. 2023 ). Reaching almost two
agnitudes deeper than DECaLS/BASS, and free from any undesired

tmospheric emission, Ly α IM with g-band CSST images may not
nly yield a very significant detection of our estimator � 〈 L Ly α〉 , but
 ven allo w to constrain the angular po wer spectrum in Ly α in se veral
ngular bins. 

Regarding ground-based imaging surveys, the largest planned
or the upcoming years is the Vera C. Rubin Observatory (Rubin,
ormerly LSST, Ivezi ́c et al. 2019 ), planned to observe at least
8 000 deg 2 in the ugrizy filter system, and reaching a g-band 5 σ
oint-source magnitude depth of 25.6 and 26.84 in the first and tenth
ear of operations, respectively (LSST Collaboration 2018 ). Rubin is
esigned to be a time-domain surv e y, observing variable and transient
henomena (such as supernovae or AGN) over an unprecedented
olume. Consequently, for each surv e y pointing, approximately
000 exposures are planned along its 10-yr programme (LSST
ollaboration 2018 ). For the interest of IM studies, averaging out
1000 exposures instead of the 3 exposures per pointing taken

y DECaLS/BASS (Dey et al. 2019 ) will greatly mitigate any
xposure-dependent systematic in the g-band intensity map, be it
nstrumental or atmospheric. Although Rubin will be based on the
outhern hemisphere, at least 3200 deg 2 of overlap are expected with
ESI (Bolton et al. 2018 ). In Appendix C , we perform a simple

xtrapolation of our forecast to this minimal DESI–LSST overlap
nd show that, just after a year of operations of LSST, a detection of
he cosmic web in Ly α with our estimator seems extremely likely.
iven this promising preliminary forecast, we expect future work to

nvestigate the insight on IGM physical properties and cosmological
arameters that can gained from Ly α IM with LSST. 

.3.2 Spectroscopic surveys 

he deeper and cleaner images from upcoming imaging surv e ys will
e the main observ ational dri v e mo ving Ly α IM forward, but we
an also briefly comment on upcoming spectroscopic surv e ys. While
ery preliminary plans have been laid out for a Stage-V successor
o DESI (Me gaMapper, Schle gel et al. 2022 ), and telescopes with
imilar characteristics and science goals are under construction
MUltiple x ed Surv e y Telescope, Zhang et al. 2024 ), the impro v ement
hey may bring over DESI for Ly α IM is less certain. First, because
heir target selection is entirely contingent on available imaging data,
nd second, because only the targets that provide Ly α forest data can
e used for Ly α IM. Regardless, we can state that increases in Ly α
orest sightline densities can be expected from future spectroscopic
urv e ys, due to both increased completeness and depth. An increase
n the average redshift sampled by their Ly α forest and a shift towards
igher redshifts of the redshift kernel for Ly α IM studies (Fig. 1 ) is
lso to be expected, due to increased target selection depth. 

.3.3 Narrow-band imaging surveys 

inally, we also have to mention multi-narrow-band photometric
urv e ys, with filters of FWHM ∼ 100 Å, instead of the typical
WHM � 1000 Å, of standard broad-band filters. The increase of
pectral resolution provided by these narrow-band surveys results in
ntegration of the Ly α line in fine redshift bins of �z ∼ 0 . 1 instead
f �z ∼ 1. This finer binning results in a much stronger correlation
f the underlying Ly α emission field than broad-band surv e ys, giv en
hat the smoothing in the redshift direction is smaller than the scale
f homogeneity (just ∼50 cMpc h −1 , Renard et al. 2021 ). While this
 ould mak e narro w-band imaging ideal for Ly α IM, narro w-band

urv e ys are significantly scarcer, and most of them present important
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av eats. F or e xample, some are devoted to studying specific emission
ines in fields of few deg 2 (e.g. SILVERRUSH, Ouchi et al. 2018 ),
hile wider ones reach relati vely shallo w depths in a limited set
f filters (e.g. r < 21 in J-PLUS and S-PLUS, Cenarro et al. 2019 ;
e Oliveira et al. 2019 ). Narrow-band imaging surv e ys with depths

imilar to DECaLS/BASS ( r or i magnitude up to 23) co v ering a
ignificant fraction of the optical spectrum are generally not wide 
nough for Ly α IM, e.g. PAUS (Ben ́ıtez et al. 2009 ) co v ers ∼
0 deg 2 (Navarro-Giron ́es et al. 2024 ), and Renard et al. ( 2021 )
lready showed it was insufficient for Ly α IM. 

Ho we ver, the recently started J-PAS survey (Benitez et al. 2014 )
ill be deep (Bonoli et al. 2021 ) and wide enough for Ly α IM:
ith a projected total footprint of 8000 deg 2 , reaching an approx-

mate magnitude limit of i = 23. Approximately ∼6000 deg 2 are 
xpected to overlap with the spectroscopic survey WEAVE (Jin et al. 
024 ), reaching almost 100 per cent completeness in its Ly α QSO
bservation program (Pieri et al. 2016 ). Cross-correlation of J-PAS 

arrow-band intensity maps with WEAVE Ly α forest data may yield 
 detection of the transversal Ly α power spectrum in several redshift
ins (Renard et al., in preparation). 

 C O N C L U S I O N S  

n this work, we propose a no v el approach for IM using the Ly α
ine, involving the cross-correlation of broad-band imaging data with 
y α forest observations. While this method is applicable to various 

maging-spectroscopic surv e ys, we focus on a detailed forecast for
ESI and its associated Le gac y Imaging Surv e ys, DECaLS and
ASS. In our analysis, we have especially focused on how image 

eduction and co-adding of the intensity maps should be carried 
ut to minimize noise while preserving most of the Ly α emission
ignal. Furthermore, we introduce a simple analytical model of Ly α
mission, enabling us to explore a wide range of key parameters 
haracterizing Ly α emission as a tracer of LSS, including its average 
mission per volume unit ( 〈 L Ly α〉 ) and its linear bias ( b e ) relative to
he dark matter distribution. 

The results of our forecast show that, while a detection of LSS in
y α emission is not certain, competitive upper bounds on the average 
y α emission can still be placed for DESI–DECaLS/BASS and for 
 hypothetical DESI extension with twice the number of Ly α QSOs 
DESI ×2). For DESI, this upper bound on 〈 L Ly α〉 is 23 ± 10 × 10 40 

rg s −1 (cMpc 3 ) −1 [ ∼ 50 per cent higher than the most optimistic
iterature estimate of 15 × 10 40 erg s −1 (cMpc 3 ) −1 from integration 
f the Ly α LF in Drake et al. 2017 ]. In contrast, for DESI ×2, the
pper bounds are lowered to 15 . 5 ± 7 . 0 × 10 40 erg s −1 (cMpc 3 ) −1 

very similar to the most optimistic literature estimates). Moreover, 
 simple extrapolation of our forecast to the o v erlap between DESI
nd LSST (Appendix C ) points to an almost certain detection of Ly α
SS, even after just a year of LSST observations. 
Consequently, in this work we provide one of the very first

ractical examples and guidelines for performing IM with the Ly α
ine using optical imaging. We pro v e that currently ongoing surv e ys
ill provide, at the very least, valuable constraints in the absence 
f a detection. Moreo v er, our discussion of upcoming surv e ys and
xtrapolation to LSST points at next generation surveys ushering the 
eginning of Ly α IM as a fully fledged cosmological/astrophysical 
robe, that would help disentangling how baryons distribute with 
espect of the underlying dark matter LSS, and how the IGM
hysical properties determine the scattering of Ly α emission across 
he cosmic web. Its redshift range (2 . 2 < z < 3 . 4 for the g band)
s higher than typical galaxy surv e ys, pro viding a complementary
osmological probe to the Ly α forest that may help constrain dark 
atter candidates, probe the matter power spectrum, or even study 
he impacts of reionization at later redshifts (e.g. Long et al. 2023 ). 
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vezi ́c Ž. et al., 2019, ApJ , 873, 111 
eli ́c V. , Zaroubi S., Labropoulos P., Bernardi G., De Bruyn A. G., Koopmans

L. V., 2010, MNRAS , 409, 1647 
in S. et al., 2024, MNRAS , 530, 2688 
eating G. K. , Marrone D. P., Bower G. C., Keenan R. P., 2020, ApJ , 901,

141 
imeswenger S. , Kausch W., Noll S., Jones A. M., 2015, EPJ Web Conf. , 89,

01001 
ooistra R. , Lee K.-G., Horowitz B., 2022, ApJ , 938, 123 
o v etz E. D. , Viero M. P., Lidz A., Newburgh L., Rahman M., Switzer E.,

Kamionkowski M., 2017, Line-Intensity Mapping: 2017 Status Report,
Technical Report, preprint ( arXiv:1709.09066 v1), https://ar xiv.or g/abs/
1709.09066 

unz M. , Nesseris S., Sawicki I., 2016, Phys. Rev. D , 94, 023510 
wan J. et al., 2015, ApJ , 810, 35 
SST Collaboration , 2018, The LSST Dark Energy Science Collaboration

(DESC) Science Requirements Document, Technical Report, preprint
( arXiv:1809.01669 ), https://ar xiv.or g/abs/1809.01669v2 

aurent P. et al., 2016, J. Cosmol. Astropart. Phys. , 2016, 060 
i T. Y. , Wechsler R. H., De v araj K., Church S. E., 2016, ApJ , 817,

169 
in X. , Zheng Z., Cai Z., 2022, ApJS , 262, 38 
iu A. , Parsons A. R., Trott C. M., 2014, Phys. Rev. D , 90, 023018 
iu C. et al., 2022, ApJ , 935, 132 
iu D. Z. et al., 2023, A&A , 669, A128 
oeb A. , Zaldarriaga M., 2004, Phys. Rev. Lett. , 92, 211301 
ong H. , Morales-Guti ́errez C., Montero-Camacho P., Hirata C. M., 2023,

MNRAS , 525, 6036 
 ́opez-Sanjuan C. et al., 2019, A&A , 631, A119 
a K. et al., 2024, ApJ , 961, 102 
adau P. , Meiksin A., Rees M. J., 1997, ApJ , 475, 429 
aksora Tohfa H. , Bird S., Ho M.-F., Qezlou M., Fernandez M., 2024, Phys.

Rev. Lett. , 132, 231002 
arra V. , Amendola L., Sawicki I., Valkenburg W., 2013, Phys. Rev. Lett. ,

110, 241305 
atsuda Y. et al., 2004, AJ , 128, 569 
iao H. , Gong Y., Chen X., Huang Z., Li X. D., Zhan H., 2022, MNRAS ,

519, 1132 
ohammad F. G. , Villaescusa-Navarro F., Genel S., Angl ́es-Alc ́azar D.,

Vogelsberger M., 2022, ApJ , 941, 132 
ontero-Camacho P. , Hirata C. M., 2018, J. Cosmol. Astropart. Phys. , 2018,

040 
ontero-Camacho P. , Mao Y., 2021, MNRAS , 508, 1262 
aidoo K. et al., 2023, A&A , 670, A149 
avarro-Giron ́es D. et al., 2024, MNRAS, 534, 1504 
elson D. et al., 2019, Comput. Astrophys. Cosmol. , 6, 2 
iemeyer M. L. , 2024, Effect of Lyman- α Radiative Transfer on Intensity

Mapping Power Spectra , preprint ( arXiv:2407.03060 ), https://ar xiv.or g/
abs/2407.03060v1 

oll S. , Kausch W., Barden M., Jones A. M., Szyszka C., Kimeswenger S.,
Vinther J., 2012, A&A , 543, A92 

uchi M. et al., 2008, ApJS , 176, 301 
uchi M. et al., 2010, ApJ , 723, 869 
uchi M. et al., 2018, PASJ , 70, 13 
uchi M. , Ono Y., Shibuya T., 2020, ARA&A , 58, 617 
zbek M. , Croft R. A. C., Khandai N., 2016, MNRAS , 456, 3610 
adilla C. et al., 2019, AJ , 157, 246 
alanque-Delabrouille N. et al., 2013, A&A , 559, A85 

https://docushare.lsstcorp.org/docushare/dsweb/Get/Document-30603/bolton_desi_overlap_mini.pdf
http://dx.doi.org/10.1051/0004-6361/202038841
http://dx.doi.org/10.1093/mnras/stu1312
http://dx.doi.org/10.48550/arxiv.2212.08666
http://dx.doi.org/10.3847/1538-4357/AA5D14
http://dx.doi.org/10.3847/1538-4365/AB4796
http://dx.doi.org/10.1051/0004-6361:20021327
http://dx.doi.org/10.1086/430758/FULLTEXT/
http://dx.doi.org/10.1038/nature12898
http://dx.doi.org/10.1051/0004-6361/201014410
http://dx.doi.org/10.1051/0004-6361/201833036
http://dx.doi.org/10.1088/1475-7516/2019/07/017
http://dx.doi.org/10.3847/1538-4357/acb3c2
http://dx.doi.org/10.3847/1538-4357/ab1b35
http://dx.doi.org/10.1093/mnras/stu475
http://dx.doi.org/10.1093/mnras/stw204
http://dx.doi.org/10.1093/mnras/sty2302
http://dx.doi.org/10.1111/j.1365-2966.2004.08379.x
http://arxiv.org/abs/1611.00036
http://arxiv.org/abs/1611.00036
http://dx.doi.org/10.3847/1538-3881/AC882B
http://dx.doi.org/10.48550/ARXIV.2404.03002
http://arxiv.org/abs/2404.03002
https://ui.adsabs.harvard.edu/abs/2024arXiv240403002D/abstract
http://dx.doi.org/10.1093/MNRAS/STAD3394
http://dx.doi.org/10.1088/0004-6256/145/1/10
http://dx.doi.org/10.1093/mnras/stz1985
http://dx.doi.org/10.3847/1538-3881/ab089d
http://dx.doi.org/10.1088/2041-8205/745/2/L29
http://dx.doi.org/10.1093/MNRAS/STX1677
http://arxiv.org/abs/1704.03416
https://arxiv.org/abs/1704.03416v1
http://arxiv.org/abs/1412.4872
https://arxiv.org/abs/1412.4872v3
http://dx.doi.org/10.1051/0004-6361/201731431
http://dx.doi.org/10.3847/1538-4357/ABB085
http://dx.doi.org/10.1093/MNRAS/STX705
http://dx.doi.org/10.1088/0004-6256/142/3/72
http://dx.doi.org/10.1088/0004-6256/150/5/150
http://dx.doi.org/10.1088/1475-7516/2013/05/018
http://dx.doi.org/10.1093/mnras/stab796
http://dx.doi.org/10.1086/522955/FULLTEXT/
http://dx.doi.org/10.1111/J.1365-2966.2010.16941.X/2/M_MNRAS0407-0613-M26.GIF
http://dx.doi.org/10.1093/mnras/sty2670
http://dx.doi.org/10.1088/0004-637X/745/1/49
http://dx.doi.org/10.1088/1475-7516/2023/11/045
http://dx.doi.org/10.1086/427976/FULLTEXT/
http://dx.doi.org/10.1086/520324
http://dx.doi.org/10.1088/0004-637X/714/1/255
http://dx.doi.org/10.1093/mnras/stad3115
http://dx.doi.org/10.1088/0004-637X/780/1/111
http://dx.doi.org/10.1051/0004-6361/201834164
http://dx.doi.org/10.48550/arxiv.2210.10059
http://dx.doi.org/10.1086/309899
http://dx.doi.org/10.1051/0004-6361/202141226
http://dx.doi.org/10.1051/0004-6361/202347294
http://dx.doi.org/10.1093/MNRAS/STAA650
http://dx.doi.org/10.3847/1538-4357/AAF4BC
http://dx.doi.org/10.1093/MNRAS/STW3372
http://dx.doi.org/10.1103/PhysRevD.109.043511
http://dx.doi.org/10.3847/1538-4357/AB042C
http://dx.doi.org/10.1111/J.1365-2966.2010.17407.X/2/M_MNRAS0409-1647-MU15.GIF
http://dx.doi.org/10.1093/MNRAS/STAD557
http://dx.doi.org/10.3847/1538-4357/abb08e
http://dx.doi.org/10.1051/EPJCONF/20158901001
http://dx.doi.org/10.3847/1538-4357/ac92e8
http://arxiv.org/abs/1709.09066
https://arxiv.org/abs/1709.09066
http://dx.doi.org/10.1103/PHYSREVD.94.023510/FIGURES/1/SMALL
http://dx.doi.org/10.1088/0004-637X/810/1/35
http://arxiv.org/abs/1809.01669
https://arxiv.org/abs/1809.01669v2
http://dx.doi.org/10.1088/1475-7516/2016/11/060
http://dx.doi.org/10.3847/0004-637X/817/2/169
http://dx.doi.org/10.48550/arxiv.2207.10682
http://dx.doi.org/10.1103/PHYSREVD.90.023018/FIGURES/7/MEDIUM
http://dx.doi.org/10.3847/1538-4357/ac8054
http://dx.doi.org/10.1051/0004-6361/202243978
http://dx.doi.org/10.1103/PhysRevLett.92.211301
http://dx.doi.org/10.1093/mnras/stad2639
http://dx.doi.org/10.1051/0004-6361/201936405
http://dx.doi.org/10.3847/1538-4357/AD04DA
http://dx.doi.org/10.1086/303549
http://dx.doi.org/10.1103/PhysRevLett.132.231002
http://dx.doi.org/10.1103/PhysRevLett.110.241305
http://dx.doi.org/10.1086/422020
http://dx.doi.org/10.1093/MNRAS/STAC3583
http://dx.doi.org/10.3847/1538-4357/AC9F14
http://dx.doi.org/10.1088/1475-7516/2018/08/040
http://dx.doi.org/10.1093/MNRAS/STAB2569
http://dx.doi.org/10.1051/0004-6361/202244795
http://dx.doi.org/10.1186/S40668-019-0028-X
http://arxiv.org/abs/2407.03060
https://arxiv.org/abs/2407.03060v1
http://dx.doi.org/10.1051/0004-6361/201219040
http://dx.doi.org/10.1086/527673
http://dx.doi.org/10.1088/0004-637X/723/1/869
http://dx.doi.org/10.1093/pasj/psx074
http://dx.doi.org/10.1146/annurev-astro-032620-021859
http://dx.doi.org/10.1093/mnras/stv2894
http://dx.doi.org/10.3847/1538-3881/AB0412
http://dx.doi.org/10.1051/0004-6361/201322130


Ly α IM forecast for DECaLS/BASS and DESI 849 

P  

P  

P
P  

P
P  

P  

P  

P
P
P
Q
R  

R
R
R
S
S
S
S
S  

S  

S  

S
S  

S  

S
S  

S
S
S
S
S
S
T
T
V
V
V  

V
W  

W
W
W  

W
W  

W

W
W
W
Y
Y  

Y
Y  

Z
Z
Z
Z
d

A
S

T  

a  

o
e  

b  

S  

d  

t

(  

s
g
s
δ

t  

T
t  

f  

b

c  

fi
2  

T
t  

i  

t  

s
p  

l  

p
T  

s  

g
g

f
d  

s
w
f
c  

t  

δ

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/535/1/826/7821249 by guest on 03 January 2025
alanque-Delabrouille N. et al., 2015, J. Cosmol. Astropart. Phys. , 2015,
011 

alanque-Delabrouille N. , Y ̀eche C., Sch ̈oneberg N., Lesgourgues J., Walther
M., Chabanier S., Armengaud E., 2020, J. Cosmol. Astropart. Phys. , 2020, 
038 

 ande y B. , Sarkar S., 2015, MNRAS , 454, 2647 
arsons J. , Mas-Ribas L., Sun G., Chang T.-C., Gonzalez M. O., Mebane R.

H., 2022, ApJ , 933, 141 
eebles P. J. E. , Yu J. T., 1970, ApJ , 162, 815 
eirani S. , Weinberg D. H., Colombi S., Blaizot J., Dubois Y., Pichon C.,

2014, ApJ , 784, 11 
eterson J. B. et al., 2009, astro2010 Astron. Astrophys. Decad. Surv., 2010,

234 
ieri M. M. et al., 2016, in Proc. Annu. Meet. French Soc. Astron. Astrophys..

Lyon, p. 259 , preprint ( arXiv:1611.09388 ), https://ar xiv.or g/abs/1611.0 
9388v1 

illepich A. et al., 2018, MNRAS , 473, 4077 
lanck Collaboration , 2020, A&A , 63 
ullen A. R. , Dor ́e O., Bock J., 2014, ApJ , 786, 111 
u F. J. et al., 2024, ApJ , 962, 112 
am ́ırez-P ́erez C. , Sanchez J., Alonso D., Font-Ribera A., 2022, J. Cosmol.

Astropart. Phys. , 002 
am ́ırez-P ́erez C. et al., 2024, MNRAS , 528, 6666 
auch M. , 1998, ARA&A , 36, 267 
enard P. et al., 2021, MNRAS , 501, 3883 
antos M. G. , Cooray A., Knox L., 2005, ApJ , 625, 575 
arkar P. , Yadav J., P ande y B., Bharadwaj S., 2009, MNRAS , 399, L128 
ato-Polito G. , Bernal J. L., 2022, Phys. Rev. D , 106, 103534 
caramella R. et al., 2022, A&A , 662, A112 
chlegel D. J. et al., 2022, A Spectroscopic Road Map for Cosmic Frontier:

DESI, DESI-II, Stage-5, Technical Report, preprint ( arXiv:2209.03585 ), 
https://ar xiv.or g/abs/2209.03585v1 

elsing J. , Fynbo J. P., Christensen L., Krogager J. K., 2016, A&A , 585, A87
hen E. , Anstey D., De Lera Acedo E., Fialkov A., Handley W., 2021,

MNRAS , 503, 344 
hull J. M. , Smith B. D., Danforth C. W., 2012, ApJ , 759, 23 
ilva M. B. , Santos M. G., Gong Y., Cooray A., Bock J., 2013, ApJ , 763, 132
oares P. S. , Watkinson C. A., Cunnington S., Pourtsidou A., 2022, MNRAS ,

510, 5872 
obral D. et al., 2017, MNRAS , 466, 1242 
obral D. , Santos S., Matthee J., Paulino-Afonso A., Ribeiro B., Calhau J.,

Khostovan A. A., 2018, MNRAS , 476, 4725 
ongaila A. , Cowie L. L., 2010, ApJ , 721, 1448 
orini D. , Dav ́e R., Angl ́es-Alc ́azar D., 2020, MNRAS , 499, 2760 
pinoso D. et al., 2020, A&A , 643, A149 
pringel V. , 2005, MNRAS , 364, 1105 
pringel V. , Hernquist L., 2003, MNRAS , 339, 289 
un Z. , Ting Y.-S., Cai Z., 2023, ApJS , 269, 30 
aniguchi Y. , Shioya Y., Kakazu Y., 2001, ApJ , 562, L15 
 orralba-T orregrosa A. et al., 2023, A&A , 680, A14 
anden Berk D. E. et al., 2001, AJ , 122, 549 
iel M. , Haehnelt M. G., Springel V., 2004, MNRAS , 354, 684 
iel M. , Becker G. D., Bolton J. S., Haehnelt M. G., 2013, Phys. Rev. D , 88,

043502 
isbal E. , McQuinn M., 2023, ApJ , 956, 84 
adekar D. , Villaescusa-Navarro F., Ho S., Perreault-Le v asseur L., 2021,

ApJ , 916, 42 
ang B. et al., 2022a, ApJS , 259, 28 
ang Y. , Yang H.-Y., He P., 2022b, ApJ , 934, 77 
einberg D. H. , Hernquist L., Katz N., Croft R., Miralda-Escud ́e J., 1997, in

Proc. 13th IAP Astrophys. Colloq. Structure and Evolution Intergalactic 
Medium from QSO Absorption Line System. Editions Frontieres, Paris, p. 
133, Patrick Petitjean, Stephane Charlot, preprint(arXiv:9709303), http: 
//ar xiv.or g/abs/astr o-ph/9709303 

ilensky M. J. et al., 2023, ApJ , 957, 78 
illiams G. G. , Olszewski E., Lesser M. P., Burge J. H., 2004, Proc. SPIE ,

5492, 787 
ilson B. , Ir ̌si ̌c V., McQuinn M., 2022, MNRAS , 509, 2423 
isotzki L. et al., 2018, Nature , 562, 229 
olfe A. M. , Gawiser E., Prochaska J. X., 2005, ARA&A , 43, 861 
right E. L. et al., 2010, AJ , 140, 1868 

ang S. , Pullen A. R., Switzer E. R., 2019, MNRAS , 489, L53 
 ̀eche C. , Palanque-Delabrouille N., Baur J., Du Mas Des Bourboux H.,

2017, J. Cosmol. Astropart. Phys. , 2017, 047 
ork D. G. et al., 2000, AJ , 120, 1579 
ue B. , Ferrara A., Pallottini A., Gallerani S., Vallini L., 2015, MNRAS , 450,

3829 
hang Y. et al., 2024, MNRAS , 530, 1235 
ou H. et al., 2017a, PASP , 129, 064101 
ou H. et al., 2017b, AJ , 153, 276 
uo S. , Chen X., Mao Y., 2023, ApJ , 945, 38 
e Sainte Agathe V. et al., 2019, A&A , 629, A85 

PPENDI X  A :  VA LI DATI ON  O F  FOREST  

M O OT H I N G  ASSUMPTI ONS  

he probability of a given QSO sightline having a Ly α forest
bsorption field convolved with the whole g band δg full 

F for a given
bserved Ly α forest δg obs 

F is a key component of our correlation 
stimator � 〈 L Ly α〉 (Section 3.3 ). The determination of this proba-
ility P ( δg full 

F | δg obs 
F ) in a model-independent manner, as laid out in

ection 3.2 , relies on a key assumption: we can smooth the forest
ata on scales abo v e the scale of homogeneity χh , without altering
he statistical distribution of δg full 

F . 
Fig. A1 shows the distribution of δg full 

F values for our simulation 
grey), as well as for resampled pixels of our simulation, without
moothing (blue), and resampled pixels, with smoothing at a homo- 
eneity scale χh = 150 cMpc (red). The resampled sample without 
moothing is significantly narrower than the original distribution of 
g full 
F , while the resampled sample with smoothing is almost identical 
o the original. For a more quantitative assessment of this claim,
able A1 shows the values of δg full 

F for the percentiles corresponding 
o the 1 σ and 2 σ intervals. The percentiles for the random smoothed
orests agree with the real forest distribution one order of magnitude
etter than the random forests without smoothing. 
When resampling at the scales of our simulation pixels (2.23 

Mpc), any correlation is broken, which results in a Ly α absorption
eld without o v er/underdensities at scales significantly larger than 
.23 cMpc, but a random succession of equally likely pixel values.
he result is a distribution of δg full 

F with significantly less variability 
han the original simulation. On the other hand, if the simulation
s smoothed in redshift direction to �χ = χh = 150 cMpc, most of
he correlation (large o v er/underdensities) is preserv ed inside these
moothed pixels. Hence, when we resample from these smoothed 
ixels to generate new Ly α forests, these pixels display a much
arger variability per length unit than the 2.23 cMpc pixels, to the
oint where the distribution of δg full 

F closely resembles the original. 
herefore, from Fig. A1 , we can safely rely on the assumption that
moothing the Ly α forest data to �χ = 150 cMpc and resampling
enerates new forests that are statistically identical after applying the 
-band smoothing, and thus valid for our study. 
The δg full 

F from the unaltered simulation forests and the δg full 
F 

rom the smoothed and resampled forests follow a virtually identical 
istribution. Ho we ver, we also need to examine if the smoothing on
cales �χ = 150 cMpc significantly affects δg full 

F for the same forest: 
e do so in Fig. A2 . The left panel shows that the values δg full smooth 

F 

rom smoothed forests are unbiased with respect to the unsmoothed 
ounterpart δg full 

F , with a small scatter. The right panel shows that
his scatter introduces a relative error well within ±0 . 5 per cent in
g full smooth 
F with respect to δg full 

F . Consequently, the error introduced in 
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Figure A1. Distribution of δg full 
F for 10 000 simulated forests. In grey, forest 

data as extracted from our simulation. In blue, randomly generated forests 
by resampling forest pixels, without smoothing (so the correlation at scales 
χ < χh is broken). In red, randomly generated smoothed forests, resampling 
forests pixels smoothed to �χ = χh . 

Figure A2. Left panel: scatter plot of δg full 
F versus δg full smooth 

F . Right panel: 

histogram of relative error of δg full smooth 
F with respect to δg full 

F , in per cent. 

Table A1. 1 σ (16th–84th) and 2 σ (2.5th–97.5th) percentiles for the distri- 
butions of real, random, and random smoothed forests in Fig. A1 . 

Percentile 2.5th 16th 84th 97.5th 

Real 0.9565 0.9780 1.0225 1.0439 
Random 0.9717 0.9858 1.0144 1.0283 
Random smoothed 0.9538 0.9770 1.0233 1.0458 
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g full 
F by smoothing the forests is negligible. (Note that in Section 3.2 ,
g full 
F refers to a smoothed forest, since smoothing is necessary before
esampling. Only in the context of Fig. A2 , we refer to δg full 

F as the
-band convolution of an unsmoothed forest). 

PPENDIX  B:  LY  α EMISSION  M O D E L  CUT-OFF  

s specified in Section 4.1 , if L Ly α ≤ L Ly α cut , our Ly α emission
odel follows the power law 

 Ly α( δ) = C L · (1 + δ) b e , (B1) 

which results in a cosmological field with a given bias b e 
equation 13 ). C L in equation ( B1 ) is a normalization constant so
he total average luminosity in our simulation matches the input
alue 〈 L Ly α〉 , i.e. 

1 

N voxels V voxel 

N ∑ 

i= 0 

L Ly α i = 〈 L Ly α〉 , (B2) 

where N voxels and V voxel are the number of voxels and the voxel
olume in the simulation box, respectively, and L Ly α i the Ly α
uminosity of voxel i. Ho we ver, for voxels with L Ly α > L Ly α cut , the
NRAS 535, 826–852 (2024) 
y α luminosity is computed with another power law, 

 Ly α( r) = 

L Ly α max − L Ly α cut 

( δmax − δcut ) η
( δ − δcut ) 

η + L Ly α cut , (B3) 

which has been determined ad hoc to ensure that the bright end
f the Ly α luminosity distribution matches within ∼1 dex the LFs
or bright QSOs presented in Spinoso et al. ( 2020 ). In other words,
e assume that the dominant component of Ly α emission for the
ensest voxels ( δ > δcut ) comes from v ery bright, resolv ed QSOs, as
ell as their surrounding nebulae. Given that the physical volume
f our cells is ∼613 pkpc at 〈 z〉 = 2 . 64, and that the largest Ly α
ebulae detected so far have similar sizes (e.g. 442 pkpc in Cai et al.
017 ), this is a perfectly reasonable assumption. The exponent η and
aximum voxel luminosity L Ly α max of equation ( B3 ) are 

= 1 . 55 − 0 . 3 b e , (B4) 

 Ly α max = 10 4 〈 L Ly α〉 · V voxel , (B5) 

These parameters have been chosen to ensure that (1) the bright end
f the L Ly α histogram is within ∼1 dex of Spinoso et al. ( 2020 ) for the
ange of L Ly α specified in Section 4.1 , and (2) the model converges for
he range of bias in Section 4.1 (1 . 5 ≤ b e ≤ 3 . 5). Regarding the cut-
ff luminosity, L Ly α cut , it is derived from the condition of continuity
n the L Ly α distribution, i.e. forcing the deri v ati ves of equations ( B1 )
nd ( B3 ) to be equal, 

 Ly α cut = L Ly α max − b e 

η
C L · (1 + δcut ) 

b e −1 · ( δmax − δcut ) 
η, (B6) 

and δcut is derived from evaluating equation ( B1 ) at L Ly α cut , 

cut = 

(
L Ly α cut 

C L 

)1 /b e 

− 1 . (B7) 

Consequently, our Ly α emission model has just two entry pa-
ameters: 〈 L Ly α〉 and b e . For a given ( 〈 L Ly α〉 , b e ) pair, C L and
 Ly α cut are solved numerically from equations (B2) and ( B7 ). A
umerical solution is needed because equation (B2) is e v aluated
 v er all simulations voxels, and not only over those voxels under
 Ly α cut that follow equation ( B1 ). 
Fig. B1 displays histograms of our Ly α emission model applied

o our simulation box, for the four possible maximum/minimum
ombinations of 〈 L Ly α〉 , b e , together with a comparison with the
SO LFs of Spinoso et al. ( 2020 ) at the bright luminosity end,

ecomputed after removing all QSOs with g < 19 (as this is the
oreground cut we apply in Section 4.2.1 ). For this comparison, we
ave considered each voxel as a point source emitting in Ly α, and
ompared their distributions to the QSO LFs. We find that, except for
he faintest, less biased case [ 〈 L Ly α〉 = 1 . 5 × 10 40 erg s −1 (cMpc 3 ) −1 ,
 e = 1 . 5], and the brightest, most biased case [ 〈 L Ly α〉 = 1 . 5 × 10 41 

rg s −1 (cMpc 3 ) −1 , b e = 3 . 5], the bright end of the histograms is at
ost ∼1 dex and ∼0.5 mag brighter than the LFs. This difference

s consistent with the QSO LFs only considering the resolved Ly α
SO emission in a small aperture, but our simulation including

ll Ly α luminosity enclosed in a ∼560 pkpc 3 volume around a
right QSO (e.g. in the extremely large Ly α nebula described in Cai
t al. 2017 , only 4 per cent of detected Ly α emission comes from a
esolved source). The extreme cases of 〈 L Ly α〉 , b e show a luminosity
istribution which may be deemed unrealistic, as it deviates from
he QSO LFs of Spinoso et al. ( 2020 ) by being approximately half
n order of magnitude fainter or an order of magnitude brighter.
o we ver, since these represent the extremes of our parameter space,

hey are the most likely to be far away from the 〈 L Ly α〉 , b e values of
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Figure B1. Upper panel: histogram of Ly α luminosity per volume unit of our 
simulation box, for the four possible combinations of maximum/minimum 

〈 L Ly α〉 and b e . The dash–dotted lines are the values of L Ly α cut for each case. 
Lower panel: detail of the histogram for the bright end, plotted together with 
two of the QSO LFs of Spinoso et al. ( 2020 , i.e. those compatible in redshift 
with our analysis). Units have been modified to match those of LFs (number 
density per unit volume versus total luminosity per voxel). 
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Figure C1. Mean SNR and the 1 σ confidence interval (coloured area), versus 
〈 L Ly α〉 , for DESI-LSST Y1 (cyan) and DESI-LSST Y10 (olive). Solid lines 
represent the cases with the minimum bias of our model ( b e = 1 . 5), and 
dashed lines the maximum bias ( b e = 3 . 5). 

Figure C2. Triangle plot of the upper bounds on 〈 L Ly α〉 and b e placed by 
a non-detection ( � 〈 L Ly α〉 SNR < 3), for DESI–LSST Y1 (cyan) and DESI–
LSST Y10 (olive). Contours on the bottom left panel correspond to 1 σ and 
2 σ constraints, hatched areas to the range of 〈 L Ly α〉 we deem realistic. 

Table C1. Marginalized upper bounds for 〈 L Ly α〉 and b e for a non-detection 
in our forecast extrapolated to DESI–LSST, together with probability of 
detecting Ly α LSS (SNR � 〈 L Ly α 〉 > 3). 

〈 L Ly α〉 [10 40 erg s −1 (cMpc 3 ) −1 ] b e P detect (per cent) 

DESI–LSST Y1 8 . 8 ± 3 . 6 2 . 38 ± 0 . 56 93.30 
DESI–LSST Y10 2 . 8 ± 1 . 0 2 . 36 ± 0 . 55 100.00 
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he real Ly α emission field, so a larger deviation from the real QSO
Fs is to be expected. 
One interesting feature of the model that can be observed in 

ig. B1 is that 〈 L Ly α〉 and b e are independent entry parameters.
ncreasing/decreasing 〈 L Ly α〉 is equi v alent to shifting right/left the
istogram in Fig. B1 , while increasing/decreasing b e just modifies the 
hape of the histogram (making it become wider/narrower). L Ly α max 

s proportional to 〈 L Ly α〉 in equation ( B5 ), and η only depends on b e 
n equation (B4), this means that the convergence of the model only
epends on b e . If the model has converged for a given value of b e (i.e.
 Ly α( δ) is a continuous function for a given histogram shape), the
istogram shape will be the same regardless of the value of 〈 L Ly α〉 ,
s L Ly α max will shift accordingly. 

The independent behaviour of 〈 L Ly α〉 and b e has some useful
onsequences. First, even though we restrict our study to the values 
f 〈 L Ly α〉 specified in Section 4.1 , our model can simulate any value
f 〈 L Ly α〉 . Likewise, the model can be solved (i.e. the values of
 L and L Ly α cut can be found) for a single pair of ( 〈 L Ly α〉 , b e ), and

hen simply renormalized to any other value of 〈 L Ly α〉 . Moreo v er,
he model can be extrapolated to different bias ranges, or even to
ther hydrodynamic simulations with similar voxel sizes, simply by 
lightly tuning equation (B4). 

PPEN D IX  C :  FORECAST  E X T R A P O L AT I O N  

O  DESI–LSST  

ere, we present a simple extrapolation of our forecast for a 
ypothetical DESI–LSST Ly α IM study. The area for of the DESI–
SST o v erlap has been assumed to be 3200 deg 2 (the baseline in
olton et al. 2018 ). By using the same QSO density distribution used

hroughout this work (from DESI Collaboration 2016 ), we expect a 
otal of 132 384 QSOs in the o v erlap in the g-band redshift range.
he same BASS g-band IM as in Fig. 10 has been used for imaging
oise, but multiplying its flux by a factor C noise determined by the
agnitude limits as 

 noise = 10 ( g lim BASS −g lim LSST ) / 2 . 5 , (C1) 
MNRAS 535, 826–852 (2024) 
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where g lim BASS and g lim LSST are the 5 σ PSF detection limits for
he respectiv e surv e ys. With this simple scaling, and assuming that
ll flux contained in our BASS intensity map is noise from non-
osmic origin, the SNR of any hypothetical source of magnitude
 lim LSST in LSST would be the same of a hypothetical source of
agnitude g lim BASS in BASS. We simulated two different stages of
SST with two different depth limits (LSST Collaboration 2018 ):
SST Y1, with g lim LSST = 25 . 5 ( C noise = 0 . 182) and LSST Y10,
ith g lim LSST = 26 . 9 ( C noise = 0 . 050). 
By applying this scaling factor C noise , ho we ver, we are also

rtificially reducing the emission of cosmic foregrounds (i.e. the
ux of all real galaxies in the intensity map is also downscaled).
evertheless, in Renard et al. ( 2021 ), the cross-correlation between
y α forest and narrow-band imaging ( i < 23) could still clearly
e detected for 100 deg 2 with cosmic foregrounds alone. Hence,
t seems unlikely that cosmic foregrounds on their own could hide
he cross-correlation between DESI Ly α forest data and LSST g-
NRAS 535, 826–852 (2024) 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( http://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
and images. Moreo v er, since we are just rescaling the flux of the
ASS intensity map, we also neglect the mitigation of the sky and

nstrument variability noise components by the very high number of
xposures of LSST, as discussed in Section 6.3 . 

In an analogous manner to the results presented in Section 5.2 ,
ig. C1 displays the evolution of � 〈 L Ly α〉 SNR versus 〈 L Ly α〉 for

 e = 1 . 5 and 3.5, for both DESI–LSST Y1 and DESI–LSST Y10.
ig. C2 shows the triangle plot of the upper bounds on 〈 L Ly α〉 and
 e , and Table C1 shows the marginalized upper bounds, together
ith the probability of detection. Ho we ver, for this case we have
nly sampled 〈 L Ly α〉 up to 2 × 10 41 erg s −1 (cMpc 3 ) −1 , since at
his level the � 〈 L Ly α〉 SNR is already so high that a detection
eems certain ( � 〈 L Ly α〉 SNR = 4 ±1 for DESI–LSST Y1 and
 e = 1 . 5). 
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