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A B S T R A C T 

Observationally mapping the relation between galaxies and the intergalactic medium (IGM) is of key interest for studies of 
cosmic reionization. Diffuse hydrogen gas has typically been observed in H I L yman- α (L y α) absorption in the spectra of 
bright background quasars. Ho we ver, it is important to extend these measurements to background galaxies as quasars become 
increasingly rare at high redshift and rarely probe closely separated sight lines. Here, we use deep integral field spectroscopy in 

the MUSE eXtremely Deep Field to demonstrate the measurement of the Ly α transmission at z ≈ 4 in absorption to a background 

galaxy at z = 4.77. The H I transmission is consistent with independent quasar sight lines at similar redshifts. Exploiting the 
high number of spectroscopic redshifts of faint galaxies (500 between z = 4.0–4.7 within a radius of 8 arcmin) that are tracers 
of the density field, we show that Ly α transmission is inversely correlated with galaxy density, i.e. transparent regions in the 
Ly α forest mark underdense regions at z ≈ 4. Due to large-scale clustering, galaxies are surrounded by excess H I absorption 

o v er the cosmic mean out to 4 cMpc/h 70 . We also find that redshifts from the peak of the Ly α line are typically offset from the 
systemic redshift by + 170 km s −1 . This work extends results from z ≈ 2–3 to higher redshifts and demonstrates the power of 
deep integral field spectroscopy to simultaneously measure the ionization structure of the IGM and the large-scale density field 

in the early Universe. 

Key words: galaxies: high-redshift – intergalactic medium – cosmology: observations. 

1

G  

o  

g  

i  

r  

C  

T  

L  

d  

1

�

†

 

v  

T  

i  

t  

t
t  

a  

g  

B  

t  

W  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/3/2794/7623626 by guest on 19 April 2024
 I N T RO D U C T I O N  

alaxies form in the peaks of the large-scale density distribution
f matter in the Universe. The visible light from stars and ionized
 as in g alaxies, ho we ver, only constitutes a fraction of the baryons
n such o v erdensities. The majority of baryonic gas is diffuse and
esides in the inter- and circumgalactic medium (IGM, CGM; e.g.
en & Ostriker 2006 ; van de Voort & Schaye 2012 ; McQuinn 2016 ;
umlinson, Peeples & Werk 2017 ), which is observable through
 yman- α (L y α, λ1215 . 67 Å) absorption in the spectra of bright
istant (background) sources such as quasars (e.g. Gunn & Peterson
965 ; Steidel et al. 2010 ). 
 E-mail: jorryt.matthee@ist.ac.at 
 Zwicky Fellow 
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It is of key interest to observationally map the interplay between
ariations in the Ly α transmission and the distance to galaxies.
he Ly α transmission is modulated both by density effects and

onization effects. A higher neutral gas density leads to a lower
ransmission, whereas a higher ionization fraction increases the
ransmission. The cross-correlation between galaxies and the Ly α
ransmission is therefore sensitive to the impact of feedback from star
nd supermassive black hole formation and growth on intergalactic
as (e.g. Theuns et al. 2002 ; Kollmeier et al. 2003 ; Viel, Schaye &
ooth 2013 ; Nagamine et al. 2021 ) and local enhancements in

he ionization field around galaxies and quasars (e.g. Worseck &
isotzki 2006 ; Meyer et al. 2020 ; Christenson et al. 2021 ; Ishimoto

t al. 2022 ; Kakiichi et al. 2023 ; Kashino et al. 2023 ). 
Various observational campaigns have focused on observing the

edshift z ≈ 2–3 window, where quasars are abundant, the Ly α
orest can efficiently be observed with ground-based telescopes and
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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alaxies can be identified with the well-known Lyman-break (e.g. 
delberger et al. 2005 ; Crighton et al. 2011 ; Hayashino et al. 2019 ).
xcess H I absorption has been detected out to several megaparsecs 

rom typical L 

� galaxies and quasars (Steidel et al. 2010 ; Rakic
t al. 2012 ; Rudie et al. 2012 ; Prochaska et al. 2013 ; Tummuangpak
t al. 2014 ; Mukae et al. 2020 ; Liang et al. 2021 ; Muzahid et al.
021 ; Horowitz et al. 2022 ; Lofthouse et al. 2023 ) indicating that
ensity effects dominate the cross-correlation signal between galaxy 
istance and Ly α transmission at z ≈ 2–3. Consequentially, the 
resence of strong excess H I absorption has also been used to identify
 v erdensities of hypothetical dusty galaxies that are challenging to 
nd with typical Lyman-break or Ly α selection methods (Newman 
t al. 2022 ). 

Ho we ver, due to local variations in the cosmic ionizing background 
t the end stages of cosmic reionization that are spatially correlated 
ith galaxies, it is expected that the cross-correlation signal between 
alaxies and the Ly α transmission may show an opposite sign at a
pecific distance scale during or just after the epoch of reionization 
e.g. Kakiichi et al. 2018 ; Garaldi et al. 2022 ). This ef fect is some what
imilar to the stronger proximity effect that has been seen around 
uasars (e.g. Bajtlik, Duncan & Ostriker 1988 ; Schirber, Miralda- 
scud ́e & McDonald 2004 ; Gon c ¸alves, Steidel & Pettini 2008 ), but

ts excess transmission over the cosmic mean is likely much lower. 
ased on JWST data in a single quasar sight line, Kashino et al. ( 2023 )

ecently reported a detection of excess transmission at high-redshift 
 ≈ 6 on distances ∼5 cMpc h −1 from galaxies with UV luminosities
 UV ≈ −19. Whether the excess ionization is due to the detected 

alaxies, or undetected galaxies that are clustered around the brighter 
nes, is unclear. 
Measuring the cross-correlation signal between the density field 

nd the IGM transmission at intermediate redshifts z ≈ 3–5 could 
elp to better differentiate density effects from (excess) ionization 
ffects. This could in turn help to better characterize the timing of
eionization and the properties of the ionizing sources by improving 
ur interpretation of z ∼ 6 measurements. Low-mass galaxies are 
he least biased tracers of the density field and at z ≈ 3–5 most
f fecti vely identified with deep Integral Field Spectroscopy of their 
y α line, for example with the wide-field Multi Unit Spectroscopic 
xplorer (MUSE; Bacon et al. 2010 ) on the Very Large Telescope.
ecent MUSE observations targeting bright z ≈ 3 quasars have been 
ery efficient in picking up on the order of 100 faint galaxies through
heir Ly α emission (e.g. Mackenzie et al. 2019 ; Muzahid et al. 2021 ;
ofthouse et al. 2023 ), but very deep MUSE observations of quasars
t z ≈ 5 do not yet exist. 

In this paper, we use data from the blank MUSE eXtremely 
eep Field (MXDF; Bacon et al. 2021 , 2023 ) to measure the Ly α

ransmission in the spectrum of a background galaxy at z ≈ 5 
magnitude ≈25.5) instead, and cross-correlate the transmission with 
he projected and line of sight distance to foreground galaxies at z ≈ 4.
he MXDF is the deepest IFU observation to date (140 h of exposure

ime; 3 σ point source sensitivity of 10 −19 erg s −1 cm 

−2 ) and offers
 glimpse of the capabilities of future 40-m-class telescopes. The 
ata are particularly suited to obtain sensitive continuum spectra 
f bright galaxies with intermediate resolution ( R ≈ 3000) and 
imultaneously for identifying galaxies down to UV luminosities 
 UV ≈ −15 (Maseda et al. 2018 ). The MXDF field is roughly

ocated in the middle of a larger mosaic of MUSE pointings with
 wedding cake layered exposure time ranging from 1 to 30 h (Bacon
t al. 2017 ), which further provides foreground galaxies at somewhat 
arger impact parameters. 

The background galaxy, ID53 at z = 4.77 (Matthee et al. 2022 ),
s the continuum-brightest galaxy at z > 3 in the MXDF while it
as a typical L 

� 
UV luminosity. The deep spectrum and the available

nfrared photometry allowed detailed modelling of the young stellar 
opulation and dust attenuation, yielding a good fit with the first
stimate of the stellar metallicity in such a high-redshift galaxy 
Matthee et al. 2022 ). The accurate SED fit simultaneously provides
he intrinsic spectrum in the λ0 = 1026–1216 Å region without 
ttenuation through the intergalactic medium (e.g. Inoue et al. 2014 )
llowing us to measure the Ly α transmission at z ≈ 3.9–4.7. Thus,
he combination of this spectrum and the very large number of known
pectroscopic redshifts of UV faint galaxies in the foreground at z ≈
, yields the opportunity to extend Ly α forest measurements using 
alaxies and foreground galaxy cross-correlation studies to higher 
edshifts, paving the way for more e xtensiv e studies in the future. 

The paper is structured as follows: In Section 2 , we describe how
e measured the Ly α transmission from the background spectrum 

Section 2.1 ), the foreground galaxy sample (Section 2.2 ) and we
escribe how we reconstructed the 3D galaxy density field using 
he foreground sample (Section 2.3 ). In Section 3, we present
ur measured H I optical depth and compare it to independent 
easurements based on quasar sight lines. We investigate the relation 

etween the H I transmission and the density along our sight line in
ection 4 . In Section 5 , we present the cross-correlation between H I

ransmission and the distance to galaxies. We summarize our results 
n Section 6 . 

Throughout the paper, we use a flat � DM cosmology with H 0 =
0 km s −1 Mpc −1 and �M 

= 0.3. Magnitudes are in the AB system.
ransverse distances are typically written in cMpc/h 70 , where h 70 =
.7. At redshift z = 4.3, the average redshift of our sample, an impact
arameter of 40 arcsec (approximately distance between the edge of 
he MXDF and the background galaxy) corresponds to 270 pkpc 
1 cMpc/h 70 ), while the spectral resolution of R ≈ 3000 corresponds
o 100 km s −1 , or a line-of-sight distance of ∼1 cMpc/h 70 under the
ubble flow. 

 M E T H O D S  

he analysis in this paper is based on the spectrum of a relatively
right background galaxy ( ≈25.5 AB magnitude) at z = 4.774
Matthee et al. 2022 ), which we use to measure the H I Ly α optical
epth at z = 3.95–4.72, and a catalogue of 504 spectroscopically
onfirmed foreground galaxies in this redshift range (Urrutia et al. 
019 ; Bacon et al. 2023 ). Here, we detail the spectrum of the
ackground galaxy and the intrinsic (i.e. pre-IGM) model that we use
o measure the opacity, followed by the presentation of the properties
f the foreground galaxy sample. 

.1 Transmission measurement in the background galaxy 

he background galaxy ‘ID53’ (ID number in the MUSE UDF 

atalogue; Bacon et al. 2017 ) is the continuum-brightest galaxy at z 
 3 in the deepest 140 h MXDF co v erage of the MUSE surv e ys in

he Extended Chandra Deep Field South (see Fig. 1 ). It has an L 

� UV
uminosity ( m = 25.2) and lies at a redshift of z = 4.7745 (measured
hrough fine-structure ISM lines and consistent with the redshift 
rom fitting high-resolution stellar population models; Matthee et al. 
022 ). As detailed in Matthee et al. ( 2022 ), the 1D spectrum is
xtracted using an optimal weighting based on its slightly extended 
ontinuum spatial profile at the MUSE resolution of ≈0.5 arcmin. 
he typical signal-to-noise ratio (SNR) of the flux density in the
av elength re gion of interest for measuring the Ly α forest ( λ ≈
00–700 nm) is 5 per resolution element ( ≈2.5 Å, see Bacon et al.
023 for details), up to 20 for the regions with highest transmission.
MNRAS 529, 2794–2806 (2024) 
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M

Figure 1. The spatial distribution of galaxies at z = 3.95–4.75 in the 
foreground of ID53. Galaxies detected in the 1 h MUSE Wide footprint 
are shown in purple, those in the 10–31 h UDF region are shown blue and 
the galaxies in the deepest 140 h MXDF region are shown in green. The 
coordinates are with respect to the background galaxy (R.A. = 03:32:37.95, 
Dec. = −27:47:10.94 in the J2000 reference frame), which is approximately 
in the centre of the 3 × 3 arcmin UDF region. The two dash–dotted and dotted 
circles illustrate impact parameters of 4 and 10 cMpc/h 70 , respectively. 
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he S/N is higher in the wavelength regions redder than the Lyman
reak that were used to fit the spectral energy distribution (SED) of
he galaxy. 

In Matthee et al. ( 2022 ), we showed that the detailed rest-
rame UV ( λ0 = 1220–1600 Å) spectrum and its rest-frame optical
hotometry measured with HST /WFC3 and Spitzer /IRAC can be
ell described by a combination of star-light described by BPASS

tellar population models (Stanway & Eldridge 2018 ) with a Chabrier
 2003 ) initial mass function and a flexible star formation history. The
tar formation history varied between a single burst and a continuous
ge distribution, and the stellar metallicity was varied as well. The
tellar SED models were attenuated by a uniform dust screen (with
 Reddy et al. 2016 attenuation law). The Ly α forest region was
ot included in the fit due to the unknown and stochastic impact
f the IGM. The SED models well-match the general shape of the
pectrum and the strength of metal sensitive wind features such as
he NV P Cygni feature with young ages (log 10 (age/yr) = 6.5–
.6) and low metallicities ([Z/H] = −2.15 to −1.15). The low age
nd metallicity imply that the spectrum is relatively free of (strong)
tellar absorption lines (see also Cullen et al. 2020 ). This minimizes
ncertainties in the identification or strength of Ly α forest features
ue to contamination or o v erlap with photospheric absorption. In our
stimate of the Ly α transmission, we propagate the uncertainty in the
ntrinsic spectrum using all models explored in Matthee et al. ( 2022 )
hat have a �χ2 

reduced < 1 from the best-fitting model of the rest-
rame UV spectrum. These model uncertainties therefore also include
urther variations in the star formation histories, initial mass function,
nd the inclusion of binary stars or not, in addition to statistical
ncertainties. We notice that the uncertainty in the SED models has a
ew local maxima around the position of metal absorption lines such
s C III λ1175 . We mask these regions in our analysis. 

The H I Ly α transmission, T , measured in the spectrum of our
ackground galaxy is defined as 

 = F obs /F model , (1) 
NRAS 529, 2794–2806 (2024) 
here F obs is the observed flux and F model the modeled galaxy
pectrum before IGM absorption as described abo v e. The bottom
anel of Fig. 2 shows the H I Ly α transmission in our sight line as a
unction of redshift. The uncertainties in the transmission account for
oth measurement uncertainties and the uncertainties in the SED fit.
he lower redshift limit for our Ly α transmission measurements

s z = 3.95, driven by the observed wavelength range that is
locked because of the laser used for the ground-layer adaptive optics
orrections. The upper redshift limit is z = 4.72 in order to a v oid
ny line of sight effects associated to the presence of the background
alaxy itself. This line of sight velocity distance corresponds to
 2800 km s −1 , or � 22 cMpc/h 70 . We mask redshifts regions that are

mpacted by atmospheric skylines, possible interstellar (Fe II , Si II ,
i III ) and stellar absorption lines from the background galaxy, but
e note that including these data would have little impact on our

esults. 

.2 For egr ound galaxy sample 

he foreground galaxies that we investigate are spectroscopically
onfirmed galaxies identified by MUSE surv e ys in the Extended
handra Deep Field South. The redshifts of the galaxies are de-

ermined using the bright Ly α line (i.e. these are Ly α emitters;
AEs). The sample originates from a combination of two catalogues:

he DR2 UDF catalogue that combines data from MOSAIC (10 h),
DF-10 (30 h), and MXDF (140 h; see Bacon et al. 2023 ), and the
USE Wide (MW, 1 h) catalogue (Herenz et al. 2017 ; Urrutia et al.

019 ), which is shallower, but co v ers a larger area (see Fig. 1 ). The
ackground galaxy is located roughly in the middle of the UDF. We
ote that a significant region of the UDF-10 is superseded by the
eeper MXDF surv e y. In total there are 291 galaxies in the UDF
eld and 213 galaxies in the MW field between z = 3.95–4.72. 
Fig. 3 shows the Ly α and UV luminosities (top panel) and impact

arameters (bottom panel) of the sample. The Ly α luminosities are
easured from the MUSE data, and UV luminosities are determined

sing tabulated HST /ACS F850LP magnitudes (Guo et al. 2013 ),
here the limiting magnitude corresponds to M UV ≈ −15. A

ignificant fraction of the Ly α-selected galaxies are undetected in
he HST data, even down to a magnitude ≈30 (see Maseda et al.
018 ), explaining the pile-up in the top-left corner in Fig. 3 . Our
ample spans a large dynamic range of 0.004–2.5 L 

� 
UV and a factor

1000 in Ly α luminosity, with a median M UV = −17.9, L Ly α =
.5 × 10 41 erg s −1 and rest-frame Ly α EW ≈50 Å. Most galaxies
n our sample (92 per cent) are Ly α emitters with a rest-frame Ly α
qui v alent width (EW) abo v e 20 Å. The median impact parameter
s 93 arcsec, which corresponds to 620 pkpc or 2.3 cMpc/h 70 at z =
.3. This is roughly 50 times the virial radius of haloes with mass
10 10–11 M �, which these galaxies are expected to reside in (Herrero
lonso et al. 2023 ) at z ≈ 4. This means that most of the gas we
bserve in absorption is not physically related to the detected galaxies
t an individual level, but rather traces the large-scale distribution
here the galaxies reside. The distribution of impact parameters
epends on Ly α luminosity due to the tiered surv e y design. In
ection 5, we adopt the limiting luminosities of our samples to control
or any impact this design has on the cross-correlation. 

Due to resonant scattering in the interstellar medium, the emerging
y α line profile from galaxies is typically asymmetric (e.g. Wehrse &
eraiah 1979 ; Verhamme, Schaerer & Maselli 2006 ; Gronke 2017 ;
ijkstra 2019 ) with a dominant peak that is redshifted with respect to

he systemic redshift (e.g. Pettini et al. 1998 ; McLinden et al. 2011 ;
akic et al. 2011 ; Erb et al. 2014 ; Trainor et al. 2015 ; Cassata et al.
020 ; Muzahid et al. 2020 ; Matthee et al. 2021 ). The velocity offset
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Figure 2. The H I Ly α transmission in the spectrum of background galaxy ID53 at z = 4.774 (blue, bottom) compared to the foreground galaxy redshift 
distribution within the full field of view of MUSE surv e ys (red, top; the maximum impact parameter is 14 cMpc/h 70 ). Grey stripes highlight the regions masked 
due to sk ylines, relativ ely large SED model uncertainties (which are larger at metallicity-sensitive features), the locations of possible interstellar absorption lines 
and vicinity to ID53. Masked data were not included in measurements of the transmission or the cross-correlation between transmission and galaxy properties. 
The blue shaded region shows the uncertainty on the transmission, which propagates both uncertainties on the intrinsic SED of ID53 and the measurement errors 
of the spectrum. 

Figure 3. The Ly α and UV luminosities (top) and impact parameters 
(bottom) of the foreground galaxy sample. The limiting sensitivity of the 
HST data corresponds to M UV ≈ −15.5 at z ≈ 4.3. Non-detections in the 
HST data are shown with upward pointing triangles. In the top panel, we 
illustrate the demarcation of galaxies with a rest-frame Ly α EW abo v e and 
below 20 Å assuming a UV slope of β = −2. In the bottom panel, the dashed 
lines illustrate the limiting sensitivity at z = 4.3 and field of view of the 
MXDF , UDF , and MW surv e ys, respectiv ely. 
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s typically measured to be ≈+ 200 km s −1 for Ly α-selected galaxies,
nd it depends on Ly α EW (Adelberger et al. 2003 ; Nakajima et al.
018 ) and the Ly α line width (Verhamme et al. 2018 ). As described
n Bacon et al. ( 2023 ), the UDF-DR2 catalogue provides an estimate
f the systemic redshift of the galaxies based on the empirical relation
etween Ly α line width and the velocity offset from Verhamme et al.
 2018 ), in case the systemic redshift could not be measured directly
which is the case for almost all galaxies in our sample). The intrinsic
ncertainty on this method is ≈90 km s −1 (Verhamme et al. 2018 ),
hich corresponds to about 1 cMpc/h 70 at z = 4.3 under the Hubble
ow. The MW catalogue only reports Ly α redshifts for the galaxies in
ur sample (Herenz et al. 2017 ). In our cross-correlation analysis, we
se refined estimates of the systemic redshifts based on the stacked
 I absorption data around galaxies (e.g. Rakic et al. 2011 ; Muzahid

t al. 2020 ) as identified and discussed in detail in Section 5 . 

.3 3D galaxy density field 

he MUSE UDF region is the field with the highest sky-density of
pectroscopic redshifts (Inami et al. 2017 ). We use this high density of
edshifts to construct a three-dimensional map of the galaxy density 
round the sight line to the galaxy ID53, enabling us to directly
ompare density and H I transmission. 

The density field is constructed using a kernel density estimator as
ollows. We create a cube with a grid with cells of size 0.2 cMpc/h 70 

ignoring any impact of motions along the line of sight on galaxy
edshifts and using self-refined estimates of systemic redshift detailed 
n Section 5 ) spanning ±5 cMpc in the transverse distance from ID53
nd z = 3.8–4.9 in the line of sight direction. We limit ourselves to
nvestigating the density field in the UDF region in order not to
e impacted too much by varying surv e y depth. The grid extends
eyond the UDF region such that boundary effects do not impact
he smoothing (see below). In order to o v ercome biases due to the
ariations in the depth within the central UDF region (see Fig. 3 ), we
lso limit the galaxy sample to those with a Ly α luminosity abo v e
0 41.1 erg s −1 , which is roughly the detection limit of the UDF region
Drake et al. 2017 ), see Fig. 3 , and for which their luminosity function
an be used. We count the number of galaxies in each cell, ignore
ells that correspond to masked volumes (illustrated in Fig. 2 ), and
MNRAS 529, 2794–2806 (2024) 
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Table 1. The H I Ly α transmission T and optical depth τ eff measured as a 
function of redshift, in bins of 50 cMpc/h 70 in the sight line to galaxy ID53 
in the MXDF. 

z T τ eff 

3.92 0.447 ± 0.015 0.806 ± 0.034 
4.02 0.430 ± 0.010 0.843 ± 0.023 
4.13 0.455 ± 0.012 0.787 ± 0.026 
4.24 0.335 ± 0.010 1.093 ± 0.031 
4.35 0.350 ± 0.012 1.051 ± 0.034 
4.46 0.292 ± 0.008 1.230 ± 0.026 
4.58 0.333 ± 0.010 1.099 ± 0.029 
4.71 0.164 ± 0.012 1.810 ± 0.071 
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Figure 4. H I Ly α transmission (measured in bins of 50 cMpc/h 70 ; corre- 
sponding τ eff on the right) versus redshift. Orange data points are measured 
in quasar sight lines (Becker et al. 2015 ). The blue hexagons show our 
measurements in the sight line to the galaxy ID53 in the MXDF. Our highest- 
redshift data point (open symbol) may be impacted by the proximity to 
the background galaxy (and its associated o v erdensity, see Fig. 2 ). The 
polynomial fit to the data in quasar sight lines is shown as a black line 
(equation 3). 
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e derive the excess density: 

gal = N gal , observed /N gal , expected − 1 , (2) 

here δgal is the excess density, N gal, observed the observed number of
alaxies per cell, and N gal, expected the expected number of galaxies
er cell based on the Ly α luminosity function at z = 4–5 from Drake
t al. ( 2017 ), which agrees with the mean density that we measure in
his line of sight. We assume that there is no redshift evolution in the
uminosity function o v er z = 3.8–4.9 (e.g. Sobral et al. 2018 ; Herenz
t al. 2019 ). Finally, we smooth the density cube with a spherical
ernel of 2 cMpc/h 70 (see e.g. Darvish et al. 2017 ). We have varied
he smoothing kernel by a factor of two and find little impact on our
esults. 

 T H E  E VO LV I N G  H  I O PAC I T Y  IN  T H E  M X D F  

e use our transmission data to measure the evolution of the H I

pacity in terms of an ef fecti ve optical depth, τ eff ( z) ≡ −ln ( T ), where
 is defined as in equation (3). Following typical measurements in
uasar sight lines (e.g. Fan et al. 2006 ; Becker, Bolton & Lidz 2015 ),
e bin our data in subsets of 50 cMpc/h 70 along the line of sight.
he specific positions of the bin edges are chosen to maximize the
umber of bins in our data, and we mask various data points around
kylines and more uncertain estimates of the intrinsinc emission as
etailed in Section 2 . The highest redshift bin ( z = 4.71 ± 0.06) may
e affected by the presence of the bright background galaxy at z =
.7745 that lies in an o v erdensity and should therefore be interpreted
ith caution. Table 1 lists our measurements. The 1 σ uncertainties
n these measurements have been derived by propagating the errors
n the transmission data. 
As shown in Fig. 4 , the normalization and redshift evolution of the
 I opacity in the MXDF averaged over these 50 cMpc/h 70 scales is

n good agreement with the opacity measured in quasar sight lines
from Becker et al. 2015 ). This consistency yields a first and useful
erification of completely independent methods for estimating the H I

ransmission at high redshift that are subject to different systematics.
hile our method relies on dust attenuation curves (Reddy et al.

016 ) and (theoretical) stellar population models that have been
hown to provide good fits to continuum spectra of high-redshift
alaxies (e.g. Steidel et al. 2016 ; Cullen et al. 2019 ; Matthee et al.
022 ), quasar transmission measurements at these redshifts mostly
ely on spline fits of the continuum that are subject to renormalization
orrections (as even voids have a relatively high opacity and the
recise continuum level is therefore challenging to determine; Becker
t al. 2011 ). We note that the MXDF measurements scatter lies well
ithin the range sampled by quasar sight lines. Our measurement

rrors are too small to explain the scatter within our own data,
uggesting a physical origin. 
NRAS 529, 2794–2806 (2024) 
In the remainder of the paper, we investigate excess transmission
ith respect to the average transmission at a certain redshift (i.e. the

ntergalactic mean). As the typical transmission evolves significantly
ith redshift at z > 4, we fit the simple polynomial shown in Fig. 4

s a baseline. In order not to bias our results, we only use the quasar
ata to derive the average transmission. While we only study the
 = 3.95–4.72 redshift interval, we fit o v er the longer z = 3.8–5.2
aseline. The best-fit polynomial is: 

 T ( z) 〉 = 2 . 372 − 0 . 663 z + 0 . 0439 z 2 , (3) 

here we note that the average transmission in the redshift range of
nterest is uncertain by ≈0.03 (i.e. about 10 per cent). We measure
n average transmission of 0.348 in the MXDF sight line, which
s 2 per cent higher than the transmission expected based on this
quation (0.340), and thus well within the uncertainties. 

 T H E  DENSITY  – H  I TRANSMI SSI ON  

ELA  T I O N  A  T  z ≈ 4  

e now combine our transmission measurements with the estimated
alaxy density (Section 2.3 ) along the sight line and investigate
hether and how the two are correlated. This approach allows us

o probe the full dynamic range of o v er and underdense regions,
s opposed to the galaxy centric approach that we undertake in
ection 5 . In order to control for the strong redshift evolution of

he transmission, we focus on the excess transmission T / 〈 T ( z) 〉 −
, where 〈 T ( z) 〉 is described by equation (3). We do not include
ransmission datapoints that are more uncertain as discussed in
ection 2.1 and illustrated in Fig. 2 . 
Fig. 5 shows that we detect an anticorrelation between the

xcess transmission and galaxy overdensity. Overdense regions are
ssociated with regions with a low transmission such that a region
hat is o v erdense by a factor ≈2 on 2 cMpc/h 70 scales has a two
imes lower transmission than av erage. Underdense re gions likewise
ave a relatively high transmission. This is qualitatively consistent
ith results from Bielby et al. ( 2020 ) in a shallower z ≈ 4–5 MUSE
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Figure 5. The relation between the galaxy density (smoothed o v er 
2 cMpc/h 70 scales, see Section 2.3 ) and the H I Ly α transmission measured 
along the MXDF sight line o v er z = 3.95–4.72. Black data points show binned 
a verages, each a veraging over the same number of data points. We find an 
anticorrelation between galaxy density and transmission at 6.2 σ confidence. 
Ov erdense re gions are associated to re gions with a low transmission, and vice 
versa. We note that individual data points are relatively uncertain, explaining 
some values below −1. 
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urv e y in a quasar field. In our data, the relation has a Spearman
ank correlation coefficient of r s = −0.42, which implies a 6.2 σ
ignificance considering the number of data points. As a check, we 
ave split our data into two redshift samples above and below z =
.35, and we find a similar trend in both subsets suggesting little
edshift evolution within this range. The strength and significance of 
he anticorrelation depends on the kernel size o v er which the galaxy
ensity is smoothed, ranging from r s = −0.34, −0.37, −0.42, −0.27, 
0.22 for kernel sizes of 0.5, 1, 2, 3, and 4 cMpc/h 70 , respectively.
he weakest anticorrelation (for 4 cMpc/h 70 kernels) is still detected 
t 3 σ significance. We note that redshift uncertainties of 90 km s −1 

see Section 2.2 ) correspond to uncertainties of ≈1 cMpc/h 70 in the
ine of sight direction assuming that the Hubble expansion dominates 
he apparent velocities, which likely yield a resolution floor of 

1 cMpc/h 70 for the galaxy density map. It is therefore possible
hat the real correlation between the transmission and density could 
e stronger on scales < 1 cMpc/h 70 , but more accurate redshifts (i.e.
ystemic redshifts) are required to test this. 

 EXCESS  H  I ABSORPTION  A RO U N D  

A L A X I E S  

e use a stacking analysis of the Ly α absorption to study the proper-
ies of H I gas as a function of distance from foreground galaxies
either in the line of sight or projected direction, or combined). 
ecause the absorption is measured in a single background spectrum, 
ach piece of information (i.e. Ly α absorption signal) enters the 
tack multiple times, but at different projected or velocity distances 
epending on the galaxy used as a reference frame. We use the stack
o validate and, where needed, refine Ly α redshift corrections that 
re available in the literature. 

.1 Stacking methodology 

veraged 1D renormalized transmission spectra and their uncertain- 
ies are obtained as follows. We re-normalize the transmission spec- 
rum by the average transmission at a redshift z (T( z), equation (3)).
e then shift the transmission spectrum to the rest-frame of the

oreground galaxies, sample the shifted spectrum on a 80 km s −1 

rid and compute the stacked mean transmission averaging over the 
alaxies in the sample. This grid is coarser than the native MUSE
ampling ( ≈50 km s −1 ), but similar to the full width at half-maximum
f the line-spread function at the typical wavelength of the absorption
pectrum and the redshift errors. 

Our set up of having ≈300 foreground galaxies and only a single
ackground spectrum is quite different from typical surv e ys that use
ultiple quasar sight lines (e.g. Bielby et al. 2011 ; Rakic et al.

012 ; Muzahid et al. 2021 ) or (stacks of) multiple background
alaxies (Steidel et al. 2010 ; Chen et al. 2020 ). A consequence is
hat individual transmission data points are often repeatedly included 
n stacks (at different velocities). Further, the clustering of the Ly α
orest and galaxy populations induces relatively strongly correlated 
ignal in the 1D spectrum on scales significantly larger than the
ine spread function. It is therefore challenging to properly estimate 
ncertainties in our stacked spectra. While surv e ys with multiple
ackground sources typically estimate errors using bootstrap samples 
f their galaxy samples, we choose to use 1000 block-bootstrapped 
amples of the transmission data (with replacement) to account for 
uch correlated noise in the spectral direction (e.g. Schaye et al. 2003 ;
oh 2008 ). Bootstrapping the data in blocks of adjacent data points

eads to a higher noise estimate. While convergence is poor (noise
stimates continue to increase with increasing block lengths; e.g. 
ollinde et al. 2013 ), we choose a block length of seven transmission
ins (combined 560 km s −1 , or ≈5 cMpc/h 70 at the average redshift
f the sample) as we find that this is the block length, where the
econd deri v ati ve of the relation between block length and the noise
ecomes ne gativ e. F or a block length of 7, the noise estimate is
bout 26 per cent higher compared to a block length of 1. A block
ength of 14 would have yielded 30 per cent higher noise compared
o standard. Besides the noise, we also use the bootstrap samples
o assess biases in our transmission measurement. We find that the
v erage e xcess transmission (at random v elocity offsets with respect
o galaxies) is 0.03, which is due to the entire sight line having
lightly higher transmission than our best-fit to the transmission in 
uasar sight lines (see Section 3 ). We correct for this bias in our
qui v alent width measurements. 

.2 Refined Ly α emission-based redshifts 

ross-correlation studies between H I absorption and galaxies require 
ccurate systemic redshifts of galaxies (e.g. Adelberger et al. 2005 ;
teidel et al. 2010 ; Bielby et al. 2011 ). As detailed in Section 2.2 ,

he redshifts of the galaxies are measured using the Ly α emission
ine, which is known to be typically redshifted with respect to the
ystemic redshift. An estimate of the systemic redshift is available 
or the majority of our galaxy sample (i.e. the 291 objects in the
DF + MXDF co v erage at impact parameters � 3 cMpc/h 70 ), see
acon et al. ( 2023 ). This estimate is based on the theoretically
oti v ated observed correlation between the offset of the red Ly α

ine and the systemic redshift and the line-width of the red Ly α
ine (Verhamme et al. 2018 ). The average correction that is applied
o obtain the systemic redshift is −240 km s −1 . The estimated
ncertainty of this correction method is 90 km s −1 (Verhamme et al.
018 ). 
Inspired by the approach from Rakic et al. ( 2011 ) (see also Mukae

t al. 2020 ; Muzahid et al. 2020 ), we can use our absorption line data
o test the estimates of the systemic redshifts of our galaxy sample,
nd possibly refine them. The average H I absorption profile around
MNRAS 529, 2794–2806 (2024) 
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Figure 6. Stacked H I Ly α transmission spectrum for galaxies well within 
the UDF (impact parameter � 3 cMpc/h 70 ) centred on the estimated systemic 
redshift based on Ly α line properties (Bacon et al. 2023 ). The noise is 
indicated by the shading and estimated using block-bootstrapping. The galaxy 
sample is split by Ly α luminosity. 
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Figure 7. Stacked H I Ly α transmission spectrum for galaxies well within 
the UDF centred on the Ly α redshifts (top) and our refined estimates of 
the systemic reshifts (bottom). The noise is indicated by the shading and 
estimated using block-bootstrapping. 
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ur sample of LAEs should be symmetric if galaxy orientations are
andomly distributed with respect to the background galaxy. Note
hat Momose et al. ( 2021 ) argue that LAEs at z ∼ 2 may have
nisotoropic distribution in the LOS direction relative to the H I gas.
uch anisotropy may arise due to selection biases that impact the
isibility of Ly α emission from galaxies, i.e. LAEs tend to locate
n front of the H I gas relative to the observer, or have any specific
referred direction of peculiar motion. Such possible selection biases
re ignored with our methodology. This method means that we
hift the average systematic redshift until the absorption signal
s symmetric around zero velocity. Compared to e.g. Rakic et al.
 2011 ), this method is more challenging to perform with our single
ackground spectrum due to the lower signal to noise and resolution
ompared to analyses using multiple quasar spectra, but as we show
he method is still applicable. In Fig. 6, we show the stacked H I

bsorption profile for galaxies within the UDF co v erage, shifted to
heir estimated systemic redshift using the Verhamme et al. ( 2018 )

ethod and split by Ly α luminosity, where each subset contains the
ame number of galaxies. We split by Ly α luminosity as this is the
roperty that impacts the selection of the galaxies in our sample
nd that is most reliably and self-consistently measured (as opposed
o any quantity related to the continuum luminosity). Errors and
small) renormalizations are estimated using block bootstrapping as
escribed abo v e. We quantify the asymmetry a as a = EW blue /EW red ,
here the blue and red subscipts refer to the EWs integrated over
500 to 0 and 0 to + 500 km s −1 with respect to the estimated

ystemic redshift. 
As Fig. 6 shows, we find that the estimated systemic redshifts

re fairly accurate for the faintest LAEs in the sample ( L Ly α <

0 41.3 erg s −1 ) as the maximum absorption is detected at zero velocity
nd the absorption profile is fairly symmetric ( a = 1.08 ± 0.10). For
he two brighter subsets of LAEs, the estimated systemic redshifts are
ome what of fset with respect to the velocity of maximum absorption
in particular the most luminous subset), and their profiles are also
ore asymmetric ( a = 1.26 ± 0.10 and 1.12 ± 0.10, respectively).
his suggests that the offsets between the Ly α line and the systemic

edshifts are o v ercorrected by the Verhamme et al. ( 2018 ) method for
hese brightest subsets. Indeed, we iteratively find that we can refine
he systemic redshifts of these two subsets by applying the average
NRAS 529, 2794–2806 (2024) 
f + 100 and + 120 km s −1 corrections to the subsets with Ly α
uminosities in the range 10 41.3–41.7 erg s −1 and abo v e. The application
f these offsets also leads to more symmetric stacked profiles for
hese subsets ( a = 1.05 ± 0.10 and 0.97 ± 0.10, respectively). 

As a result, these refined velocity offsets for a subset of the sample
mply that the average offset between the Ly α line and the systemic
edshift is + 170 km s −1 for our sample under the assumption that
AE’s z sys is the same as the z sys of the average absorbing H I gas

n the associated large-scale o v erdensity, with little dependence on
uminosity. This average offset is in agreement with results at lower
edshifts (e.g. Erb et al. 2014 ; Matthee et al. 2021 ). Fig. 7 shows
hat the average absorption profile now centres on the systemic
edshift and is symmetric ( a = 1.01 ± 0.05), in particular compared
o the average absorption profile when centring galaxies on their
y α redshifts ( a = 1.17 ± 0.07). The average rest-frame EW of the
xcess H I absorption (within ±500 km s −1 from the systemic reshift)
s 0 . 74 + 0 . 39 

−0 . 24 Å. The excess absorption EW is fully consistent with the
esults at z ≈ 3 (Chen et al. 2020 ; Muzahid et al. 2021 ) using a
imilar strategy, but with quasars as background sources. Based on
hese results, we also apply the average correction of 170 km s −1 to
he redshifts for the LAEs from the MUSE Wide catalogue that we
se at the largest impact parameters. 

.3 How far out do we detect excess absorption? 

n order to address out to what scales excess absorption can be
etected, we now create a mean stacked 2D map of the excess
ransmission as a function of impact parameter and line-of-sight
LOS) separation. We create a map with a grid-size of 80 km s −1 

n the LOS and 0.62 cMpc/h 70 (corresponding to ≈80 km s −1 under
he Hubble flow) in the transverse direction. Then, for each cell,
e first select all galaxies in the corresponding range of impact
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Figure 8. The excess transmission as a function of the impact parameter 
and the LOS velocity. Contours are at the 2, 3 σ level. In the top panel, we 
show the histogram of impact parameters of the foreground galaxies. In the 
main panel, we highlight the maximum impact parameters corresponding to 
the deeper MXDF and UDF regions. The labels on the y -axis on the right 
translate the LOS velocity into a LOS distance for the average redshift of our 
sample ( z = 4.3) ignoring peculiar velocities. 
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Figure 9. The excess H I transmission as a function of 3D distance for 
our full sample of foreground galaxies. Excess absorption is detected out to 
4 cMpc/h 70 from galaxies. Uncertainties at small distances are large due to 
the limited number of sources and susceptibility to redshift errors. We do 
not subtract the slight bias in our excess transmission and illustrate it with a 
dotted line. The black dashed line (corrected for this bias) shows the typical 
excess transmission around LBGs at z ≈ 3 (Tummuangpak et al. 2014 ), 
whereas purple squares and red dots show other measurements (from Turner 
et al. 2014 and Adelberger et al. 2005 , respectively) in LBGs at z ≈ 2.5 
corroborating this curve. 
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arameters b ± � b /2 (where � b = 0.62 cMpc/h 70 ). Over the selected
alaxies, we average the quantity T ( z + �z )/ 〈 T ( z ) 〉 − 1, where z is
he systemic redshift of each galaxy based on Section 5.2, 〈 T ( z) 〉 the
verage transmission at redshift z (equation 3), and �z corresponds 
o the grid binning of 80 km s −1 . We include all foreground galaxies
n our sample that span impact parameters out to 14 cMpc/h 70 .
he uncertainty in each grid cell is obtained through 1000 block- 
ootstrap samples in each impact parameter bin, similar to the 1D 

tacks described in Section 5.2 . The result is shown in Fig. 8 , which
emonstrates that the excess absorption is significantly detected out 
o ≈4 cMpc/h 70 from galaxies. The excess absorption is similar in 
he transverse and LOS directions. 

Due to our surv e y design, the number of foreground galaxies is
 strong function of impact parameter: more than 50 per impact 
arameter bin within impact parameters of ≈4 cMpc/h 70 , but only 
10–20 per bin at larger impact parameters. As a consequence, 

he uncertainty on the excess transmission is a strong function of
mpact parameter. Due to cosmological isotropy considerations, any 
eal excess signal should be symmetric in the positive and ne gativ e
OS v elocities. The indicativ e e xcess transmission/absorption in 
arious regions at ≈5–10 cMpc/h 70 (Fig. 8 ) is therefore implausible, 
nd is likely due to the cosmic variance of a single sight line.
e note that we have verified that our results are not strongly

mpacted by the large variation in surv e y depth as a function of
mpact parameter due to the change from the UDF to the MUSE

ide region at ∼4 cMpc/h 70 . If we limit our sample to galaxies
ith Ly α luminosities > 10 42 erg s −1 , which are detectable across

he entire field of view, we still find significant excess absorption 
t distances � 4 cMpc/h 70 from galaxies. As illustrated in Fig. 1 ,
cales of ≈4 cMpc/h 70 are already larger than the size of the UDF,
emonstrating the value of the larger area of the MUSE Wide data. 
Fig. 8 also suggests that there is somewhat less excess absorption at 

he smallest impact parameters (corresponding to � 150–200 pkpc). 
hile the number of galaxies with these impact parameters is lower,
eading to higher uncertainties, we speculate that the lowered excess 
bsorption could partly be due the contribution from a proximity 
ffect around galaxies (e.g. Kashino et al. 2023 ), emission-infilling 
rom extended Ly α haloes around galaxies (e.g. Wisotzki et al. 2018 ;
hen et al. 2020 ), or around their clustered satellites (Kikuchihara
t al. 2022 ). 

The similarity of the dependence of the excess absorption on 
OS and transverse distance suggests that we can safely ignore 
eculiar velocities with the resolution of our data. We therefore 
erive the relation between the excess transmission and 3D distance 
nd show this in Fig. 9 , where we use logarithmically spaced bins
nd measure the errors with bootstrapping as described abo v e. Fig. 9
hows excess absorption is detected out to 4 cMpc/h 70 from galaxies
nd further illustrates the slight bias towards an excess transmission 
f 0.03 compared to our fit to the transmission in quasar spectra at
hese redshifts. The absorption profile is compared to measurements 
round UV-bright galaxies at z ≈ 2–3 (Adelberger et al. 2005 ;
ummuangpak et al. 2014 ; Turner et al. 2014 ), which indicates

hat the profile appears somewhat shallower at high-redshift, with 
articularly stronger absorption at distances of ≈2–3 cMpc/h 70 . It is
nclear whether this finding can be fully ascribed to a genuine redshift 
volution, as the considered samples also have other differences: 
hile our LAEs have typical UV luminosities M UV ≈−18, the typical
alaxy in the LBG samples is ≈30 times much more luminous with
 UV ≈ −21.5 (Adelberger et al. 2003 ; Bielby et al. 2011 ). Moreo v er,
hile our shot noise is relatively low due to the large number of

oreground galaxies, cosmic variance may be substantial in our single 
ight line (see e.g. the discussion in Garel, Guiderdoni & Blaizot
016 ), and our comparatively large redshift uncertainties have the 
ossible effect to flatten the real profile on scales � 2 cMpc/h 70 (e.g.
delberger et al. 2003 ). 
In Appendix A, we show how the inhomogeneous nature of 

he surv e y (in terms of sensitivity and co v erage of the fore ground
ample) impacts the excess transmission measurements. As we show, 
MNRAS 529, 2794–2806 (2024) 
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he detection of excess absorption within ∼3 cMpc/h 70 is robust to
he gaps in the surv e y design as well as the varying sensitivity.
 jackknife error estimate shows that there is some uncertainty in

he relative transmission at large impact parameters ( > 5 cMpc/h 70 ).
o we ver, we note that relatively large 3D distances (e.g. in Fig. 9 )

re not only probed by high impact parameters, but also by large
elocity offsets at small impact parameters, where we have much
arger statistics. 

.4 Wider applicability and future developments 

he wedding-cake layered mosaic of exposure times in the MUSE
ide, UDF, and MXDF yields a high number of galaxies at small

mpact parameters around the objects for which background spectra
re measured, which is greatly beneficial for various cross-correlation
easurements. F or e xample, there are (17, 59, 205) foreground–

ackground galaxy pairs (based on 505 unique galaxies) at impact
arameters within (100, 200, 500) pkpc, respectively, which is more
han in the KBSS surv e y (Chen et al. 2020 ), which has (10, 26, 90)
oreground–background pairs (based on ≈3000 galaxies) at these
eparations. Ho we ver, the relati vely large number of galaxies at small
mpact parameters cannot be fully exploited for measurements of the
xcess absorption within � 1 cMpc/h 70 when the systematic redshifts
ncertainties are ∼100 km s −1 due to the scatter in Ly α velocity offset
orrections (e.g. Verhamme et al. 2018 ). This could be addressed
ith a complete spectroscopic redshift surv e y of the foreground
opulation at z ≈ 4 with rest-frame optical lines, e.g. using JWST ’s
IRCam grism mode that can co v er H α and H β + [O III ] at these

edshifts (e.g. Matthee et al. 2023 ), which would also mitigate any
ossible concerns of the Ly α line selection missing the most massive
and dusty) galaxies. It will be particularly important to investigate
ow well the galaxy o v erdensity probed by Ly α-selected samples
which are known to a v oid the most massive star forming galaxies
ue to their low Ly α escape fraction; e.g. Matthee et al. 2016 ) traces
he galaxy density from other probes. 

The position of the MXDF was not chosen for this particular
easurement. In fact, while ID53 is the brightest galaxy at z > 3 in

he deepest MUSE co v erage (including all areas observed by more
han 30 h; Bacon et al. 2023 ), the region with 10 h MUSE co v erage
ontains three more galaxies at z = 4.7–5.8 that are equally bright
r brighter and are young galaxies similarly to ID53. The larger
USE Wide region contains seven high-redshift galaxies brighter

han ID53, including one with magnitude 23.3 at z = 4.84. While we
iscuss these galaxies in more detail in Appendix B, we note here
hat, in addition to being UV bright, the best galaxies for tomography
tudies are those with a young age and a low dust attenuation similar
o ID53, as this type of galaxies have a relatively featureless (blue)
ontinuum in the Lyman- α forest region. 

By experimenting with the spectrum of ID53, we find that a S/N
ecrease of a factor of ∼1.7 would still yield a comfortable detection
f the presence of excess absorption, suggesting the analysis could
e extended to somewhat fainter sources. A specifically designed
eep IFU pointing (or observations with a multi-object spectrograph)
ould therefore technically already obtain transmission measure-
ents in about three background galaxies within a single MUSE

ointing, yielding valuable information of the variation of the Ly α
ransmission at small transverse distances. 

In the future era of the unprecedented spectroscopic sensitivity that
he Extremely Large Telescopes will bring in the λ ∼ 0.5–2 micron
egime, galaxy–H I transmission cross-correlations using multiple
losely separated sight lines could feasibly be extended to higher
edshifts z ≈ 6, where the Ly α fluctuations are substantial at the end
NRAS 529, 2794–2806 (2024) 
tages of cosmic reionization (e.g. Bosman et al. 2022 ), and may be
ble to target the weaker metal absorption lines such as CIV, which
s also sensitive to the shape of the ionizing spectrum. 

 SUMMARY  

n this paper, we have used deep spectroscopic data from MUSE
urv e ys in the Extended Chandra Deep Field South to measure
he Ly α IGM transmission and perform cross-correlation with the
pectroscopically identified foreground galaxy density at z = 3.95–
.72 in the spectrum of an L 

� background galaxy at z = 4.77, for
he first time using a galaxy spectrum at such high redshift. This
erves as a proof of concept for future studies where the use of
alaxies as background source will become common to perform
GM tomography out to the epoch of reionization with a high spatial
ampling. Our results can be summarized as follows: 

(i) We measure the evolution of the ef fecti ve H I IGM opacity
eff = 0.8–1.8 in bins of 50 cMpc/h 70 o v er the redshift interval
 = 3.9–4.7 in the MXDF . W e show that these measurements are
onsistent with independent measurements in quasar sight lines that
ave been performed with a different technique, providing a useful
ross-validation of state-of-the art modelling of both galaxy and
uasar continua at this redshift (Fig. 4 ). 
(ii) Thanks to the high sky density of galaxies with known spec-

roscopic redshifts between z ≈ 4–5, we construct the galaxy density
ap along the Ly α transmission sight line and we show that the

alaxy density in the MXDF (smoothed with a spherical 2 cMpc/h 70 

ernel) anticorrelates (at the 6 σ confidence level) with the excess
y α transmission compared to the average cosmic transmission
 T ( z) 〉 . This measurement (unlike galaxy-centric stacks) reveals that
nderdensities are associated to regions with a higher transmission
ompared to the average. Our results confirm that density effects
ominate the (excess) transmission over ionization effects out to at
east z ≈ 4.5 (Fig. 5 ). 

(iii) By stacking the Ly α transmission spectra centred on the
edshifts of foreground galaxies and assuming that the H I absorption
rofile should centre symmetrically around galaxy systemic red-
hifts, we show that, on average, Ly α emission-line redshifts are
edshifted by + 170 km s −1 with respect to the systemic redshift, in
ood agreement with other measurements at slightly lower redshifts.
(iv) Within 3 cMpc/h 70 from galaxies, the excess H I absorption

round faint M UV ≈ −18 galaxies at z ≈ 4 has a comparable strength
s measured around brighter galaxies at z ≈ 3 (Fig. 9 ). Excess H I

bsorption around galaxies is detected out to 4 cMpc/h 70 , similarly in
he line-of-sight and the transverse directions. There is an indication
hat the excess absorption at z ≈ 4 is stronger at distances ≈ 2–
 cMpc compared to measurements at z ∼ 2–3, but given the various
ifferences between studies, it is challenging to pinpoint the origin
f this difference, which may also simply be due to cosmic variance.

Our results demonstrate the feasibility of using extremely deep
pectroscopy to measure the Ly α transmission in the spectra of
elatively typical background galaxies at high-redshift, extending the
edshift range to z ≈ 5. In particular, galaxies that are characterized
y young ages, low metallicities, and low dust attenuation have a
elatively flat and bright UV continuum in the λ0 = 912–1216 Å
ange (e.g. Cullen et al. 2019 ; Matthee et al. 2022 ), making these
articularly useful for such measurements. Determining the redshift
nd physical scales at which there is the transition from density to
onization effects that determine the cross-correlation signal between
y α transmission and galaxies may help constraining the properties
nd distribution of ionizing sources at or just after the epoch of
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eionization (e.g. Garaldi et al. 2022 ). In a future dedicated surv e y,
or example, with MOSAIC on the Extremely Large Telescope, 
ne could perform such measurements on a region on the sky with
ultiple closely separated background sources at z ∼ 6–7, such as a 

igh-redshift quasar surrounded by relatively bright, young galaxies, 
hat will yield multiple closely separated sight lines. Identifying such 
egions is a task for in the meantime. 
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Figure A1. The excess H I transmission as a function of 3D distance to the 
foreground galaxies (as in Fig. 9 ), where the foreground sample is split in 
four quadrants (each with a different colour), compared to the full sample 
(black). 
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PPENDIX  A :  I M PAC T  O F  T H E  

N H O M O G E N E O U S  SURV EY  D E S I G N  

s shown in Fig. 1 , our surv e y design is rather inhomogeneous in
erms of sensitivity and co v erage. This impacts the distribution of the
mpact parameters of the foreground galaxies (and their luminosi-
ies). In this section, we investigate the robustness of the measured
ross-correlation signal to effects related to this inhomogeneity. To
est the gaps and holes in the surv e y design, we hav e split our
oreground sample in four quadrants whose division lines centre on
D53 and are orthogonal and parallel to the major extent of the larger

USE-Wide region (see Fig. 1 ). We then redo the cross-correlation
NRAS 529, 2794–2806 (2024) 
nalysis in each of these quadrants individually. In Fig. A1, we
how the excess H I transmission as a function of 3D distance for
ach of these four quadrants. There are no significant differences
etween the quadrants within 10 cMpc/h 70 . In Fig. A2 , we separate
he transverse and the line of sight distances. The excess absorption
s consistently detected within ∼3 cMpc/h 70 and ∼200 km s −1 along
he line of sight. In Fig. A3 , we show the largest absolute difference in
he excess transmission among the four quadrants at each distance.
his illustrates that the scatter due to the surv e y design is largest
t impact parameters ∼10 cMpc/h 70 , precisely the range where the
urv e y layout is most patchy. Nevertheless, the main result of excess
bsorption within � 3 cMpc/h 70 from galaxies is robust. 

We also test the impact of the varying sensitivity of the foreground
ample (see bottom panel in Fig. 3 ). In Fig. A4 , we show the excess
ransmission as a function of 3D distance for the full sample (the
esult shown in Fig. 9 ), and limiting our sample to Ly α luminosities
 10 42 erg s −1 , which are detectable o v er the full surv e y field. While

n the second case, the uncertainty increases substantially at the
mallest impact parameters due to the lower number density of
oreground galaxies, the general trend is fully consistent with the
ne derived from the full sample. 
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Figure A2. The excess transmission as a function of the impact parameter and the LOS velocity (as in Fig. 8 ), where the foreground sample is split in four 
quadrants. 

Figure A3. The maximum absolute difference among the excess transmis- 
sion in the four quadrants as a function of the impact parameter and the LOS 
velocity (as Fig. 8 ). The inhomogeneity of the surv e y design impacts the 
results most at the impact parameters ∼10 cMpc/h 70 . 
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Figure A4. The excess H I transmission as a function of 3D distance from 

the foreground galaxies (as in Fig. 9 ) when the full sample is considered (blue 
points with error bars) and when adopting a uniform luminosity cut L Ly α > 

10 42 erg s −1 (red points with error bars). 
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PPENDIX  B:  OTH ER  POSSIBLE  

 AC K G R  O U N D  S O U R C E S  

s mentioned in Section 5.4 , there are several other galaxies with a
omparable continuum UV magnitude to our main target at redshifts 
 ∼ 5 in the MUSE co v erage. While the MUSE Wide region has a
articularly bright galaxy at z = 4.84 with m 1500 = 23.3, this galaxy
as a relatively red UV continuum slope (the F 105 W– F 125 W colour
s + 0.5) that indicates significant dust attenuation in the ISM of the
alaxy. As a consequence of this and the mere 1 h exposure time
f the MUSE Wide surv e y, the intrinsic flux of the galaxy in the
yman- α forest region is too faint for this galaxy to be useful for
yman- α absorption studies. 
In the t exp = 10 h MOSAIC regions, there are two galaxies (IDs

185 and 1264) at z = 4.5 and 4.8, respectively, which are 0.1 and
.4 mag more luminous than ID53. Ho we ver, one of these galaxies
s strongly contaminated by a foreground galaxy, while the other has
 red SED with various absorption features, similar to the MUSE
ide galaxy. 
MNRAS 529, 2794–2806 (2024) 
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M

Figure B1. The Ly α forest transmission and Ly α emission spectrum of the galaxy ID53 (main paper, blue) compared to galaxy ID68, which is a slightly fainter 
galaxy at z = 4.9 within the MXDF co v erage (red). The line-style is changed to dashed for regions that are impacted by Ly β forest absorption. Spectra are 
binned to facilitate the visual comparisons. The shaded regions show the noise levels. Here, for simplicity, spectra are normalized to the median flux at their 
respective rest-frame wavelength 1250–1450 Å. 

 

B  

t  

t  

s
1  

c
(  

a  

b  

s  

S  

r  

t  

c  

w
 

t  

a  

f

T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article
Within the deep MXDF region, there is a galaxy (ID68 at z = 4.94;
acon et al. 2023 ) which is 0.4 mag fainter than ID53. It is separated

o ID53 by 22 arcsec on sky ( ≈0.8 cMpc/h 70 ). In Fig. B1 , we compare
he Ly α forest spectrum of this galaxy to the spectrum of ID53, both
imply normalized to their rest-frame median flux at λ = 1250–
450 Å. It appears that the Lyman- α transmission in the two spectra
orrelates quite well at observed wavelengths λobs = 6200–6600 Å
which corresponds to z = 4.1–4.4). The correlation between the
bsorption spectra weaken at higher redshifts, which could be real,
ut also due to the relatively higher noise in the spectrum (caused by
kylines). With a more detailed analysis (in particular of the intrinsic
ED model), our tomographic experiment could independently be
NRAS 529, 2794–2806 (2024) 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
epeated, albeit with somewhat higher uncertainties. One could use
he combination of the two sight lines to attempt to constrain the
oherence of individual IGM structures o v er the ∼1 cMpc/h 70 scale,
hich we leave for future work. 
These comparisons highlight that, in addition to being UV bright,

he best galaxies for comparable tomography studies are those with
 young age and a low dust attenuation as the y hav e a relatively
eatureless (blue) continuum in the Lyman- α forest region. 
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