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A B S T R A C T 

The gas cycling in the circumgalactic regions of galaxies is known to be multi-phase. The MUSE–ALMA Haloes surv e y 

gathers a large multi-wavelength observational sample of absorption and emission data with the goal to significantly advance 
our understanding of the physical properties of such CGM gas. A key component of the MUSE–ALMA Haloes surv e y is the 
multi-facility observational campaign conducted with VLT/MUSE, ALMA, and HST . MUSE–ALMA Haloes targets comprise 
19 VLT/MUSE IFS quasar fields, including 32 z abs < 0.85 strong absorbers with measured N (H I ) ≥10 

18 cm 

−2 from UV- 
spectroscopy. We additionally use a new complementary HST medium program to characterize the stellar content of the galaxies 
through a 40-orbit three-band UVIS and IR WFC3 imaging. Beyond the absorber-selected targets, we detect 3658 sources all 
fields combined, including 703 objects with spectroscopic redshifts. This galaxy-selected sample constitutes the main focus of 
the current paper. We have secured millimeter ALMA observations of some of the fields to probe the molecular gas properties 
of these objects. Here, we present the o v erall surv e y science goals, target selection, observational strategy, data processing 

and source identification of the full sample. Furthermore, we provide catalogues of magnitude measurements for all objects 
detected in VLT/MUSE, ALMA, and HST broad-band images and associated spectroscopic redshifts derived from VLT/MUSE 

observations. Together, this data set provides robust characterization of the neutral atomic gas, molecular gas and stars in the 
same objects resulting in the baryon census of condensed matter in complex galaxy structures. 

K ey words: galaxies: e volution – galaxies: formation – galaxies: abundance – galaxies: haloes – quasars: absorption lines. 
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 I N T RO D U C T I O N  

nly a minority of the normal matter in the Universe can be probed by
bservations of starlight from galaxies. The remaining 90 per cent
f the baryons reside in the so-called interstellar and intergalactic
as. The temporal and spatial evolution of these baryons is best
raced by studies of the physical processes by which gas travels into,
 E-mail: celine.peroux@gmail.com 
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Pub
hrough, and out of galaxies. The sites of these gas exchanges are the
mmediate surroundings of galaxies, the so-called circumgalactic

edium or CGM (e.g. Shull 2014 ; Tumlinson, Peeples & Werk
017 ). On these galactic scales, we refer to the combination of stars
nd neutral (atomic plus molecular) gas as condensed matter. More
lobally, the cosmic baryon cycle describes these processes of motion
nd transformation of the baryons (e.g. P ́eroux & Howk 2020 ). 

The canonical picture has galaxy growth being fed by inflows of
as from the intergalactic medium, IGM (e.g. Dekel et al. 2009 ).
hese baryons from the cosmic web cool into a dense atomic then a
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olecular phase, which fuels star formation. Once stars are formed, 
alaxies enrich the IGM with ionizing photons and heavy elements 
ormed in stars and supernov ae, by dri ving galactic and AGN-driven
inds into the CGM (Pettini 2003 ), some of which will fall back on

o the galaxies in so-called galactic fountains (Shapiro & Field 1976 ;
raternali 2017 ; Bish et al. 2019 ). A detailed probe of gas inflows
nd outflows is of paramount importance for understanding these 
rocesses. Since gas, stars, and metals are intimately connected, gas 
o ws af fect the history of star formation and chemical enrichment

n galaxies. Therefore the study of the multi-phase (cool T < 10 4 K,
arm 10 4 < T < 10 5 K, and hot > 10 5 K) CGM in particular is crucial

or understanding the conversion of gas into stars. Years of deep 
pectroscopic surv e ys of galaxies (e.g. Bordoloi et al. 2011 ; Steidel
t al. 2010 ), absorption line studies in quasar spectra (e.g. Turner
t al. 2017 ; Chen et al. 2021 ) and sophisticated numerical simulations
e.g. Kere ̌s et al. 2012 ; Nelson et al. 2015a ; Schaye et al. 2015 ; Dav ́e,
afieferantsoa & Thompson 2017 ) have placed interactions between 
alaxies and the CGM at the centre of our quest to understand
he formation of galaxies and the growth of structure. Ho we ver,
etermining what drives the physical processes at play in the CGM
till remains a complex problem in galaxy formation, in large part 
ue to the lack of significant observational constraints. 
At present, direct detection of the CGM in emission poses an 

bservational challenge due to its diffuse nature (with hydrogen 
ensities of the order of n H < 0.1 cm 

−3 ). Cosmological hydrodynam-
cal simulations concur that the emission signal is faint by current 
bservational standards (Augustin et al. 2019 ; P ́eroux et al. 2019 ;
orlies et al. 2020 ; Wijers, Schaye & Oppenheimer 2020 ; Byrohl
t al. 2021 ; Nelson et al. 2021 ; Wijers & Schaye 2021 ). For these
easons, detections in emission at high-redshifts are currently limited 
o deep fields (Wisotzki et al. 2016 ; Leclercq et al. 2017 ; Wisotzki
t al. 2018 ; Leclercq et al. 2020 , 2022 ) or regions around bright
uasars (Cantalupo et al. 2005 ; Arrigoni Battaia et al. 2015 ; Farina
t al. 2019 ; Lusso et al. 2019 ; Mackenzie et al. 2021 ) while detections
t z < 1 are now becoming available (Epinat et al. 2018 ; Johnson
t al. 2018 ; Chen et al. 2019 ; Rupke et al. 2019 ; Burchett et al.
021 ; Helton et al. 2021 ; Zabl et al. 2021 ). Given this limitation,
bsorption lines detected against bright background quasars at UV 

nd optical wavelengths provide the most compelling way to study 
he distribution, kinematics and chemical properties of CGM atomic 
as to date. In these quasar absorbers, the minimum column density 
which is tightly correlated to the volumic gas density, see Rahmati 
t al. 2013 ) that can be detected is set by the apparent brightness
f the background sources and thus the detection efficiency is 
ndependent of the redshift of the foreground absorber host galaxy. 
n addition, absorption line-based metallicity measurements are 
ndependent of excitation conditions (K e wley, Nicholls & Sutherland 
019 ; Maiolino & Mannucci 2019 ). In f act, unlik e emission lines
etallicity estimates, they are largely insensitive to density or 

emperature and high column density systems tracing neutral gas 
equire no assumption on a local source of excitation (Vladilo 
t al. 2001 ; Dessauges-Zavadsky et al. 2003 ). Importantly, multiple 
tate-of-the-art cosmological hydrodynamical simulations and early 
bservational results indicate that the chemical properties of the 
GM gas probed in absorption show an inhomogeneous metal 
istribution around galaxies with indication of a trend with galaxy 
rientation (P ́eroux & Howk 2020 ; Wendt et al. 2021 ). 
Recent technological advances related to 3D Integral Field Spec- 

roscopy (IFS), which produces data cubes where each pixel on the 
mage has a spectrum, have opened a new window for examining 
he CGM gas. This approach combines the information gathered in 
bsorption against background sources (whose lines of sight pass 
hrough a galaxy’s CGM) with traditional emission-based properties 
f galaxies. Following at least two decades of limited success in
dentifying the galaxies associated with quasar absorbers, IFS have 
pen a new era in establishing the relation between absorption and
mission with high success rates. Early efforts with near-infrared 
FS VLT/SINFONI (Bouch ́e et al. 2007 ; P ́eroux et al. 2011 ; P ́eroux
t al. 2013 , 2016 ) led to efficient disco v eries of star-forming galaxies
ssociated with Mg II and H I absorbers at z ∼ 2 (see also Rudie,
ewman & Murphy 2017 ; Joshi et al. 2021 ). The optical IFS
LT/MUSE (Bacon et al. 2010 ) has pro v ed to be a true game-changer

n the field. Early on, the MUSE Guaranteed Time Observations 
GTO) team established surv e ys including MUSE-QuBES (Muzahid 
t al. 2020 ) and MEGAFLOW (Bouch ́e et al. 2016 ; Schroetter et al.
016 ; Schroetter et al. 2019 ; Zabl et al. 2019 ) to relate gas traced by
bsorbers to galaxies. In a parallel effort, the MAGG surv e y targets
igher redshift g alaxies (Fumag alli, O’Meara & Prochaska 2016 ;
utta et al. 2020 ; Lofthouse et al. 2020 ). The Cosmic Ultraviolet
aryon Surv e y CUBS instead is absorption-blind and unco v ers new
uasar absorbers in a wide range of column densities (ranging from
ew times 16.0 < log N ( H I ) < 20.1) at z < 1 (Chen et al. 2020 ;
oettcher et al. 2021 ; Cooper et al. 2021 ; Zahedy et al. 2021 ).
y extending to bluer wavelengths, the optical IFS Keck/KCWI 

Martin et al. 2010 ) has enabled similar studies at higher spectral
esolution (Martin et al. 2019 ; Nielsen et al. 2020 ). BlueMUSE, a
lue-optimized, medium spectral resolution IFS based on the MUSE 

oncept and proposed for the Very Large Telescope is also under
lanning (Richard et al. 2019 ). Contemporary to these works, ALMA
 which can be viewed as an IFS at mm-wavelengths - has enabled
he detections of both CO and [CII] emission in galaxies associated
ith strong quasar absorbers at intermediate and high redshifts, 

espectively (Neeleman et al. 2016 ; Kanekar et al. 2018 ; Klitsch
t al. 2018 ; Neeleman et al. 2018 ; Neeleman et al. 2019 ; P ́eroux
t al. 2019 ; Klitsch et al. 2021 ; Szakacs et al. 2021a ). These lines
nable us to trace the colder ( ∼100K) and denser phase of the neutral
 as: the molecular h ydrogen, H 2 . The molecular g as constitutes the
ltimate phase of the gas reservoir from which stars form and hence is
n essential link to the baryon cycle. Together, these IFS observations
av e pro vided unique information on the resolved galaxy kinematics
hich can then be combined with the gas dynamics to probe gas
ows in the CGM regions (Bouch ́e et al. 2013 ; Rahmani et al. 2018a ;
chroetter et al. 2019 ; Zabl et al. 2019 ; Neeleman et al. 2020 ; Szakacs
t al. 2021a ). 

Building on these successes, the MUSE–ALMA Haloes 1 project 
ims at quantifying the physical properties of the gaseous haloes 
f galaxies with a particular focus on the multi-phase nature of
he baryons in the CGM. To this end, the surv e y combines multi-
acility campaigns which together gather information on the atomic, 
olecular and ionized gas as well as stellar populations (collectively 

efered to as condensed matter) in a sample of galaxies. The
 v erarching objectiv es of the MUSE–ALMA Haloes surv e y are: (i) to
ocate of gas with respect to galaxies whose stellar properties are also
ell established; (ii) to characterize the amount and distribution of 
etals in the interstellar medium of galaxies as well as in the CGM

as; (iii) to establish the dynamics of the gas in all its condensed
orms; and iv) to perform the global census of baryons in galaxies
nd their CGM haloes. The initial study focused on six quasar fields
ollowed-up with ALMA. Early findings indicate that a fraction of the
as probed in absorption is likely related to intragroup gas (P ́eroux
t al. 2017 ). Rahmani et al. ( 2018a ) perform a detailed component-
MNRAS 516, 5618–5636 (2022) 
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y-component analysis and report evidences for accreting gas on
o a warped disc. Other quasar absorbers are tracing outflows with
elocities such that the gas will remain bound to the host galaxy
Rahmani et al. 2018b ). By combining MUSE and ALMA data of
he same quasar absorber for the first time, Klitsch et al. ( 2018 )
ffer a combined study of the kinematics of the neutral, molecular,
nd ionized gas. P ́eroux et al. ( 2019 ) further use similar information
ogether with dedicated hydrodynamical cosmological simulations to
nfer that a large fraction of the absorbing gas is likely the signature of
as with low surface brightness. Hamanowicz et al. ( 2020 ) combine
he data available to date and derive a high success rate in detecting
alaxies associated with absorbers (89 per cent). The authors find
hat most absorption systems are associated with pairs or groups of
alaxies. Finally, Szakacs et al. ( 2021a ) use new ALMA data to show
hat ionized and molecular gas phases within the disc are strongly
oupled. The authors also report a new case of inflowing gas inferred
rom detailed kinematic study. 

Taken together, these results show an occasional mismatch in
hase space of rotating disc kinematics and absorption profiles.
hese findings add to the paradigm shift where our former view
f strong- N ( H I ) quasar absorbers being associated to a single bright
alaxy changes towards a picture where the H I gas probed in
bsorption is related to complex galaxy structures associated with
mall groups or filaments. The conclusions also demonstrate that our
nderstanding of the physical properties of the CGM of complex
roup environments will benefit from associating the kinematics of
ndividual absorbing components with each specific galaxy group
ember or gas flow. 
The goal of the MUSE–ALMA Haloes project is ultimately to

tudy the physical processes of gas transformation and flow into and
ut of galaxies as these are essential to a full understanding of the
ormation of galaxies and the growth of structure in the Universe. 

This paper outlines the o v erall surv e y strate gy, describes the data
cquisition and processing, and provides catalogues of all objects
bserved in the VLT/MUSE and HST observations of 19 quasar
elds making up the MUSE–ALMA Haloes surv e y. The manuscript

s organized as follows: Section 2 presents the scientific goals of
he MUSE–ALMA Haloes surv e y. Section 3 details the project’s
esign including different observational campaigns undertaken with
LT/MUSE, ALMA, and HST . Section 4 focuses on the set-up of the
arious observing runs, while Section 5 summarizes the processing
f these multi-wavelength data sets. In Section 6 , we provide the
nalysis of this data set. The physical properties of the targets are
iven in Section 7 . We summarize and conclude in Section 8 . We
dopt an H 0 = 68 km s −1 Mpc −1 , �M 

= 0.3, and �� 

= 0.7
osmology throughout. 

 SCIENCE  G OA L S  

he MUSE–ALMA Haloes surv e y probes the multi-phase CGM
as of intermediate redshift galaxies (0.19 < z < 1.40). The main
oal of the surv e y is to reveal and understand the physical processes
esponsible for the rapid transformation of baryons in and out of
alaxies to address the following important questions: 

(i) What is the physical relation between galaxies and their
aseous haloes? (Section 2.1 ) 

(ii) How is the CGM enriched with metals? (Section 2.2 ) 
(iii) What is the dynamical structure of gas flows in the CGM?

Section 2.3 ) 
(iv) What is the CGM census of condensed baryons? (Section 2.4 )
NRAS 516, 5618–5636 (2022) 
We provide more details below on the global science goals of the
roject, which will be published in subsequent papers. 

.1 Identify the Galaxies Associated with the Gas Traced by 
bsorption 

ne of the key unknowns in the study of galaxy evolution is how
alaxies acquire their gas and how they exchange this gas with their
urroundings. Historically, strong quasar absorbers were thought to
e associated with isolated galaxies, likely related to their rotating
isc (e.g. Wolfe et al. 1986 ; Wolfe, Gawiser & Prochaska 2005 ).
hile this view still partially holds, recent IFS-based findings

ndicate a scenario where the H I gas probed in absorption is related to
alaxy o v erdensities tracing small groups and filamentary structures
P ́eroux et al. 2019 ; Dutta et al. 2020 ; Hamanowicz et al. 2020 ; Ran-
hod et al. 2021 ). Indeed, a large fraction of the material is likely the
ignature of gas from remnant tidal debris from previous interactions
etween the main galaxy and other smaller satellite galaxies (Angl ́es-
lc ́azar et al. 2017 ). MUSE–ALMA Haloes couples absorption and

mission information at high-spatial resolution o v er a wide-field to
pecifically map the relation between galaxy physical properties and
xtended low-surface brightness multiphase gas. Specifically, we will
xamine the: 

(i) Physical properties of galaxies associated with gaseous haloes
 thanks to its wavelength coverage and high sensitivity to emission
ines at optical wavelengths, the MUSE observations provide im-
ediate confirmation of the identification of galaxies at the redshift

f the absorber down to typical luminosity L / L � ∼ 0.01. Our high-
patial resolution HST imaging complements the ground-based data
y probing objects at small angular separation from the bright
uasar. ALMA observ ations re veal molecular gas-rich objects at the
edshift of the absorbers. We stress that the combination of ALMA
ith VLT/MUSE observations is powerful to securely assess the

edshift of single-line mm detections (P ́eroux et al. 2019 ). Together,
hese observations provide measurements of the impact parameter,
edshift, SFR, metallicity, size, dust content, AGN contribution,
tellar, and molecular mass, and orientation of a sample of strong
( H I ) absorbers with log [N(H I)/cm 

−2 ] > 18. 
(ii) Morphology - thanks to the high spatial resolution of the

ST images, the MUSE–ALMA Haloes surv e y enables the study
f resolved properties of the absorber host galaxy and separate
nteracting objects. Perturbed morphologies in galaxy groups are
 signature of recent strong gravitational interactions (mergers or
idal streams Kacprzak et al. 2007 ). Additionally, the high spatial
esolution afforded by the space observations resolves individual
tar forming clumps in the UVIS filters (resolution ∼0.04”). 

(iii) Environment - the 1 × 1’-field of MUSE makes it possible
o establish further afield which of the galaxies are associated
ith the absorber (Narayanan et al. 2021 ). Information about the

nvironments of the absorber host galaxies distinguishes virialized
roups from aligned filamentary structures and determines their
ypical physical scales. 

.2 Map the CGM Metal Distribution 

 powerful diagnostic to disentangle accreting gas from outflowing
as around galaxies is the metallicity of the gas. Galaxy formation
imulations predict infalling gas feeding galaxies from the filaments
f the cosmic web to be metal-poor. Conversely, the outflowing gas
s likely to be metal-enriched by the stars and supernovae within
alaxies. While major cosmological simulations converge to predict
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hat metallicity is strongly correlated with the direction of gas flows 
Muratov et al. 2017 ; Peeples et al. 2019 ), these projections remain
ssentially unconstrained observationally (Wendt et al. 2021 ). In 
articular, the Illustris TNG50 and EAGLE simulations predict a 
trong correlation between metallicity and azimuthal angle, defined 
s the galiocentric angle of the quasar sightline with respect to 
he major axis of the central galaxy (P ́eroux et al. 2020 ; van de
oort et al. 2021 ). The MUSE–ALMA Haloes’ surv e y strate gy
pecifically combines robust gas abundance measurements [owing 
o known atomic gas column density N(H I)] with galaxy kinematics 
nd orientation determination (thanks to the increased sensitivity at 
ow-redshift) to investigate the following questions: 

(i) Gas metallicity distribution with azimuthal angle - strong 
bsorbers have estimates of neutral gas metallicity, [X/H], derived 
rom multiple absorption lines in the quasar spectra (including 
 I, FeII, SiII, SII, ZnII, CrII, CIV, SiIV). The combination of
LT/MUSE and HST observations additionally provide measures 
f the impact parameter and orientation of galaxies with respect to 
he absorbing gas. The azimuthal angle between the quasar line of
ight and the projected galaxy’s major axis on the sky is measured.
he MUSE–ALMA Haloes analysis also puts new constraints on 

he metal loading factor in winds, an input to hydrodynamical 
imulations which limits the amount of metals ejected by outflows 
Nelson et al. 2015b ). 

(ii) CGM-ISM gas metallicity difference - the selection of ab- 
orbers with z abs < 0.85 ensures that the VLT/MUSE observations 
eliver robust estimates of ISM metallicities measured in emission. 
he data set co v ers the nebular emission lines of [O II] λ λ 3727,
730, H δ λ 4103, H γ λ4342, H β λ4863, [O III] λ λ4933, 5008, 
N II] λ λ6550, 6585, H α λ6565 and [S II] λ λ 6718, 6733 Å to probe
he metallicity of the emitting gas based on the N2, O3N2 and/or
 23 indices as well as dust extinction. The metallicity difference 
etween the the absorbing gas and galaxy is positive (zero) when 
ndicating outflow (infall). This metallicity difference thus directly 
isentangles accreting metal-poor gas from outflowing metal-rich 
as (P ́eroux et al. 2016 ; Kacprzak et al. 2019 ; Pointon et al. 2019 ). 

(iii) Spatially resolved metallicity - advancing from 1-dimensional 
etallicity gradients, MUSE–ALMA Haloes provides 2D metallicity 
aps to analyse the spatial distribution of metals within the ISM and
GM of galaxies with different physical properties (P ́eroux et al. 
011 ; Rahmani et al. 2018a ). The clumpy distribution of metals is
ro v en to be fundamental in understanding the role of interaction,
ergers, accretion and gas flows in galaxy formation (Cresci et al. 

010 ; Rahmani et al. 2018b ; Nelson et al. 2020 ). 

.3 Constrain the Dynamical Structure of Gas Flows in the 
GM 

etermining the interactions between gas inflows and outflows is 
mportant. While observ ational e vidence for outflo ws is gro wing,
irect probes of infall are notoriously difficult to gather likely because 
he accretion signal is swamped by that of outflows in studies of
bsorption back-illuminated by the galaxy: the so-called ‘down-the- 
arrel’ technique (Kacprzak et al. 2014 ; Rubin et al. 2014 ; Roberts-
orsani & Saintonge 2019 ; Roy et al. 2021 ). This method involves
robing the gas lying in front of the galaxy, with the continuum
rising from the background stellar light of the galaxy. Redshifted 
bsorption (relative to the systemic redshift) indicates inflows, i.e. 
he motion of the gas towards the galaxy (or away from the observer
long the line-of-sight). Similarly, a blueshifted component suggests 
utflows. While these techniques provide information on the net 
esults of inflows and outflows, studying gas flows into and out
f galaxies separately is essential for characterizing their mutual 
nteractions. Intervening quasar absorbers are uniquely suited to 
robe rare cases of accretion (Bouch ́e et al. 2013 ; Rahmani et al.
018b ; Ho & Martin 2020 ; Szakacs et al. 2021b ), characterize
utflows and reach low-density gas undetected by other techniques. 
f particular importance is the fate of outflowing gas: escaping the
alaxy potential well or recycling back to the discs via galaxy-scale
ountains (Fraternali & Binney 2008 ; Fraternali 2017 ; Bish et al.
019 ). Studies of the multi-phase CGM are also required to better
nderstand the physics of gas flows. With the MUSE–ALMA Haloes 
ata sets, we will: 

(i) Characterize accretion properties - VLT/MUSE observations 
rovide information on the orientation, geometry and kinematics of 
hese galaxies and allow one to look for signatures of gas kinematics
eparting from disc rotation. Specifically, gas velocity and impact 
arameter measurements enable estimates of the mass flux of the 
ccreting gas, Ṁ in (Bouch ́e et al. 2016 ; Zabl et al. 2019 ). We note
hat measurements of the column density of the atomic gas, N ( H I ),
re a key ingredient to the estimates of the mass inflow rates. 

(ii) The fate of outflows - identified cases of galactic winds enable
obust estimates of the gas mass moving out of galaxies (Schroetter
t al. 2019 ). Early results from both VLT/SINFONI and VLT/MUSE
bservations indicate that the mass outflow rate ( Ṁ out ) is similar to
he star formation rate. The outflow speeds ( ∼100 km/s) are smaller
han the local escape velocity, which implies that the outflows do not
scape the galaxy halo and are likely to fall back into the ISM, in
o-called galactic fountains (Schroetter et al. 2016 ). On the contrary,
t z = 2–3, Steidel et al. ( 2010 ) have reported that outflow speeds
xceed the escape velocity at the virial radius. MUSE–ALMA Haloes 
ill provide a large sample of new measurements of Ṁ out . Such
easurements are ke y giv en that the mass loading factor, Ṁ out /SF R 

hich characterizes the amount of material involved in a galactic 
utflow and is an essential input to any theoretical model of galaxy
ormation - hydrodynamics, numerical, as well as semi-analytical 
odels of galaxy formation (Kere ̌s et al. 2005 ; Nelson et al. 2015b ).
(iii) Multiphase gas kinematic coupling - high-resolution spec- 

roscopy of the background quasars, VLT/MUSE, and ALMA 

bservations together offer an unprecedented view of the kinematics 
f the atomic, ionized and molecular gas. Our early findings (Klitsch
t al. 2018 ; P ́eroux et al. 2019 ; Szakacs et al. 2021a ) indicate that
hile the stellar component is spatially more extended than the cold
as, the resolved molecular lines are broader in velocity space that
onized species. MUSE–ALMA Haloes provides a larger sample to 
urther explore these results. 

.4 Establish a Census of the Condensed CGM Baryons 

aryons are missing from galaxies in what is known as the galaxy
alo missing baryon problem (McGaugh 2008 ; Werk et al. 2014 ).
hese haloes lack 60 per cent of the baryons expected from the
osmological mass density, suggesting missing structures both in 
ass and spatial extent. At z gal ∼ 0.25, the COS-Halos surveys 

ndicate that the cool phase of the CGM gas accounts for half
f the baryons purported to be missing from galaxy dark matter
aloes (Bordoloi et al. 2011 ; Werk et al. 2013 ). At z gal ∼ 2, the
eck Baryonic Structure Surv e y (KBSS) project has demonstrated 

rom gas kinematics that 70 per cent of galaxies with detected metal
bsorption have some unbound metal-enriched gas which could be 
 major reservoir of baryons (Steidel et al. 2010 ; Rudie et al. 2019 ;
hen et al. 2021 ). There is also a SFR gap between COS-Halos and
MNRAS 516, 5618–5636 (2022) 
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BSS. The SFRs for COS-Halos range from < 1M �/yr to maximum
f a few; the KBSS LBGs is > 10 M �/yr. These observed high-level
f metal enrichment ho we v er hav e pro v en challenging to reproduce
n simulations, solutions often relying on invoking extreme quasar-
eeback mechanisms [Schaye et al. ( 2015 ), Nelson et al. ( 2019 ),
lthough see also Hafen et al. 2019 ]. Our MUSE–ALMA Haloes
ata set is optimized to fill the ‘redshift gap’ between COS-Halos
t z gal ∼ 0.25 and the KBSS at z gal ∼ 2, and thereby to probe the
ffects of cosmic evolution on the metal enrichment of the CGM at
he peak epoch of star formation. The MUSE–ALMA Haloes surv e y
robes objects with SFR of a few, as the COS-Halos surv e y. The
arrow emission lines of [O II], H δ, H γ , H β, [O III], [N II], H α,
nd [S II] will a v oid the systemic redshift uncertainties caused by
symmetric Ly α profiles seen in surv e ys at z gal > 2. Specifically,
ith the MUSE–ALMA Haloes data sets, we will determine the: 

(i) Cold gas covering fraction - MUSE–ALMA Haloes includes
easurements of the strength of the gas-phase metal (equi v alent
idth) as a function of impact parameter and velocity separation.
he optical quasar spectroscopy delivers accurate equi v alent width
easurements of Mg II to probe the metal distribution of CGM about

alaxies as a function of impact parameter (Dutta et al. 2020 , 2021 ).
he larger number of objects in the sample enables us to quantify

hese results as a function of galaxy properties (redshift, SFR,
etallicity, mass, environment). Indeed, the remarkable combination

f VLT/MUSE’s unmatched sensitivity and wide FoV makes the
nstrument an efficient ‘redshift machine’ to build a sizeable sample
f Mg II and [O II] emitters at z ≤ 0.8. 
(ii) Baryonic and gas fractions of galaxies - most recent CO-

mission surv e ys hav e informed us about the g as fraction of g alaxies
p to z ∼4 (COLD GASS and PHIBSS, respectively Saintonge et al.
017 ; Tacconi et al. 2018 ; Tacconi, Genzel & Sternberg 2020 ). Yet
hese results are limited to only the most massive galaxies. MUSE–
LMA Haloes characterizes the gas fraction of the bulk of the galaxy
opulation by reaching objects with stellar masses M ∗ < 10 10 M �.
hese gas mass measurements provide the determination of both the
aryonic fraction f baryons = ( M gas + M ∗)/ M dyn , and gas fraction μ =
 gas /( M gas + M ∗) in a population of galaxies significantly fainter

han probed otherwise. 
(iii) Galactic baryon cycling - MUSE–ALMA Haloes probes the
olecular masses from the flux of CO emission detected with
LMA. Combined with known SFR estimates, we calculate the
olecular depletion times as: τ depl = M H2 /SFR = 1/SFE, where SFE

s the star formation efficiency, a key link to the baryon cycle (P ́eroux
t al. 2020 ; Walter et al. 2020 ). 

 SURV EY  D E S I G N  

he MUSE–ALMA Haloes surv e y firstly aims to study the galaxies
ssociated with strong gas absorbers. With this goal in mind, a set of
9 quasar fields were selected to have so-called ‘primary targets’. On
op of this unique sample, numerous additional galaxies of interest
re also included forming the so-called ‘galaxy-selected’ sample. 

.1 The Primary Targets 

USE–ALMA Haloes is based on a unique selection of known
uasar absorbers based solely on two criteria: 

(i) measured H I column density log [N(H I)/cm 

−2 ] > 18, from
ST UV spectroscopy, which delivers spectra with resolutions
 = 20 000–30 000 
NRAS 516, 5618–5636 (2022) 
(ii) z abs < 0.85, to ensure that all emission lines up to [OIII] λ
007 Å will be co v ered by the VLT/MUSE observations 

MUSE–ALMA Haloes complements other surv e ys thanks to these
ey elements of the selection. The H I upper limits denote quasar
bsorbers with columns very near this limit, and in all cases, well
bo v e log [N(H I)/cm 

−2 ] > 15. The observations were undertook
ith either HST /FOS (Harms & Fitch 1991 ), COS (Green et al.
012 ) or STIS (Kimble et al. 1998 ). References to the published
 I column density measurements are provided as a footnote to
able 1 . Indeed, we stress that an accurate knowledge of H I column
ensity in absorption is pivotal to a precise measure of neutral
as metallicity including a potentially required correction for the
hotoionized fraction of the gas. In addition, H I is a key ingredient
n the estimate of the mass loading factor. The redshift range, which
omplements other efforts at z > 3, is set to permit the robust
etermination of the systemic redshift based on narrow emission lines
as opposed to Ly α), as well as the star formation rates and emission
etallicity of these galaxies based on rest-frame optical emission

iagnostics. Finally, the larger apparent size and surface brightness at
hese relatively modest redshifts compare to higher-redshifts enable
 kinematic reconstruction of a large number of objects. The sample
esulting from this selection comprises 32 individual absorbers (the
primary targets’) in 19 unique fields. The N ( H I ) and redshifts of
hese systems are provided in Table 1 . The distributions of their
edshifts and H I columns are presented in Fig. 1 . 

The selected primary targets are well-studied strong absorbers. For
his reason, they benefit from a number of addition ancillary data sets.
y selection, all fields have high-resolution UV spectroscopy from
ST . Most of the targets have ground-based optical high-resolution
uasar spectra from VLT/UVES, X-Shooter or Keck/HIRES obser-
ations. These spectra provide abundance estimates based on the
eaker metal lines of e.g. Si II, S II, Zn II and Cr II. One of the

bsorbers (towards Q1229 − 021) has also been detected in 21cm
gainst the radio-loud background quasar as part of the FLASH
urv e y currently on-going on ASKAP (Sadler et al. 2020 ). More
f the MUSE–ALMA Haloes targets will also be part of FLASH’s
hase 2, potentially providing additional information on atomic gas
inematics and spin temperature. While this paper focuses on the
ewly acquired data, the ancillary observations will be presented
n upcoming publications. The instruments used to record the high-
esolution quasar spectra are also provided in Table 1 . 

.2 Additional Absorbers 

n addition to the primary targets, with log [N(H I)/cm 

−2 ] > 18, the
ightlines to the background quasars contain a number of additional
etal absorbers and higher-redshift systems. While these are not

irectly the targets of the primary sample, most of the science
escribed in Section 2 is also addressed by these additional absorbers.
hese typically include MgII absorbers with log [N(H I)/cm 

−2 ] < 18
nd associated with well-identified [OII] emitters observed with
LT/MUSE (see e.g. Rahmani et al. 2018b ; Hamanowicz et al. 2020 ).
e refer to this sample as the ‘additional absorbers’. 

.3 The Galaxy-selected Sample 

eyond the absorber-selected targets, each of the 19 VLT/MUSE
ubes contains several dozen z gal < 1.2 galaxies with secure redshifts
elow the quasar redshift (typically <z quasar > = 1.2). This additional
ample includes 215 galaxies across all fields. These objects are
elected independently of whether they are related to a known
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Table 1. Primary targets within the 19 fields targeted by the MUSE–ALMA Haloes survey. The sky coordinates, redshift and V-band magnitude of 
the background quasars are provided. The table also lists the redshifts and neutral gas column densities, log N ( H I ), as estimated from HST UV-spectra of 
the main targets of the surv e y, the so-called primary sample. The penultimate column lists the HST instrument used (FOS, COS or STIS). Indications of 
additional ground-based high-resolution spectroscopy of the background quasar are also provided if available in the last column (Keck/HIRES, VLT/UVES 
or VLT/X-Shooter). 

Quasar Other name RA Dec z quasar V mag z abs log N ( H I ) UV Optical 
(J2000) (J2000) QSO spe QSO spec 

Q0058 + 0019 LBQS0058 + 0155 01 00 54.12 + 02 11 36.33 1.96 17.16 0.6125 20.08 ± 0.15 a FOS UVES 
... ... ... ... ... ... ... ... ... + HIRES 
Q0123 − 0058 ... 01 23 03.22 −00 58 19.38 1.55 18.75 0.8686 < 18.62 b STIS UVES 
... ... ... ... ... ... 1.4094 20.08 ± 0.09 c ... ... 
Q0138 − 0005 ... 01 38 25.49 −00 05 33.97 1.34 18.76 0.7821 19.81 ± 0.08 d STIS UVES 
J0152 − 2001 UM 675 01 52 27.34 −20 01 07.10 2.06 17.4 0.3830 < 18.78 e FOS HIRES 
... ... ... ... ... ... 0.7802 18.87 ± 0.12 b ... ... 
Q0152 + 0023 ... 01 52 49.68 + 00 23 14.60 0.59 17.87 0.4818 19.78 ± 0.08 b STIS ... 
Q0420 − 0127 J0423 − 0130 04 23 15.80 −01 20 33.07 0.91 17.00 0.6331 18.54 ± 0.09 b FOS HIRES 
Q0454 + 039 Q0454 + 0356 04 56 47.17 + 04 00 52.94 1.34 16.53 0.8596 20.67 ± 0.03 b STIS UVES 
... ... ... ... ... ... 1.1532 18.59 ± 0.02 b ... + HIRES 
Q0454 − 220 J0456 − 2159 04 56 08.92 −21 59 09.60 0.53 16.10 0.4744 19.45 ± 0.03 b COS UVES 
... ... ... ... ... ... 0.4833 18.65 ± 0.02 b STIS + HIRES 
Q1110 + 0048 2QZJ1110 + 0048 11 10 55.00 + 00 48 54.40 0.76 18.68 0.5604 20.20 ± 0.10 b STIS ... 
J1130 − 1449 B1127 − 145 11 30 07.04 −14 49 27.40 1.19 16.90 0.1906 < 19.10 f FOS UVES 
... ... ... ... ... ... 0.3127 21.71 ± 0.08 b ... ... 
... ... ... ... ... ... 0.3283 < 18.90 f ... ... 
J1211 + 1030 LBQS1209 + 1046 12 11 40.59 + 10 30 02.00 2.19 18.37 0.3929 19.46 ± 0.08 b FOS UVES 
... ... ... ... ... ... 0.6296 20.30 ± 0.24 b ... ... 
... ... ... ... ... ... 0.8999 < 18.50 f ... ... 
... ... ... ... ... ... 1.0496 < 18.90 f ... ... 
Q1229 − 021 Q1232 − 0224 12 32 00.01 −02 24 04.80 1.05 17.06 0.3950 20.75 ± 0.07 g COS UVES 
... ... ... ... ... ... 0.7572 18.36 ± 0.09 b ... ... 
... ... ... ... ... ... 0.7691 18.11 ± 0.15 f ... ... 
... ... ... ... ... ... 0.8311 18.84 ± 0.10 f ... ... 
Q1342 − 0035 LBQS1340 − 0020 13 42 46.23 −00 35 44.27 0.79 18.30 0.5380 19.78 ± 0.13 b STIS ... 
Q1345 − 0023 LBQS1343 − 0008 13 45 47.82 −00 23 23.86 1.10 17.60 0.6057 18.85 ± 0.20 b STIS ... 
Q1431 − 0050 LBQS1429 − 0036 14 31 43.74 −00 50 12.48 1.18 18.23 0.6085 19.18 ± 0.24 b STIS ... 
... ... ... ... ... ... 0.6868 18.40 ± 0.07 b ... ... 
Q1515 + 0410 ... 15 15 05.12 + 04 10 12.10 1.27 18.59 0.5592 20.20 ± 0.19 h STIS XSH 

Q1554 − 203 J1557 − 2029 15 57 21.18 −20 29 12.10 1.95 19.2 0.7869 < 19.00 b STIS XSH 

J2131 − 1207 B2128 − 123 21 31 35.26 −12 07 04.80 0.50 16.11 0.4298 19.50 ± 0.15 i STIS UVES 
... ... ... ... ... ... ... ... ... + HIRES 
Q2353 − 0028 LBQS2350 − 0045 23 53 21.61 −00 28 41.66 0.76 18.13 0.6044 21.54 ± 0.15 b STIS ... 

Notes. HIRES = Keck/HIRES; UVES = VLT/UVES; XSH = VLT/X-Shooter 
References: a Pettini et al. ( 2000 ) b Rao, Turnshek & Nestor ( 2006 ) c Meiring et al. ( 2009 ) d P ́eroux et al. ( 2008 ) e Rahmani et al. ( 2018a ) f Hamanowicz et al. 
( 2020 ) g Boisse et al. ( 1998 ) h Rahmani et al. ( 2016 ) i Muzahid et al. ( 2016 ) 
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bsorber, but they are at redshifts for which we have coverage in
he existing quasar spectra to characterize the cold gas traced by 
.g. Mg II absorbers. This provides a large sample of absorber-
lind galaxies with a wealth of information about their physical 
roperties. Indeed, statistically probing the physical properties of 
alaxies which do not have extended gaseous haloes is important to 
raw a full picture of the baryon cycle (Chen et al. 2021 ). Equally,
he HST observations provide a measure of the stellar mass of
everal hundreds of galaxies, including numerous objects outside 
he VLT/MUSE field-of-view. We refer to this part of the surv e y
s the ‘galaxy-selected sample’. This larger data set constitutes the 
ain focus of the current paper. We note that by construction the

rimary sample is a subset of the galaxy-selected sample. 

.4 Supplementary Science Targets 

n addition to the main science cases, the MUSE–ALMA Haloes 
ata provide detailed information for 19 bright 0.48 < z quasar < 

.19 quasars. The data set includes high spatial resolution ( ∼2kpc) 
bservations of potential quasar-driv en massiv e outflows thought to 
e omnipresent in bright quasar-host galaxies (Harrison et al. 2016 ,
018 ). Moreo v er, MUSE–ALMA Haloes co v ers a large volume
obust against cosmic variance, providing spectra and redshifts for 
undreds of galaxies ranging from z = 0 to z = 6.5, including Ly α
mitters at z gal > 3. 

 OBSERV I NG  S T R AT E G Y  

.1 Optical Integral Field Spectrograph VLT/MUSE 

bser v ations 

he VLT/MUSE observations were carried out in service mode 
under programmes ESO 96.A-0303, 100-A-0753, 101.A-0660, and 
02.A-0370, PI: C. P ́eroux and 298.A-0517, PI: A. Klitsch) at the
uropean Southern Observatory on the 8.2 m Yepun telescope. Each 
USE observations were centered on the bright background quasar. 

o optimize the schedulability of the runs, a mix of natural seeing
ode and GALACSI Adaptive Optics (AO) system observations was 
MNRAS 516, 5618–5636 (2022) 
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M

Figure 1. Quasars and primary targets properties. Left-hand panel: Redshift distribution (in black) of the 19 background quasars making up the MUSE–
ALMA Haloes surv e y. The filled histogram (green) displays the redshift distribution of the 32 intervening absorbers along the line-of-sight to these quasars, 
composing the primary target sample. Right-hand panel: Atomic hydrogen gas column density distribution of these strong absorbers. The selection criterion 
imposes the cut at log [N(H I)/cm 

−2 ] > 18. 
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sed as indicated in Table 2 . In addition, to ease the scheduling of
he P100, P101, and P102 runs, we adopted a pro v en strate gy tested
uring our early study of relaxing the observing conditions where the
ain from AO is the highest. The resulting image quality (FWHM
alues) are listed in Table 2 . The table also includes exposure times
or each field observ ed. Each e xposure was further divided into two
qual sub-exposures, with an additional field rotation of 90 degrees
nd sub-arcsec dithering offset in 2-step pattern to minimize residuals
rom the slice pattern. The resulting field of view is 59.9 arcsec ×
0 arcsec, with a 0.2 arcsec/pixel scale. We used the ‘nominal mode’
esulting in a spectral co v erage of ∼4800–9300 Å (Bacon et al.
010 ). The AO-assisted observations are blind to wavelengths cut-
ut by the notch filter between 5820–5970 Å. The spectral resolution
s R = 1770 at 4800 Å and R = 3590 at 9300 Å resampled to a spectral
ampling of 1.25 Å/pixel. A journal of observations summarizing the
roperties of the MUSE program is presented in Table 2 . 

.2 ALMA mm Obser v ations 

he ALMA data included in the MUSE–ALMA Haloes surv e y are
omprised of three distinct catalogues: (i) proposals led by our group,
ii) targets included in ALMACAL and (iii) archi v al data. 

Firstly, a subset of the quasar fields were observed with ALMA
pecifically for use in the MUSE–ALMA Haloes surv e y. The details
f these runs are described in P ́eroux et al. ( 2019 ), Klitsch et al.
 2021 ), Szakacs et al. ( 2021a ) and we only give a brief overview here.
he observations were performed in Bands 3, 4 or 6 and co v ered

he CO(1–0), CO(2–1) or CO(3–2) emission lines at the redshift
f the primary targets. The programmes were 2016.1.01250.S and
017.1.00571.S (PI: C. P ́eroux) and 2018.1.01575.S (PI: A. Klitsch).
he precipitable water vapour (PWV) for these observations varied
etween 0.65 and 5.4 mm and the total on-source observing times
re listed in Table 3 . The data were observed in relatively compact
ntenna configurations which resulted in an angular resolution of the
rder 1 ′′ . For each target, one of the four spectral windows was
entred on the redshifted CO line frequency and used relatively
NRAS 516, 5618–5636 (2022) 
igh spectral resolution (4096 dual-polarization channels across a
andwidth of 1875 MHz) whilst the other three spectral windows
ere used to observe the continuum and thus only required 128

hannels each o v er the same bandwidth. 
Second, some of the MUSE fields are part of the ALMACAL 

2 

urv e y. ALMACAL is an ingenious mm surv e y that e xploits ALMA
hase and amplitude calibration data. Since 20 per cent of all ALMA
elescope time has been spent on calibrators, ALMACAL is already
he widest and deepest mm surv e y. The amount of data processed to
ate adds up to o v er 2000 hrs of ALMA observation time, equivalent
o about half of all observing time awarded to observers in a one-year
LMA cycle. These data become publicly available immediately,
ithout proprietary time. This calibrator surv e y can be used to study
oth the calibrators themselves and any serendipitously-detected
alaxies in the field. One of the fields (namely Q0420 − 0127)
ad already appropriate frequency coverage and sufficient depth to
nable a detailed study (Klitsch et al. 2018 ). As ALMA is observing
epeatedly the same calibrator fields, further data will likely become
vailable in the future. 

Thirdly, data for four of the targets are available in the ALMA
rchive, two of which (Q0058 + 0019 and Q0138 − 0005) were
reviously published (Kanekar et al. 2018 ). 
A journal of observations summarizing the properties of the

LMA runs as of 2022 July 15 is presented in Table 3 . The table
ncludes exposure times, spatial resolution, primary beam diameter
nd frequency coverage. 

First, a subset of the quasar fields was observed with ALMA under
I-programs. The details of these runs are described in Szakacs et al.
 2021a ) and we give here only a brief o v ervie w. The observ ations
ere performed in Band 3, 4 or 6 to co v er the CO(1 − 0), CO(2 − 1) or
O(3 − 2) emission lines at the redshift of the primary targets (under
rogrammes 2016.1.01250.S and 2017.1.00571.S, PI: C. P ́eroux
nd 2018.1.01575.S, PI: A. Klitsch). The precipitable water vapour
PWV) for these observations varied between 0.65 and 5.4 mm and

art/stac2546_f1.eps
file:almacal.wordpress.com
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Table 2. J our nal of VLT/MUSE obser v ations. The MUSE observations were carried out in service mode o v er various observing campaigns with a 
combination of natural seeing and GALACSI Adaptive Optics (AO) system modes. The 3 σ line flux limits are calculated at 7000 Å for an unresolved source 
spread o v er a disc with diameter equal to the seeing and with FWHM = 3 Å. 

Quasar t exp AO? I.Q. a Flux limit Prog. ID PI MUSE–ALMA Haloes 
field [s] [’] [ergs −1 cm 

−2 ] references 

Q0058 + 0019 1410 + 330 AO 1.23 2.8 × 10 −17 102.A-0370 P ́eroux This work 
Q0123 − 0058 1410 × 2 no 2.11 5.5 × 10 −17 100.A-0753 P ́eroux This work 
Q0138 − 0005 1410 × 2 AO 1.11 3.6 × 10 −17 101.A-0660 P ́eroux This work 
J0152 − 2001 1200 × 4 no 0.72 4.7 × 10 −18 096.A-0303 P ́eroux Rahmani et al. ( 2018a , b ) 
Q0152 + 0023 1410 × 2 AO 0.65 1.2 × 10 −17 101.A-0660 P ́eroux This work 
Q0420 − 0127 1405 × 4 no 0.71 4.0 × 10 −18 298.A-5017 Klitsch Klitsch et al. ( 2018 ) 
Q0454 + 039 1410 × 4 no 0.81 5.3 × 10 −18 100.A-0753 P ́eroux This work 
Q0454 − 220 1410 × 2 no 0.57 2.3 × 10 −18 100.A-0753 P ́eroux This work 
Q1110 + 0048 1410 × 2 AO 0.52 2.6 × 10 −18 101.A-0660 P ́eroux This work 
J1130 − 1449 1200 × 6 + 960 × 2 no 0.76 4.2 × 10 −18 096.A-0303 P ́eroux P ́eroux et al. ( 2019 ) 
J1211 + 1030 1200 × 4 no 0.75 6.8 × 10 −18 096.A-0303 P ́eroux Hamanowicz et al. ( 2020 ) 
Q1229 − 021 1200 × 4 no 0.80 7.3 × 10 −18 096.A-0303 P ́eroux Hamanowicz et al. ( 2020 ) 
Q1342 − 0035 1410 × 2 AO 1.30 2.0 × 10 −17 101.A-0660 P ́eroux This work 
Q1345 − 0023 1410 × 2 AO 0.64 4.8 × 10 −18 101.A-0660 P ́eroux This work 
Q1431 − 0050 1410 × 2 AO 0.54 7.1 × 10 −18 101.A-0660 P ́eroux This work 
Q1515 + 0410 1410 × 4 AO 0.59 5.2 × 10 −18 101.A-0660 P ́eroux This work 
Q1554 − 203 1410 × 4 AO 0.79 6.0 × 10 −18 101.A-0660 P ́eroux This work 
J2131 − 1207 1200 × 4 no 0.72 4.6 × 10 −18 096.A-0303 P ́eroux P ́eroux et al. ( 2017 ), Szakacs et al. ( 2021a ) 
Q2353 − 0028 1410 × 4 AO 0.81 5.2 × 10 −18 101.A-0660 P ́eroux This work 

Note. a I.Q. refers to the image quality in the reconstructed cube measured from a Gaussian fit at 7000 Å. 

t  

a
1  

t  

m
r
fi

s  

A  

A
a  

p  

t  

o
a
s  

g  

h  

t
a
c
l

 

Q
t
e  

T

A  

t
C

3

4

M
t  

a  

w  

(
i  

w
2  

s  

g  

d
W  

r  

i
t
D
o  

d  

c  

a  

e
b  

a  

c  

o

5

5

D
ow

nloaded from
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nras/article/516/4/5618/6696396 by European Southern O
bservatory user on 25 August 2023
he total on-source observing times are listed in Table 3 . Compact
ntenna configurations resulted in an angular resolution of the order 
”. For each target, one of the four spectral windows was centred on
he redshifted CO line frequency and used the high spectral resolution
ode. The other three spectral windows were set to low spectral 

esolution mode and were used for continuum observations of the 
eld. 
Second, some of the MUSE fields are part of the ALMACAL 

3 

urv e y. ALMACAL is an ingenious submm surv e y that e xploits
LMA phase and amplitude calibration data. Since 20 per cent of all
LMA telescope time has been spent on calibrators, ALMACAL is 

lready the widest and deepest submm surv e y. The amount of data
rocessed to date adds up to o v er 2000 hrs of ALMA observation
ime, equi v alent to about half of all observing time awarded to
bservers in a one-year ALMA cycle. These data become publicly 
vailable immediately, without proprietary time. This calibrator 
urv e y can be used to study both the calibrators themselves and the
alaxies in the field. While one of the fields (namely Q0420 − 0127)
ad sufficient depth (Klitsch et al. 2018 ), the others are at present
oo shallow to enable detections of CO emitters associated with the 
bsorbers. Further data, as ALMA is observing repeatedly the same 
alibrator fields, will likely become available in the future and are 
isted in Table 3 . 

Third, data for two of the targets (namely Q0058 + 0019 and
0123 − 0058) are available in the ALMA archive. Results from 

hese observations have been published in the literature (Kanekar 
t al. 2018 ). The details of these observations are also reported in
able 3 . 
A journal of observations summarizing the properties of the 

LMA runs is presented in Table 3 . The table includes exposure
imes, spatial resolution, frequenc y co v erage and the corresponding 
O transition co v ered for the primary targets. 
 almacal.wordpress.com 

T
2
e  

l  
.3 HST Broad-Band Imaging 

USE–ALMA Haloes also includes broad-band imaging of most of 
he fields in the sample. The new data were observed during Cycle 27
s part of a 40-orbit medium programme (ID: 15939; PI: C. P ́eroux)
ith the Wide Field Camera 3 in both the optical (UVIS) and infrared

IR) detectors, using different combination of broad-band filters as 
ndicated in Table 4 . We also make use of archi v al data recorded
ith WFPC. Together, the observations took place between January 
015 and May 2021. For the dedicated programme, we aimed at
etting the roll-angle of the telescope such that the primary target
alaxy counterpart revealed by MUSE lies at 45 degrees from the
iffraction spikes of the instrument Point Spread Function (PSF). 
e use a dithering pattern in four individual exposures to help with

emoval of cosmic rays and hot pixels. The UVIS observations were
nitially taken using the WFC3-UVIS-DITHER-BOX pattern. The 
wo observations with the IR detector were taken using the WFC3-IR- 
ITHER-BOX-MIN pattern providing an optimal 4-point sampling 
f the PSF. Some of the observations failed due to HST pointing
rifts and only a fraction of these fields were reobserved. In these
ases, the dithering pattern might differ slightly. For some fields, we
lso rely on existing archi v al data to constrain the galaxy spectral
nergy distribution (SED) on either side of the 4000 Å Balmer 
reak. The majority (16/19) of the fields have three broad-band filters
vailable. Using additional data available in the HST archive, we even
o v er a total of 4 filters for some of the targets. A summary of the
bservational set-up, including observing times, is given in Table 4 . 

 MUSE–ALMA  H A L O E S  DATA  PROCESSING  

.1 Optical Integral Field Spectrograph VLT/MUSE Cubes 

he data were reduced with the ESO MUSE pipeline (Weilbacher 
015 ) and additional external routines for sky subtraction and 
xtraction of the 1D spectra. Master bias, flat-field images and arc
amp exposures based on data taken closest in time to the science
MNRAS 516, 5618–5636 (2022) 
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Table 4. J our nal of HST Obser v ations. The broad-band imaging observ ations av ailable from the Space Telescope 
Science Institute archive are shown in italics . In the cases of several primary targets in the field, the chosen broad-band 
filters are well suited to probe the wavelength range bluewards of the 4000 Å break. ‘...’ refers to entry with no HST 
observations. 

Quasar field t exp HST Central λ Mag Prog. ID PI 
[s] camera/filter [ Å] Limit 

Q0058 + 0019 27676 WFPC F702W 6919 27.02 6557 Steidel 
Q0123 − 0058 ... ... ... ... ... ... 
Q0138 − 0005 2367 WFC3/UVIS F475W 4774 28.70 15939 P ́eroux 
... 2364 WFC3/UVIS F625W 6242 28.90 15939 P ́eroux 
... 2412 WFC3/IR F105W 10557 27.93 15939 P ́eroux 
J0152 − 2001 2364 WFC3/UVIS F336W 3355 29.39 15939 P ́eroux 
... 2364 WFC3/UVIS F475W 4774 29.29 15939 P ́eroux 
... 1250 WFPC F702W 6919 27.68 6557 Steidel 
Q0152 + 0023 2106 WFC3/UVIS F336W 3355 28.54 15939 P ́eroux 
... 2489 WFC3/UVIS F475W 4774 28.39 15939 P ́eroux 
... 2489 WFC3/UVIS F814W 8033 27.92 15939 P ́eroux 
Q0420 − 0127 2122 WFC3/UVIS F336W 3355 28.30 15939 P ́eroux 
... 2216 WFC3/UVIS F475W 4774 29.52 15939 P ́eroux 
... 1918 NICMOS F160W 1607 24.12 7451 Smette 
Q0454 + 039 2416 WFC3/UVIS F625W 6242 28.72 15939 P ́eroux 
... 2000 WFPC F450W 4556 26.58 5351 Bergeron 
... 3600 WFPC F702W 6919 27.97 5351 Bergeron 
... 767 NICMOS F160W 1607 24.25 7329 Malkan 
Q0454 − 220 2164 WFC3/UVIS F336W 3355 29.31 15939 P ́eroux 
... 2564 WFC3/UVIS F475W 4774 29.34 15939 P ́eroux 
... 1200 WFPC F702W 6917 26.02 5098 Burbidge 
Q1110 + 0048 1500 WFC3/UVIS F336W 3355 29.56 15939 P ́eroux 
... 1200 WFC3/UVIS F475W 4774 28.92 15939 P ́eroux 
... 1200 WFC3/UVIS F814W 8033 27.45 15939 P ́eroux 
J1130 − 1449 2152 WFC3/UVIS F336W 3355 29.42 15939 P ́eroux 
... 2552 WFC3/UVIS F438W 4326 29.08 15939 P ́eroux 
... 22000 WFPC F814W 8012 28.65 9173 Bechtold 
... 2120 WFC3/IR F140W 1392 28.02 14594 Bielby 
J1211 + 1030 2224 WFC3/UVIS F336W 3354 28.47 15939 P ́eroux 
... 2000 WFPC F450W 4556 28.21 5351 Bergeron 
... 3600 WFPC F702W 6919 27.43 5351 Bergeron 
Q1229 − 021 2396 WFC3/UVIS F336W 3355 28.67 15939 P ́eroux 
... 2000 WFPC F450W 4556 26.93 5351 Bergeron 
... 4800 WFPC F702W 6919 27.55 5351 Bergeron 
Q1342 − 0035 2106 WFC3/UVIS F336W 3355 28.54 15939 P ́eroux 
... 2489 WFC3/UVIS F475W 4774 29.20 15939 P ́eroux 
... 2489 WFC3/UVIS F814W 8033 28.12 15939 P ́eroux 
Q1345 − 0023 500 WFC3/UVIS F336W 3355 28.68 15939 P ́eroux 
... 600 WFC3/UVIS F475W 4774 29.56 15939 P ́eroux 
... 1200 WFC3/UVIS F814W 8033 27.80 15939 P ́eroux 
Q1431 − 0050 2106 WFC3/UVIS F336W 3355 29.06 15939 P ́eroux 
... 2489 WFC3/UVIS F475W 4774 28.79 15939 P ́eroux 
... 2489 WFC3/UVIS F814W 8033 28.08 15939 P ́eroux 
Q1515 + 0410 2106 WFC3/UVIS F336W 3355 29.14 15939 P ́eroux 
... 2489 WFC3/UVIS F475W 4774 29.62 15939 P ́eroux 
... 2489 WFC3/UVIS F814W 8032 26.82 15939 P ́eroux 
Q1554 − 203 2411 WFC3/UVIS F475W 4774 29.87 15939 P ́eroux 
... 2576 WFC3/UVIS F625W 6242 28.89 15939 P ́eroux 
... 2176 WFC3/IR F105W 10557 28.64 15939 P ́eroux 
J2131 − 1207 2156 WFC3/UVIS F336W 3355 29.07 15939 P ́eroux 
... 2556 WFC3/UVIS F475W 4774 29.26 15939 P ́eroux 
... 1800 WFPC F702W 6919 27.22 5143 Macchetto 
Q2353 − 0028 2106 WFC3/UVIS F336W 3355 29.48 15939 P ́eroux 
... 2489 WFC3/UVIS F475W 4774 29.45 15939 P ́eroux 
... 2489 WFC3/UVIS F814W 8033 27.78 15939 P ́eroux 
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rames were used to correct each raw cube. We checked that the flat-
elds are the closest possible to the science observations in terms of
mbient temperature to minimize spatial shifts. In all cases, we found 
he temperature difference to be below the canonical 0.5 degrees set
o be the acceptable limit. Bias and flat-field correction are part of
he ESO pipeline. The raw science data were then processed with
he scibasic and scipost recipes. During this step, the wavelength 
alibration was corrected to a heliocentric reference. We note that 
MNRAS 516, 5618–5636 (2022) 
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Figur e 2. Example VLT/MUSE r econstructed RGB-colour image. Re- 
constructed AO-assisted image of the combined exposures of the field of 
Q1110 + 0048 collapsed along the wavelength axis. The total field-of-view 

is 59.9 × 60 arcsec 2 . The total exposure time t exp = 1410 s ×2 and the resulting 
image quality of the combined datacube is FWHM = 0.52 arcsec measured 
at 7000 Å. The quasar, with z quasar = 0.76, is at the centre of the image. 
The objects visible in the field are bright in continuum. The colour contours 
illustrate of the automatically-generated segmentation map in the Johnson 
R-band of the same field ordered in terms of increasing flux. Brighter objects 
are warmer colours (red/orange) whereas fainter objects are blue/violet. Such 
segments are used to estimate the magnitudes of the sources in multiple bands 
with the PROFOUND R Package. The objects marked by small red squares 
are not continuum-detected but identified through their emission lines with 
the MPDAF/MUSELET package. The red square underneath the quasar PSF 
is also detected in HST observations (see Fig. 3 ). VLT/MUSE observations 
additionally provide spectroscopic and kinematic information for the majority 
of the objects in the field. 
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USE operates in air, not vacuum. We checked the wavelength
olution using the known wavelengths of the night-sky [O I ] and
H lines across the wavelength coverage of MUSE. We find a
edian discrepancy of 25 km/s in the wavelength solution across

he fields. The individual exposures were registered using the point
ources in the field within the exp align recipe, ensuring accurate
elative astrometry. The astrometry of HST /WFC3 is checked using
he central quasar as reference, and it is found to be accurate within
ub-arcsec. Finally, the individual exposures were combined into a
ingle data cube using the e xp c omb ine recipe. The image quality
f the final combined data is measured from a Gaussian fit of the
uasar at 7000 Å in the data cube. The resulting PSF FWHM values
re listed in Table 2 . 

To estimate flux errors, we measured fluxes in synthetic
LT/MUSE broad-band images created by applying HST filter

urves, 4 and then compared these measured pseudo magnitudes to
he actual HST data. While we refrain from systematically correcting
he MUSE flux levels in order to keep information on the associated
ncertainties, on four occasions (Q0138 − 0005, Q0152 + 0023,
1431 − 0050 and Q1515 + 0410) where the flux differences were

arge ( > 50 per cent) we adjusted the MUSE flux levels so as to
atch the HST values. In addition, for fainter objects ( > 23 mag),
e applied an additional error correction due to the volatility in the
USE magnitudes (Roth et al. 2018 ). The standard deviation of

he magnitude difference between MUSE and HST fluxes is added in
uadrature to the error term returned by PROFOUND to obtain the final
agnitude error. For the field without optical or near-IR HST data,
e compared the measured fluxes of the central quasar and bright

tars from pseudo Cousins V, Johnson R and SDSS r and i images
ith literature values. Overall, we estimate the uncertainties to be on

verage ±30 per cent. Finally, we checked the VLT/MUSE absolute
strometry using the HST /WFC3 data when available. We applied
ppropriate systemic offsets of the order 1 arcsec to the VLT/MUSE
ubes. 

The removal of OH emission lines from the night sky is accom-
lished with additional purpose-developed codes. The scipost recipe
s first performed with sk y-remo val method ‘simple’ on, which
irectly subtracts a sky spectrum created from the data, without
egard to the line spread function (LSF) variations. After selecting
k y re gions in the field, we create Principal Component Analysis
PCA) components from the spectra which are further applied to
he science datacube to remo v e sk y line residuals (Husemann et al.
016 ; P ́eroux et al. 2017 ). This method is required as an addition to
he ESO pipeline to significantly impro v e the sk y subtraction o v er
arge parts of the MUSE field-of-view. The RGB-colour image of an
xample field is shown in the left-hand panel of Fig. 2 . 

.2 ALMA mm Cubes 

e describe here the steps taken to reduce the ALMA data.
dditional details can be found in P ́eroux et al. ( 2019 ), Szakacs

t al. ( 2021a ), Klitsch et al. ( 2021 ) for the PI data and Klitsch
t al. ( 2018 ) for ALMACAL. We started the data reduction with
he pipeline-calibrated u , v data as delivered by ALMA. Additional
ata reduction steps were carried out with the Common Astronomy
oftw are Applications ( CASA ) softw are package. Minor manual
ags were added to remo v e some u , v data with strongly outlying
mplitudes. Some of the quasar in the centre of the science fields are
NRAS 516, 5618–5636 (2022) 

 ht tp://svo2.cab.int a-csic.es/theory/fps/
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ery bright at mm frequencies ( ≥100 mJy), which makes them ideal
ources for self-calibration, in both amplitude and phase. 

Self-calibration was carried out by firstly using TCLEAN to Fourier
ransform the u , v data into a continuum image and deconvolving.
elf-calibration was then performed using the GAINCAL and APPLY-
AL on individual measurement sets to produce corrected u , v data,
fter which the data were re-imaged to create an impro v ed continuum
ap. We applied one round of phase self-calibration and one round

f amplitude and phase self-calibration. The next step was to subtract
he bright continuum source from the field using the UVSUB . We then
reated a cube with TCLEAN , setting the pixel size so as to o v ersample
he beam sufficiently and using a ‘robust’ weighting scheme with a
riggs parameter of 0.5 or 1. Residual continuum signatures around

he imperfectly subtracted quasar were remo v ed using UVCONTSUB .
fter searching for emission lines, we corrected the cube for the
rimary beam using PBCOR in order to correctly measure their flux.
e note that the resulting FWHM of the primary beam of ALMA

n Band 3 is ∼62 ′′ , conveniently matching the VLT/MUSE field-
f-view. We refer the reader to Klitsch et al. ( 2018 ), P ́eroux et al.
 2019 ), Klitsch et al. ( 2021 ), Szakacs et al. ( 2021a ) for examples of
he resulting ALMA datacubes. 

http://svo2.cab.inta-csic.es/theory/fps/
art/stac2546_f2.eps
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.3 HST Broad-Band Imaging 

.3.1 Data Reduction 

he WFC3 data were reduced with the CALWF3 pipeline. The pipeline 
rocessing steps include bias subtraction, dark subtraction, and flat 
elding. Each individual reduced exposure was multiplied by the 
ixel area map provided on the HST /WFC3 photometry website in 
rder to perform flux calibration. Bad pix els, saturated pix els, and
ixels affected by cosmic rays were masked using the data quality file
rovided with each science frame. Subpixel grids were constructed 
n the individual exposures for the purpose of achieving accurate 
lignment of dithered images, using grids of 5 × 5 pixels for the full
mages, and 10 × 10 pixels for the central portions of the images
oomed in on the quasar. The individual sub-pixeled images were 
ky-subtracted and then shifted with respect to each other as needed 
o align them. In some cases, the individual exposures were taken at
ifferent roll angles, resulting in relative rotation of the field. In such
ases, the tasks TWEAKREG and ASTRODRIZZLE were used to rotate 
he images before alignment. The sky-subtracted, aligned individual 
xposures were then median-stacked to produce the final science 
mages. The upper panel of Fig. 3 shows an example WFC3 UVIS
mage for one of the fields in the filter F814W. 

The archi v al WFPC data were reduced with the CALWP2 pipeline,
hich includes the steps of bias subtraction, dark subtraction, and 
at-field correction. The data quality file provided with each science 
ata file was used to flag bad pixels and saturated pixels. The IRAF
ask CRREJ was used to correct pixels hit by cosmic rays in each
cience frame. The resulting images were further processed using 
dentical steps as described abo v e for WFC3 data (subpixeling and
ky-subtraction of the individual dithered exposures, alignment of the 
ndividual images including rotation with TWEAKREG and ASTRO- 
RIZZLE if necessary, and median stacking of the aligned images). 
e note that in the two cases where rotational alignment using

WEAKREG and ASTRODRIZZLE was performed, the multiplication 
y pixel area map was not performed, since the varied pixel area is
xed by the drizzle process. In all other cases, the multiplication by

he pixel area map was necessary since the FLC images were used
irectly. 

.3.2 Subtraction of Quasar Point Spread Function 

he primary difficulties in detecting in emission the galaxy or 
alaxies producing a quasar absorption system are the faintness of 
he galaxy relative to the background quasar and the small angular 
eparation between the galaxy and the quasar. To make it possible
o detect the galaxy’s continuum emission, it is essential to remo v e
he contamination from the quasar by subtracting the point spread 
unction (PSF) from the quasar image. A major advantage of HST , in
his conte xt, o v er ground-based imaging systems is that the PSF of
ST cameras is far better defined and stable compared to the PSFs
f ground-based imaging systems (even those using adaptive optics). 
f course, given the diffraction-limited nature of HST imaging, the 
SF depends on the wavelength of observation, and is thus different 
or different filters. Moreo v er, the PSF can vary spatially across the
eld of view. Guided by our past experience with PSF subtraction for
etecting galaxies in quasar fields (e.g. Kulkarni et al. 2000 , 2001 ;
hun et al. 2010 ; Straka, Kulkarni & York 2011 ; Augustin et al.
018 ), we constructed the PSF using our own observations, rather 
han relying on theoretical PSF models. For constructing the PSF in 
ach filter for each quasar field, we used observations of all other
uasar fields from our sample in that same filter, combining all such
bservations after masking objects other than the central quasars, 
ubtracting the sky from each image, aligning the different images 
patially so that the diffraction spikes o v erlap, and scaling them as
eeded in flux to make the flux levels match in the outer wings of
he PSF. The such reconstructed PSF was then aligned and matched
n flux with the studied quasar and subtracted from the quasar to
ev eal an y underlying galaxies. This strate gy pro v ed successful, and
ed to robust removal of diffraction spikes, enabling detections of 
aint galaxies previously hidden under the quasar PSF in several of
ur fields. A similar approach was adopted while performing the PSF
ubtraction for the archi v al WFC3 or WFPC images, constructing the
SF from either an isolated star in the field or from a combination of
ifferent quasar images in the same filter. The lower two panels of
ig. 3 demonstrate the ef fecti veness of our PSF subtraction strategy.
hile the residual flux level close to the subtracted quasar’s centre

marked with an ‘X’) is not always zero, it is possible to see faint
xtended objects which were hidden under the PSF a little further
way from the quasar centre. 

 S E A R C H I N G  F O R  E X T R A - G A L AC T I C  

B J E C T S  

he identification of galaxies in our data is necessary to explore
he cosmic baryon cycle. We used the VLT/MUSE observations 
f the quasar fields, together with the HST wide-field broad-band 
maging to search for all extra-galactic objects in each field. Several
nalysis techniques were applied to maximize the completeness of 
he search of different types of objects (star forming-galaxies, passive 
alaxies, faint objects etc.). VLT/MUSE datacubes can be viewed as 
ndi vidual narro w-band (NB) images at each wavelength slice or a
ombined continuum image o v er the whole observed wavelength 
ange, allowing for two types of object searches in the data: a
ingle spectral-line search and identification of the sources seen in 
ontinuum. 

.1 Detecting Emitting Galaxies in VLT/MUSE Cubes 

e expect the presence in the VLT/MUSE data of objects with
mission lines but no detectable continuum. Some of these sources 
ay only exhibit a single emission line and the interpretation of

hese sources requires further inspection. We used the MUSE Line 
mission Tracker ( MUSELET ) module of the MPDAF 

5 package 
Piqueras et al. 2019 ) to systemically search for emission-line 
bjects. MUSELET creates synthetic narrow-band images (width 
f 7.25 Å) at each wavelength plane of a cube that are then passed
hrough SEXTRACTOR to find objects with emission lines. Regions 
ear the night sky emission lines at 5577 and 6300 Å were excluded
o limit the number of false detections caused by residues from the
ky subtraction. The list of objects from MUSELET will o v erlap with
he continuum objects detected, and these were remo v ed to prevent
uplicates. 
In some cases, we detected galaxies close to the quasar position

within 1 arcsec), blended with the quasar PSF. In order to unco v er
uch object, we performed a careful spectral PSF subtraction within 
FITSVIEW . To this end, the quasar PSF was fitted as a function of
avelength so that it became possible to detect faint emitting galaxies
espite the bright quasar contribution. This technique ho we ver 
rovides limited information on the continuum properties of such 
MNRAS 516, 5618–5636 (2022) 
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M

Figur e 3. Example HST br oad-band imaging. Reconstructed image of the combined exposures of the field of Q1110 + 0048 in the F814W UVIS filter-band. 
The total exposure time t exp is 1200 sec. The quasar, with z quasar = 0.76, is at the centre of the images and is marked with a red cross. Top panel: The full F814W 

UVIS broad-band image. The MUSE field-of-view is o v erlaid as a dotted square. The image shows multiple objects which are bright in continuum. Bottom 

left-hand panel: Zoom-in of the same image. The bright quasar displays strong diffraction spikes. Bottom right-hand panel: Same zoom-in image after a careful 
PSF-subtraction has been performed to remo v e the quasar image as described in the text. The image clearly shows an additional object north-east of the quasar, 
which is also detected in emission in the VLT/MUSE cube (see Fig. 2 ). 
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alaxy (although see Rupke, G ̈ultekin & Veilleux 2017 ; Helton et al.

021 ). 

.2 Detecting Continuum Galaxies in VLT/MUSE Cubes 

he PROFOUND R Package 6 (Robotham et al. 2018 ) was used to
etect continuum sources in the MUSE fields. First, white-light and
NRAS 516, 5618–5636 (2022) 

 https:// github.com/asgr/ ProFound 

P  

p  

i

ynthetic Cousins V, Johnson R and SDSS r and i band images were
reated using MPDAF. PROFOUND was initially used on the white-
ight image to produce a preliminary segmentation map. Due to
ackground residuals in some fields, the pr ofoundSegimF ix function
as used to manually modify affected segments and remove false
etections (Bellstedt et al. 2020 ; Foster et al. 2021 ). An example
egmentation map is shown in Fig. 2 for illustration. Finally,
ROFOUND was run in multi-band mode to determine the photometric
roperties in the V, R, r and i bands by collapsing the MUSE cubes
n wavelength ranges specific to different bands. 

art/stac2546_f3.eps
https://github.com/asgr/ProFound
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The choice of PROFOUND o v er SEXTRACTOR 

7 stems from the 
ifference in nature between the VLT/MUSE white-light images 
nd HST broad-band images. While objects in the HST images are 
ypically separated due to the lower PSF FWHM, the blending of
djacent objects occurs in our VLT/MUSE fields. This increases the 
mportance of obtaining accurate segmentation maps by ensuring 
pertures do not erroneously combine segments, which was seen to 
ccur more often in SEXTRACTOR (Wright et al. 2016 ; Robotham 

t al. 2018 ). Both programs were used to search for continuum
ources and it was found that PROFOUND produced more accurate 
e gmentation maps. F or bright and isolated point sources, the 
hotometric properties measured using both alogrithms were found 
o be consistent within 5 per cent. 

Last, we also used HST detection of faint continuum sources as
rior information for assessing the VLT/MUSE possible sources. The 
ky position of the HST objects were used as priors to extract spectra
rom the VLT/MUSE cubes which were then processed in the same 
ay as any other continuum detected objects. This process led to a

ouple of additional detections. 

.3 Detecting Continuum Galaxies in HST Broad-Band 

maging 

he ASTROPY package PHOTUTILS was used on the processed HST 

road-band images in each filter for each field to search for all objects
nd to perform photometry of the detected objects. Apertures were 
ptimized by repeating the photometry on elliptical apertures of 
ncreasing sizes for each object and adopting the aperture size beyond 
hich the flux of that object stayed constant (taking care to check that

he aperture did not include multiple objects). Because this was done 
eparately for each band, we also checked the aperture corrections. 
o this end, we estimated the Sersic index and the ef fecti ve radius of

he objects using GALFIT. We next computed the theoretical light 
rofile for the Sersic index and the ef fecti ve radius thus determined.
sing this profile, we examined the flux enclosed within apertures 
f radius r (i.e. flux integrated from 0 to r ) as a function of r . We
hen determined the minimum radius abo v e which the enclosed flux
emains constant (i.e. stops increasing). We find that this radius is less
han the one used in both SEXTRACTOR and PROFOUND , indicating 
hat the aperture corrections are negligible and the magnitudes of 
he aperture corrections are comparable for the different bands. The 
ackage SEXTRACTOR was used to classify each object detected in 
he field as a star or a galaxy using the CLASS STAR parameter
n SExtractor. As an additional check on the photometry, fluxes 
omputed using SEXTRACTOR were compared with those obtained 
sing PHOTUTILS , and were found to agree closely (within ∼2–
 per cent). Once the photometry in each filter was completed, cross-
atching was performed between the objects detected in the different 
lters using the tool TOPCAT (Taylor 2005 ), to construct a catalog of
ll detected objects in each field, including the photometry for each 
bject in all filters. In cases where an object detected in one filter was
ot detected in another filter, a 3 σ magnitude limit was calculated 
or the filter with the non-detection by measuring the 3 σ noise level
o v er the number of pixels occupied by the object in the filter with the
etection). Finally, the objects in the catalog were examined visually 
o identify any spurious detections near the edges of the images 
caused by artifacts), and such false objects were remo v ed from the
atalog. 
 ht tps://www.astromat ic.net /software/sext ract or

(  

8

 GALAXI ES’  PHYSI CAL  PROPERTIES  

.1 Optical Spectral Extraction 

he spectral extraction method differs for the continuum objects 
etected using PROFOUND and emission-line objects found by 
USELET. Due to the large variability in seeing conditions between 

he fields, the ideal aperture size for extracting the spectra of our
ontinuum sources will differ significantly across cubes. Addition- 
lly, objects within cubes have varying sizes and morphologies. To 
btain the optimal spectra for for redshift determination in each 
eld, a range of circular apertures with sizes ranging from 0.3 to
.0 arcsec in radius was used. The lower limit is set by the PSF
WHM of the MUSE data cube and all the apertures have a minimum
iameter abo v e this value. F or each aperture radius, the signal-to-
oise (S/N) of the spectrum at the wavelength interval spanning 
5000 − 5200 Å was calculated. This wavelength region is chosen 

s there are no night sky emission lines or artefacts in this range,
nd the aperture size where S/N is maximized determined our final
xtracted spectrum. Redder wavelength planes (7050 − 7200 and 
100 − 8250 Å) were also tested and the change in S/N consistently
aried with aperture size across the different wavelengths. To prevent 
ur apertures from including neighbouring objects, regions outside 
he segment containing the object are masked. While the apertures 
sed are circular, masking based on the segmentation map ef fecti vely
hanges the aperture shape to the shape of the segment and by
xtension, our object. While these are not the spectra used for
mission lines flux measurement, we note that > 95 per cent of an
bject’s total flux is captured using this method to extract spectra. 
For the emitters detected by MUSELET and sources extracted 

sing the broad-band HST images as a prior, a circular aperture
f radius 0.5 arcsec is used to obtain spectra. These objects are
ot expected to be detected in continuum and hence the choice of
perture size becomes less rele v ant. Example VLT/MUSE spectra 
re displayed in Fig. 4 . 

.2 Spectral Classification 

he extracted VLT/MUSE spectra are used to both identify the 
ources and to estimate the redshift of extra-galactic objects. To this
nd, we use the MARZ tool (Hinton et al. 2016 ) with the M. Fossati
ork. 8 This fork includes additional high-redshift templates and 
igh-resolution templates well suited for VLT/MUSE data. MARZ 

rovides both a visualization tool and a template cross-correlation 
ool for each source with quasar, galaxy and stellar template spectra.
he results are visually inspected by two experts (SW and CP) to
onfirm the nature and redshift of the source based on continuum
evel and shape as well as on detected emission and absorption lines.
aint sources can have spectra of insufficient quality to attempt a
edshift determination using cross-correlations, though some have 
right emission lines and are included in the catalogue following the
earch for emission lines described earlier. The redshift success rates 
anges from 100 per cent at r mag = 20 down to typically 60 per cent
t r mag ∼ 25. 

We therefore provide redshift confidences for each source. They 
re as follows: (1) spectra without emission or absorption features 
nd no redshift estimate is possible, (2) a redshift measure is possible
s the spectra contains low S/N emission and absorption lines, and
3) a robust redshift is determined where there is a high S/N emission
MNRAS 516, 5618–5636 (2022) 
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Figure 4. Example VLT/MUSE spectra. Fiv e-pix el boxcar/mo ving-av erage spectra of six objects observ ed as part of the Q1110 + 0048 VLT/MUSE cube. 
The assigned spectral redshift confidence (‘RC’) is given in red at the top left of each panel. The [O II ] emitter at z = 0.839 in the fourth panel from the top has 
its doublet resolved in the unsmoothed spectrum and hence, it was graded as a ’redshift confidence: 3’. The wavelengths not plotted correspond to the notch 
filter between 5820–5970 Å inherent to AO-assisted observations. The spectral resolution is R = 1770 at 4800 Å and R = 3590 at 9300 Å resampled to a spectral 
sampling of 1.25 Å/pixel. 
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Table 5. MUSE–ALMA Haloes galaxy properties. The table lists the continuum and spectra-based measurements of all extragalactic objects in the 19 
fields observed with VLT/MUSE, ALMA, and HST . The table includes the object sky position, the HST and VLT/MUSE-band photometry and spectroscopic 
redshifts and CO J-transitions co v ered by ALMA when available. CO J-transitions from CO(1-0) up to CO(10-9) are searched for. We additionally check 
whether the [C II ] transition at 158 μm is co v ered. Absolute magnitudes and rest-frame colours are calculated using two HST filters. The symbols ‘XXX’ refer 
to header types varying from field to field. There are three distinct types of entries: (i) objects detected in MUSE cubes but not in HST images, (ii) objects 
detected in HST images but not in MUSE cubes, and (iii) objects detect in HST images but outside the MUSE field-of-view. The number ‘999’ means there is 
no information in this entry: (i) either there are no such HST filter observed, or (ii) the object is not detected in HST and as such as no ‘object classifier’, or 
(iii) the redshift could not be estimated. An ‘999’ entry in the error columns indicates that the corresponding measure is an upper limit from a non-detection. 
This extract shows the column entries while the full master-tables are available for every field as machine-readable on-line material. 

Column Name Format Description 

1 id INTEGER Object identification number 
2 RA FLOAT Right Ascension in decimal degrees (J2000) 
3 Dec FLOAT Declination in decimal degrees (J2000) 
4 Object classifier FLOAT SEXTRACTOR STAR/GALAXY CLASSIFICATION PARAMETER ( < 0.95 LIKELY EXTRA-GALACTIC) 
5 F336W FLOAT WFC3/UVIS F336W magnitude 
6 F336W err FLOAT WFC3/UVIS F336W magnitude error 
7 F438W FLOAT WFC3/UVIS F438W magnitude 
8 F438W err FLOAT WFC3/UVIS F438W magnitude error 
9 F450W FLOAT WFC3/UVIS F450W magnitude 
10 F450W err FLOAT WFC3/UVIS F450W magnitude error 
11 F475W FLOAT WFC3/UVIS F475W magnitude 
12 F475W err FLOAT WFC3/UVIS F475W magnitude error 
13 F625W FLOAT WFC3/UVIS F625W magnitude 
14 F625W err FLOAT WFC3/UVIS F625W magnitude error 
15 F702W FLOAT WFPC F702W magnitude 
16 F702W err FLOAT WFPC F702W magnitude error 
17 F814W FLOAT WFC3/UVIS F814W magnitude 
18 F814W err FLOAT WFC3/UVIS F814W magnitude error 
19 F105W FLOAT WFC3/IR F105W magnitude 
20 F105W err FLOAT WFC3/IR F105W magnitude error 
21 F140W FLOAT WFC3/IR F140W magnitude 
22 F140W err FLOAT WFC3/IR F140W magnitude error 
23 NicmosF160W FLOAT Nicmos F160W magnitude 
24 NicmosF160W err FLOAT Nicmos F160W magnitude error 
25 V mag FLOAT MUSE Cousins V-band magnitude 
26 V err FLOAT MUSE Cousins V-band magnitude error 
27 R mag FLOAT MUSE Johnson R-band magnitude 
28 R err FLOAT MUSE Johnson R-band magnitude error 
29 r mag FLOAT MUSE Sloan r -band magnitude 
30 r err FLOAT MUSE Sloan r -band magnitude error 
31 i mag FLOAT MUSE Sloan i -band magnitude 
32 i err FLOAT MUSE Sloan i -band magnitude error 
33 Redshift FLOAT Redshift from MARZ + VISUAL INSPECTION 

34 Redshift Confidence INTEGER Confidence of the redshift 
35 origin STRING Source detection method 
36 FXXXWAbs FLOAT Absolute magnitude in a HST filter given by the header 
37 FXXXWAbs err FLOAT Absolute magnitude error 
38 FXXXW-FXXXW col FLOAT Rest-frame colour using filters given in the header 
39 (FXXXW-FXXXW) err FLOAT Rest-frame colour error 
40 + CO(X-X) freq STRING Observ ed frequenc y of a giv en CO J-transition in Hz 
41 + CO(X-X) band STRING ALMA band co v ering the given CO J-transition 
42 + CO(X-X) exp FLOAT Sum of the exposure times covering the given CO J-transition 
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ine that is clearly resolved [OII] doublet or asymmetric Lyman- α, 
ne high S/N emission line with other fainter absorption or emission
eatures, or with multiple clear emission and/or absorption lines, and 
nally (6) stellar objects. These results are also part of the tables
ade available, as summarized by the column entries presented in 
able 5 . 

.3 Matched Catalogues 

n order to facilitate the access to the information reported in this
ork, we have assembled master tables for each targeted field 
ith all the information derived for the emitting galaxies from the
LT/MUSE and HST detections. To match various HST filters and 

dditional HST imaging with VLT/MUSE results, we use the tool 
OPCAT to produce these master tables. There are three distinct types
f entries: (i) objects detected in MUSE cubes but not in HST images
typically emission line objects with faint continuum), (ii) objects 
etected in HST images but not in MUSE cubes, and (iii) objects
etect in HST images but outside the MUSE field-of-view. Objects 
etected in MUSE are listed first, followed by objects only detected
n HST imaging. The id order is in descending order according
o the object flux in the reddest filter. The tables list a unique id
MNRAS 516, 5618–5636 (2022) 



5634 C. P ́eroux et al. 

M

n  

c  

r  

d  

i  

(  

c  

i  

u  

m  

e

8

T  

d  

m  

p  

I  

g  

P  

i  

q  

2  

o  

a  

e  

t  

s  

a
e  

w  

m  

o  

g  

F  

o  

i  

2  

(  

(  

m  

g  

p  

a  

o  

l  

o
 

a  

U  

c  

o  

o  

s  

s  

s  

a  

t  

A  

W  

t  

i  

o  

c  

p  

V  

c  

H  

e  

i  

o  

w
 

H  

o  

c  

p  

o  

e  

e  

a  

i
e  

c  

g  

m  

a  

a  

s  

f  

c  

a  

a  

2

A

A  

f  

G  

(  

g  

F  

(  

t  

I  

t  

f
A
A  

E  

(  

a  

o  

A  

o  

S  

i  

f  

S

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/4/5618/6696396 by European Southern O
bservatory user on 25 August 2023
umber, sky coordinates, SEXTRACTOR -based star/galaxy classifi-
ation parameter, multi-wavelength photometry, and spectroscopic
edshifts with associated flag when available and finally the source
etection method. The number ‘999’ means there is no information
n this entry: (i) either there are no such HST filter observed, or
ii) the object is not detected in HST and as such as no ‘object
lassifier’, or (iii) the redshift could not be estimated. An ‘999’ entry
n the error columns indicates that the corresponding measure is an
pper limit from a non-detection. The master-tables are available as
achine-readable on-line material. Table 5 summarizes the column

ntries. 

 C O N C L U S I O N S  

his paper presents the MUSE–ALMA Haloes surv e y which is
esigned with the broad goals of quantifying the physics of the
ulti-phase gas associated with the CGM regions of galaxies. This

rogram adds to a number of existing efforts which use VLT/MUSE
FS observations to build a comprehensive picture of gas flows in
alaxies. Notably, the Muse Gas Flow and Wind (MEGAFLOW,
I: N. Bouch ́e) surv e y has focused on MgII metal absorbers at

ntermediate redshift. The particular focus of these studies include
uantifying the physical properties of outflows (Schroetter et al.
016 , 2019 ; Zabl et al. 2019 ) and inflows (Zabl et al. 2019 ). Based
n IRAM/NOEMA results, the molecular gas content of these objects
ppears to be low so as to require deep mm-observations (Freundlich
t al. 2021 ). A second program part of the MUSE intrument building
eam Guaranteed Time Observations (GTO), is the MUSEQuBES
urv e y (PI: J. Schaye). While MUSEQuBES comprises a low
nd high-redshift component, early results concentrate on the Ly α
mitters at z > 3. The results show that the wind velocities correlate
ith the circular velocities, with indications of stronger winds for
ore massive galaxies (Muzahid et al. 2020 ). In addition, the findings

f the surv e y suggest that Ly- α emitters surrounded by more neutral
as tend to have higher star formation rates (Muzahid et al. 2021 ).
inally, the MUSE Analysis of Gas around Galaxies (MAGG) is an
pen-access Large Program effort (PI: M. Fumagalli). While MAGG
nitially concentrates on strong H I -absorbers at z > 3 (Lofthouse et al.
020 ), results also co v er MgII absorbers at intermediate redshifts
Dutta et al. 2020 , 2021 ) and gas properties of quasars themselves
Fossati et al. 2021 ). In particular, the results indicated the vast
ajority of the MgII absorbers are associated with more than one

alaxy (Dutta et al. 2020 ). The findings show that environmental
rocesses have a significant impact on the distribution of metals
round galaxies as traced by MgII and CIV (Dutta et al. 2021 ). One
f the great successes of these IFS surv e ys is to solve a 2-decade
ong challenge by routinely identifying faint galaxies at the redshift
f known quasar absorbers. 
In this landscape, the MUSE–ALMA Haloes program provides

 complementary perspective on strong H I absorbers at z < 0.85.
nique to the surv e y is the multi-wav elength approach which

ombines VLT/MUSE observations of 19 quasar fields with ALMA
bserv ations, of fering a unique insight on the molecular gas content
f these objects, and the multi band HST imaging to constrain the
tellar population properties. Specifically, this paper describes the
cientific moti v ation and background for the MUSE–ALMA Haloes
urv e y, and the sample selection of the so-called primary absorbers
nd additional targets. We also report the design and e x ecution of
he multi-facilities programs made of an ensemble of VLT/MUSE,
LMA, and HST observations based on PI and archi v al data sets.
e describe the data processing of these various data sets and find
NRAS 516, 5618–5636 (2022) 

c

hat o v erall the performance of our surv e y is compatible with our
nitial goals. Importantly, this paper describes the global properties
f the galaxy-selected sample targeted as part of the surv e y. This
omprises an o v erview of the major components of the steps used to
roduce catalogues of magnitudes and redshift determination based
LT/MUSE spectroscopy. We detail the estimate of the multi-band

ontinuum magnitude measurements in multiple (VLT/MUSE and
ST ) bands and spectral extraction. We also report 703 redshift

stimates from template matching coupled with a dedicated visual
nspection. We present a matched catalogue including magnitudes
f a total of 3658 extra-galactic sources and spectroscopic redshifts
hen available. 
With the transformative capabilities of VLT/MUSE, ALMA, and

ST working in concert, MUSE–ALMA Haloes advances our view
f the multi-phase gas properties and association with the physical
onditions of the stellar component of galaxies. A series of initial
apers already presented e x emplary case of such scientific results
f the MUSE–ALMA Haloes program (P ́eroux et al. 2017 ; Klitsch
t al. 2018 ; P ́eroux et al. 2019 ; Hamanowicz et al. 2020 ; Klitsch
t al. 2021 ; Szakacs et al. 2021a ). This multi-wavelength data set
lso brings new information on other processes not showcased
n this work, including e.g. AGN physics and high-redshift Ly α
mitters. Together, these data will allow the identification and
haracterization of the physical state of inflowing and outflowing
as, the fate of galactic winds (escaping or recycling) and the
ass, molecular content and metallicity of the ejected material

s a function of galaxy properties (redshift, SFR, metallicity, gas
nd stellar masses, morphology, environment). We emphasize that
tatistical approaches and large samples are required to be able to
ully characterize the CGM and advance our understanding of the
osmic baryon cycle. The timely nature of this program can be
ppreciated with the imminent launch of JWST and the currently
ctive preparation of ELT suits of instruments (Ramsay et al.
021 ). 
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