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ABSTRACT

Hydrogen Ly« haloes (LAHs) are commonly used as a tracer of the circumgalactic medium (CGM) at high redshifts. In this work, we
aim to explore the existence of Lya haloes around individual UV-selected galaxies, rather than around Ly emitters (LAEs), at high
redshifts. Our sample was continuum-selected with F775W < 27.5, and spectroscopic redshifts were assigned or constrained for all
the sources thanks to the deepest (100- to 140-h) existing Very Large Telescope (VLT)/Multi-Unit Spectroscopic Explorer (MUSE)
data with adaptive optics. The final sample includes 21 galaxies that are purely F775W-magnitude selected within the redshift range
Z = 2.9—4.4 and within a UV magnitude range —20 < M,500 < —18, thus avoiding any bias toward LAEs. We tested whether galaxy’s
Lya emission is significantly more extended than the MUSE PSF-convolved continuum component. We find 17 LAHs and four non-
LAHs. We report the first individual detections of extended Lya emission around non-LAEs. The Lya halo fraction is thus as high
as 81.0f{?§%, which is close to that for LAEs at z = 3—6 in the literature. This implies that UV-selected galaxies generally have a
large amount of hydrogen in their CGM. We derived the mean surface brightness (SB) profile for our LAHs with cosmic dimming
corrections and find that Lya emission extends to 5.4 arcsec (=40 physical kpc at the midpoint redshift z = 3.6) above the typical 1o
SB limit. The incidence rate of surrounding gas detected in Ly per one-dimensional line of sight per unit redshift, dn/dz, is estimated

to be 0.76%% for galaxies with Msp0 < —18 mag at z = 3.7. Assuming that Lya emission and absorption arise in the same gas, this

—0.09

suggests, based on abundance matching, that LAHs trace the same gas as damped Lya systems (DLAs) and sub-DLAs.

Key words. galaxies: high-redshift — galaxies: formation — galaxies: evolution — galaxies: halos — cosmology: observations

1. Introduction

The circumgalactic medium (CGM) is the gas surrounding
galaxies and corresponds to the reservoir of material fuelling
galaxy formation. It serves as the interface between the inter-
stellar medium (ISM) and the intergalactic medium (IGM). The
boundary of the CGM has not been well-defined yet, but is
commonly considered to be outside the ISM and inside the
virial radius (e.g., Tumlinson et al. 2017). Gas is exchanged
between the CGM and the ISM in galaxies via inflows and
outflows. Outflows enrich the CGM with metals, and part
of the outflowing gas is expected to be recycled through a
halo fountain (e.g., Oppenheimer & Davé 2008). Local observa-
tions suggest that the CGM is a multiphase medium in terms
of its density, temperature, ionization state, kinematics, and

* Based on observations made with ESO telescope at the La Silla
Paranal Observatory under the large program 1101.A-0127.

metallicity (e.g., Lanzetta et al. 1995; Werk et al. 2014, 2016).
State-of-the-art cosmological simulations predict the time evolu-
tion of complicated multiphase structures in the medium, such as
the Evolution and Assembly of Galaxies and their Environment
(EAGLE) simulations (e.g., Schaye et al. 2015; Rahmati et al.
2015; Oppenheimer et al. 2016) and the Illustris TNG50 simu-
lations (e.g., Nelson et al. 2019, 2021; Pillepich et al. 2019), but
physical mechanisms of gas exchanges, heating by feedback, and
metal pollution are still poorly constrained. As a result, the typ-
ical mass distribution and kinematics of the various phases at
play in the CGM are not well understood yet (e.g., Davies et al.
2020).

Observations of the CGM are traditionally based on
transverse absorption-line studies (or tomographic mapping),
providing the HI column densities along the line of
sight to bright background sources such as quasars and
bright galaxies (e.g., Wolfe et al. 1986; Tumlinson et al. 2017,
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Péroux & Howk 2020). This technique is sensitive to low HI
column densities, N(HT), and allows us to study a wide range of
N(HT). Neutral gas clouds with N(H1) > 2x 10*° cm™2 are often
referred to as damped Lya systems (DLAs, e.g., Wolfe et al.
2005), while partially ionized gas regions with 10" < N(H1) <
2 x 102 cm™2 are identified as sub-DLAs (e.g., Peroux et al.
2003; Dessauges-Zavadsky et al. 2003). Lyman-limit systems
(LLSs), whose lower boundary corresponds to unit optical depth
at the Lyman limit, have 1.6 x 10" < N(HI) < 10" cm™
(e.g., Tytler 1982). This method is sensitive to multiple ioniza-
tion states of the gas, can provide information on metallicity
and kinematics information, and is commonly used to study gas
reservoirs from low to high redshifts, z, (e.g., Steidel et al. 2002;
Noterdaeme et al. 2012; Werk et al. 2014; Schroetter et al. 2016;
Krogager et al. 2017; Zabl et al. 2019; Ho et al. 2020). However,
it is limited to the lines of sight to rare bright sources, which can-
not probe the spatially resolved distribution of the CGM except
for sources within the local Universe (e.g., Tumlinson et al.
2017).

T)he CGM can be also observed in emission, which enables
us to directly “take a picture” of gas in and around galaxies.
While hot gas is routinely detected around very massive objects
through its X-ray emission (e.g., Spitzer 1956; Li & Wang
2013), detecting emission from cooler gas is extremely challeng-
ing. Observations of the HI CGM with 21 cm emission are only
possible in the local Universe. Even with forthcoming telescopes
such as the Square Kilometre Array (SKA), 21 cm direct map-
ping of the CGM will not be possible at z > 2. Popular probes of
the CGM at z > 1 are spatially extended emission (i.e., haloes)
in Ly 21216 A (e.g., Momose et al. 2014; Wisotzki et al. 2016;
Leclercq et al. 2017), Mgl 242796, 2803 A (e.g., Rubin et al.
2011; Erb et al. 2012; Martin et al. 2013; Burchett et al. 2021;
Zabl et al. 2021; Leclercq et al. 2022), [O 11] 113726, 3729 (e.g.,
Yuma et al. 2013, 2017; Epinat et al. 2018; Johnson et al. 2018),
Fe 11* 12365, 12396, 12612, and 12626 (e.g., Finley et al. 2017),
and [C] A158 um (e.g., Fujimoto et al. 2019; Ginolfi et al.
2020). Among them Ly« haloes have several advantages. Ly« is
intrinsically the brightest nebular recombination line of hydro-
gen atoms and often the strongest feature in the rest-frame UV
spectra of galaxies. The emissivity of Ly does not depend on
metallicity, unlike the other emission lines. At z > 2, Lya can be
observable with ground-based telescopes. Moreover, Lya haloes
have been explored intensively in both theoretical and observa-
tional studies over wide redshift and mass ranges.

One of the popular methods of detecting Lya haloes has
been narrow-band (NB) stacking analyses, in particular at
Z 2 2, due to the faintness of Lya haloes and the cos-
mic dimming effect (e.g., Hayashino et al. 2004; Steidel et al.
2011; Matsuda et al. 2012; Momose et al. 2014; Matthee et al.
2016, see also Kakuma et al. 2021; Kikuchihara et al. 2021 for
the NB intensity mappings). Until recently, individual detec-
tions have been limited to local galaxies, active galactic nuclei
(AGNs), quasi-stellar objects (QSOs), and high-z gravitation-
ally lensed galaxies (e.g., Keel et al. 1999; Kunth et al. 2003;
Swinbank et al. 2007; Ostlin et al. 2009; Matsuda et al. 2011;
Hayes et al. 2013, see also Rauch et al. 2008 for 92-h long-slit
spectroscopy). Large samples of individual Lya haloes around
high-z star-forming galaxies have become available thanks to
wide-field optical integral field units (IFUs) like the Very Large
Telescope (VLT)/Multi-Unit Spectroscopic Explorer (MUSE,;
e.g., Bacon et al. 2010; Wisotzki et al. 2016; Bacon et al. 2017;
Herenz et al. 2017; Inamietal. 2017; Leclercqetal. 2017,
Urrutia et al. 2019) and the Keck II telescope/Keck Cosmic Web
Imager (KCWI; e.g., Morrissey et al. 2018; Chen et al. 2021).
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For instance, Leclercq et al. (2017) found 145 Lya haloes around
MUSE Ly« emitters (LAEs) at z = 3—6. While the physical ori-
gins of Lya haloes are still unclear, various scenarios have been
suggested: CGM scattering for Lya from star-forming regions
(e.g., Laursen & Sommer-Larsen 2007; Zheng et al. 2011), grav-
itational cooling radiation (cold streams; e.g., Haiman et al.
2000; Fardal et al. 2001; Rosdahl & Blaizot 2012), star forma-
tion in satellite galaxies (one-halo term; e.g., Zheng et al. 2011,
Mas-Ribas et al. 2017a), fluorescence (photo-ionization; e.g.,
Furlanetto et al. 2005; Cantalupo et al. 2005; Kollmeier et al.
2010; Mas-Ribas & Dijkstra 2016), shock heating by gas out-
flows (e.g., Taniguchi & Shioya 2000), major mergers (e.g.,
Yajima et al. 2013), and combination of the aforementioned
(e.g., Furlanetto et al. 2005; Lake et al. 2015; Smith et al. 2019;
Byrohl et al. 2021; Garel et al. 2021; Mitchell et al. 2021, see
also Ouchi et al. 2020 and reference therein). Despite intensive
observations of Lya haloes and studies on their origins, no clear
correlations between Ly« halo properties and their galaxy hosts’
properties have been found at high redshifts (e.g., Wisotzki et al.
2016; Leclercq et al. 2017). So far, the most remarkable cor-
relation is that between the Lya peak velocity shift and the
width of Lya lines both at ISM and CGM scales, which sup-
ports a Ly halo scenario of resonant scattering in the outflowing
medium (Claeyssens et al. 2019; Leclercq et al. 2020, see also
Verhamme et al. 2018; Chen et al. 2021).

Although simulations have predicted the presence of the
CGM around high-z galaxies, most of the observational Lya
halo studies so far have focused on LAEs (e.g., Leclercq et al.
2017; Wisotzki et al. 2016). Only ~10 to 30% of star-forming
galaxies are LAEs at z ~ 3-6 (e.g., Kusakabe et al. 2020).
Lya haloes around UV-selected galaxies (Lyman break galaxies,
LBGs) have previously been studied with NB stacks, which are
biased s overdense regions (e.g., Steidel et al. 2011; Xue et al.
2017), and stacking analyses cannot provide information on the
individual presence of Ly haloes. The sample in KBSS-KCWI
(Keck Baryonic Structure Survey using the KCWI) includes
continuum-selected galaxies as well as LAEs, and their sam-
ple construction is not easy to characterize (Chen et al. 2021).
Therefore, it is still unknown whether star-forming galaxies such
as UV-selected galaxies generally have a Lya halo. To minimize
biases s LAEs and LBGs in overdense regions, a spectroscopi-
cally complete sample without preselection on the Lya emission
basis is required. Moreover, only the large field of view of MUSE
with a long integration time enables us to do a volume-limited
search for diffuse CGM emission at high redshifts.

In this study, we construct a sample of UV-selected galax-
ies with spectroscopic redshifts, rather than Lya emission
selected-galaxies, in the MUSE eXtremely Deep Field (MXDF;
Bacon et al. 2021, and in prep.), making use of more than 100-h
integration time of MUSE adaptive optics (AO) data. The high
spatial resolution and the unprecedented depth are key to obtain
spectroscopic redshifts for galaxies and spatial profiles of diffuse
emission. Using the MUSE data, we investigate the existence of
Lya haloes around the galaxies and for the first time derive the
Lya halo fraction for UV-selected galaxies. We can resolve com-
pact and faint haloes and assess the presence of a Lya halo with
the highest accuracy to date. This allows us to connect the sep-
arate views of HI gas observed through Lya emission and Lya
absorption, by extending the work by Rauch et al. (2008) and
Wisotzki et al. (2018).

The paper is organized as follows. In Sect. 2, we describe
the data and the sample construction. Section 3 presents methods
and results of halo tests with individual Ly« surface brightness
(SB) profiles, Lya halo fractions, and completeness simulations.
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In Sect. 4, we discuss implications from our Ly« fractions and
incidence rates of Lya emission compared with those of Ly«
absorbers, as well as implications from non-Ly« haloes. Finally,
the summary and conclusions are given in Sect. 5. Through-
out this paper, we assume the Planck 2018 cosmological model
(Aghanim et al. 2020) with a matter density of Q,, = 0.315, a
dark energy density of Q, = 0.685, and a Hubble constant of
Hy = 67.4kms™! Mpc™! (higo = 0.67). Magnitudes are given in
the AB system (Oke & Gunn 1983). All distances are in physical
units (kpc), unless otherwise stated.

2. Data and sample

We constructed a sample of UV-selected galaxies with spectro-
scopic redshifts to search for and investigate Lya haloes, using
a 3D data cube of the deepest MUSE observations with AO, the
MXDF. The details of the MXDF data set are given in Sect. 2.1,
the MXDF catalog and our sample selection are explained in
Sect. 2.2, and continuum subtractions for the MXDF data cube
are described in Sect. 2.3.

2.1. Data

The MXDF data were obtained as a part of the MUSE guar-
anteed time observations (GTO) program (PI: R. Bacon). The
survey design of MXDF is presented in Bacon et al. (in prep.)
(see also Bacon et al. 2021). The field has a circular shape, cen-
tered at RA = 53216467 and Dec = —27°78537 (J2000 FK5) with
a radius of r = 44 arcsec (1.7 arcmin?), and is located inside the
Hubble eXtreme Deep Field (XDF; Illingworth et al. 2013) with
deep Hubble Space Telescope (HST) data. It is also covered by
the MUSE-Hubble Ultra Deep Field (HUDF) with 10- to 30-h
MUSE integration in a 9 arcmin® area (Bacon et al. 2017). The
MXDF is the deepest MUSE survey with AO, reaching up to
140h at r < 29arcsec and 100h out to r = 31 arcsec, while
the outer edge has a 10-h integration (r < 41 arcsec). In this
paper we use the very deep area with 100-to 140-h integration,
located inside a radius of 31 arcsec from the center of the field
(0.84 arcmin?, see Fig. 1 in Bacon et al. 2021), which we used
in this paper. The corresponding survey volume in this work
is 4.0 x 10° cMpc® (z = 2.86—4.44, excluding an AO gap, see
below for more details).

The MUSE data cover the optical wavelength range from
4700 A to 9350 A, which is 50 A longer at the blue edge of the
spectrum than that of the MUSE-HUDF Survey. It has an AO
gap from 5800 A to 5966.25 A, and Lye lines at z = 2.86—3.77
and 3.91-6.65 are observable. The spectral resolving power of
MUSE varies from R = 1610 to 3750 at 4700 A to 9350 A,
respectively, and the median value for A =~ 4700-7000 A, which
is used for Lye in this paper, is R ~ 2200. The FWHM of the
Moffat point spread function (Moffat PSF, Moffat 1969) is 076 at
4700 A and 074 at 9350 A (PSF calibrated for DR2 v0.8 catalog;
see Bacon et al., in prep. for more details). The average 50 sur-
face brightness limit in the region with more than 100-h depth is
1.3%x107 ergs~! em™2 arcsec™2 at 7000 A, which is not affected
by OH sky emission, for an unresolved emission line with a line
width of 3.75 A (3 spectral slices) and 1 arcsec? (5 x 5 spaxels).
The corresponding 5o limiting flux for a point source with the
same line width is 2.3 x 107" ergs™! cm? (see Bacon et al., in
prep. for more details). Here we derived the variance in the same
manner as that used for the MUSE-HUDF data, while the MUSE
pipeline formally underestimates the noise in standard deviation
by a factor of 1.6 (2.7dev development version; see Sect. 4.6
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Fig. 1. (a) Night sky spectrum as a function of observed wavelength.
The black line shows the night sky spectrum with an arbitrary normal-
ization. The light gray and dark shaded areas indicate the wavelength
range of the AO gap and the wavelength range that is not used in this
work, respectively. (b) So noise surface brightness (SB) for the typical
parameters for optimized NBs (see Sect. 3.2) as a function of redshift
(black line). The light gray shaded area indicates the redshift range of
the AO gap. (¢) M50 as a function of z for the sample. The large filled
blue stars, large open blue stars, and small open blue stars indicate our
sources with ZCONF =2, 3, ZCONF = 1, and ZCONF = 0, respectively.
The black dots show nonisolated galaxies (see Sect. 2.2). The black and
green lines represent the F775W apparent magnitude cut, and the crite-
ria for the UV-bright sample, respectively.

in Weilbacher et al. 2020, for more details). Figure 1a shows a
spectrum of the night sky emission as a function of wavelength.
The background sky is relatively stable at 5000—7000 A, com-
pared to that at longer wavelengths.

2.2. Catalog and sample selection

The MXDF catalog was constructed in two ways, a blind emis-
sion search in the MUSE cube (ORIGIN method) and spectra
extraction with prior information (ODHIN method). The two
types of information were merged into one catalog (Bacon et al.,
in prep.). Appendix A.l gives a brief summary of the ORI-
GIN and ODHIN methods, the flow of the visual inspection,
assignment of Rafelski et al. (2015)’s ID (RID), and the cri-
teria of confidence levels (ZCONF) of spectroscopic redshifts
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(spec-z or z5). The MUSE sources that are included in the cata-
log of Inami et al. (2017) keep the same ID (MID) in the MXDF
catalog. Most of the continuum-bright sources in Rafelski et al.
(2015) are spectroscopically confirmed in the MXDF catalog.
For instance, in the region with more than 100-h integration
(r < 3larcsec), 87% of HST/Advanced Camera for Surveys
Wide Field Channel (ACS/WFC) F775W < 27.5 sources have
reliable spectroscopic redshifts, ZCONF =2 or 3, and 7% have
ZCONEF =1 redshifts. Moreover, 25 sources out of 26 F775W <
27.5 galaxies, whose photometric redshifts (photo-z or z;) are
within the targeted redshift range below, have ZCONF=2 or
3 (see Fig. A.1). The spec-z for the remaining 1 source was
assigned as explained below. We note that we used a preliminary
version of the MXDF catalog (DR2 v0.8) in this study.

We targeted galaxies at z = 2.86—4.44 (excluding the Ly«
redshift range in the AO gap) to investigate their Ly haloes.
There are two main reasons for this redshift range choice. First,
at z < 4.7 for Lya (4700-7000 A), the background noise level is
stable compared to those at longer wavelengths (see the black
shaded area indicating z > 4.44 in Fig. la). The 50 median
SB noises for the typical parameters for the halo search (see
Sect. 3.2) at z = 2.86—4.44 are shown in Fig. 1b. Second, at
z < 4.44, the HST band ACS/WFC F775W can capture the
UV continuum of galaxies without being contaminated by Ly«
emission (the same threshold as those used in Hashimoto et al.
2017; Kusakabe et al. 2020). In fact, McKinney et al. (2019)
reported that some local galaxies show a wide Lya absorption
feature, which could extend to A ~ 1260 A. These features were
also confirmed at high redshifts (for stacked MUSE LAEs at
z = 2.9-4.6, Feltre et al. 2020). The threshold of z = 4.44 for
rest-frame 1270 A corresponds to 6900 A, at which F775W fil-
ter has 3% transmission (see Sect. 4.3 in Matthee et al. 2021, for
more details on the conservative choice of 1270 A). In addition,
we limited the field to the very deep area with 100- to 140-h
integration ( < 31 arcsec) to have a homogeneous depth.

In order to build a spectroscopically complete sample, our
parent sample is based on the HST catalog in Rafelski et al.
(2015) with deep 5o limiting magnitudes from 27.8 to 30.1 mag.
The catalog is confirmed to be complete in UV at the redshift and
M 500 ranges that we used in this paper (complete for M sgp <
—17mag at z = 2.9-4.4, see Fig. 2 in Kusakabe et al. 2020).
Out of a total of 9969 sources in the catalog, 797 sources are
within the footprint of the more than 100-h integration region.
Among them, 142 sources are brighter than 27.5 mag in F775W,
which corresponds to a rest-frame UV band for sources at z =
2.86—4.44. This apparent magnitude cut is 0.5 mag fainter than
that for the HST prior detection in the mosaic field in the MUSE-
HUDF Survey in Inami et al. (2017). As mentioned above, 123
sources (87% of 142 F775W < 27.5 sources) have a reliable
spec-z from MUSE with ZCONF =2 or 3, and 10 sources have
a possible spec-z (ZCONF = 1). The remaining nine sources are
not in the MXDF catalog as they do not show a clear feature in
their spectra, but their continua are detected in the MXDF data
cube (see below for more details).

Among the 123 ZCONF=2 or 3 sources, 18 galaxies are
located at z = 2.86—3.77 and z = 3.91—-4.44, while 105 galaxies
are outside the redshift range. Unfortunately, one galaxy, which
is categorized as an LAE in the catalog of Inami et al. (2017)
and shows UV lines in the MXDF data cube, has Lya emission
in the AO gap. Due to the limited spatial resolution of MUSE,
RID =7876 and 9944 were assigned to a unique MUSE source
(MID =103 at z; =2.99). Such nonisolated sources were sepa-
rately treated as described later.
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Among the 10 ZCONF = 1 sources, nine sources have a pos-
sible spec-z at z; < 2.86 (0.71, 1.10, 1.25, 1.67, 1.85, 1.91,
1.99, 2.34, and 2.67). Eight sources have a spec-z consistent
with their photo-z in Rafelski et al. (2015), and one source with
7y = 1.25has a z, = 1.69701> (see Fig. A.1). All of them show
clear continua at the blue éége of the MUSE spectra, imply-
ing that they should not be located at z > 2.86. The remaining
ZCONF =1 source has z; = 3.94 (RID =23135). It has ORI-
GIN-detected Ly emission with a line flux signal-to-noise ratio
(S/N) higher than 5 in the catalog (6.4). However, the Ly« cen-
ter given by ORIGIN is spatially offset by 0”3 from the posi-
tion in Rafelski et al. (2015), and the spec-z does not match with
zp = 0.7670:1. Moreover, the emission is close to the edge of the
AO gap. We included the source in our parent sample, but it is
not selected for a subsample with a UV absolute magnitude cut
used to calculate the Lya halo fractions, because of its faintness.

We inspected the MXDF data for nine sources that are not

in the MXDF catalog. Seven sources of those nine sources at

— 0.04 0.07 0.14 0.12 0.15 0.13
zp = 0.06%094, 0.82+007 1. 11+0141,63+012 2,03+015 2434013,

and 2.55*01% show clear continua at the blue edge of the MUSE
spectra, which is not the case at z > 2.86. One of the remaining
two sources, RID = 54891, has z;, = 2.31t8:ig and does not have
an ORIGIN-detected emission line. However, it shows weak
potential Lya emission at z = 2.94 with a line flux S/N of 3.9.
Because of the low S/N, the noisy spectrum, and the missmatch
between z; and zp, it was not categorized as a ZCONF = 1 source
and was not included in the MXDF catalog. To minimize a sam-
ple selection bias in this work, we assigned it a tentative spec-z
of z; = 2.94. This object is not included in the UV-bright sam-
ple described later in this section. We confirmed that our main
results can hold up with the subset. The other remaining source
at z > 2.86 that is not in the MXDF catalog (RID = 6693) has
zp = 4.21*92 and shows a break around 6250 A in the MUSE
spectrum, which can be interpreted as a Lya break. The source
has an emission line in the 1D spectrum, which could be inter-
preted as a Lya emission line at z =~ 4.17, but is contamination
from a neighboring LAE. Then, we performed a cross correlation
using the MARZ spec-z software (Hinton et al. 2016; Inami et al.
2017) on different spectra extracted from 1 to 5-pixel radius
apertures and did not find realistic solutions. In order to obtain
our best estimate of a tentative spec-z, we stacked the 1D spectra
centered at wavelengths of different combinations of UV absorp-
tion lines among Sill 11260.42, O1 41302.17, Simt 11304.37,
C1r A1334.53, Si1v A41393.75, 1402.77, Sin 11526.71, C1v
A11548.20, 1550.78, Fe1l 11608.45, and Al A1670.79. It is
challenging to determine a spec-z for faint sources at high red-
shifts with this method, but we note that we can get correct spec-
z for brighter sources at z > 4 with ZCONF = 3, RID = 5479 and
7067. Although we did not find a significant absorption line at
any redshift solution, z; = 4.167 shows 3 consecutive pixels with
more than a 1o dip compared to the continuum (1.20, 1.80, and
1.607) as a result of stacking of Si11 11260.42, C11 11334.53, and
Si1v A1393.75 lines. This is consistent with the interpretation of
the Lya break. We note that Si1v 11402.77 at z; = 4.167 over-
laps with a skyline. Therefore, we assigned a tentative spec-z,
Zs = 4.167. We did not discard these two objects (RID = 54891
and 6693) to minimize a selection bias. RID = 6693 can meet
criteria for a UV-bright subsample described later in this section,
while RID = 54891 does not, which means that it does not affect
our main conclusion. We took into account the effect of uncer-
tainties in the spec-z estimation (see Sect. 3.4.1).

In total, we have 21 galaxies at z = 2.86-3.77 and z =
3.91-4.44 with F775W < 27.5 mag as the parent sample listed
in Table 1. An overview of the 21 sources is given in Figs. 2-5
(see Fig. 2 for enlarged panels for two sources as examples).
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Table 1. Overview of the galaxy sample.

RID MID Lineforz, z % (95%)  F715W  Mispo(lo)  ZCONF  Method ~ L17 Isolated UV-bright
(mag)  (mag)
4587 8465 Lya 3001 2.976'01% 2705 185109 2 ODHIN  No  Yes No
4764 8339¢) Ly 31929 32917018 2607  _1945:002 3 ORIGIN® No  Yes Yes
4838 8469  Abs. 3.064  3.09270178 267 ~18.6870%4 2 ODHIN  No No No
5479 7089 Lya™ 4156 3.893%027 2675  -19.397003 3 ORIGIN  No  Yes Yes
6693 4167 421703 2707 189702 0 No  Yes Yes
7067 7091 Lya'®) 4406 43029028 2676  -19.527001 3 ORIGIN  Yes Yes Yes
7847 8332 Lya™ 2999 29980182 2684  —18.67°0% 3 ORIGIN  No No No
7876 103®)  Abs.® 2994 3218018 2685 1873700 3 ORIGIN  No No Yes
7901 180 Lya 3460 33931017 2728 1849100 3 ORIGIN ~ Yes Yes No
9814 149 Lyo® 3721 3.602:928 270  -18.9670% 3 ORIGIN  Yes Yes Yes
9863 106 Lya™ 3277 337018 2651 -19.15%00% 3 ORIGIN  Yes Yes Yes
9944 103®)  Abs.® 2994 3.009%0181 2649  -18.9470%3 3 ORIGIN  No No Yes
10018 6700 Lya™® 2998 3167018 2567  -19.9%001 3 ORIGIN  Yes Yes Yes
22230 163 Lya 3464 33377018 2716 -18.6570% 2 ORIGIN ~ No  Yes No
22386 8518 Lya™ 2929 3075701 2725 18177005 3 ODHIN  No  Yes No
22490 8377 Lya™ 3.000 3179018 2621 1921790 2 ORIGIN  No  Yes Yes
23124 7073 Lya 3595 3.628%022 2662 19217092 3 ODHIN  Yes Yes Yes
23135 8392 Lya 3943 076701 275 ~18.447003 | ORIGIN  No  Yes No
23408 174 Lya™ 2993 3125015 2724 18287005 2 ORIGIN  No  Yes No
23839 118  Lya™ 3.021 298970171 2663 -18.82°002 3 ORIGIN  No  Yes Yes
54891 2937 2306%01% 2722 -18.0870% 0 No Yes No

Notes. RID: ID in Rafelski et al. (2015), MID: MUSE ID in MXDF (Bacon et al., in prep.), line for z;: line used to measure spec-z for ZCONF > 1
sources in the v0.8 catalog (Lya and Abs. indicate Ly emission and UV absorption lines, respectively; see Sect. 2.2 for 2 ZCONF = 0 sources), z;:
spec-z in MXDF, z,: photo-z with 95% uncertainties in Rafelski et al. (2015), F775W: F775W magnitude in Rafelski et al. (2015), M,s0: absolute
UV magnitude with 10 uncertainties, ZCONF: Confidence level for spec-z for MUSE sources in MXDF, Method: the detection method in the
MXDF (the two sources without a detection method are not included in the catalog but discussed in Sect. 2.2), L17: included in Leclercq et al.
(2017) or not, Isolated: isolated source or not (nonisolated), and UV-bright: included in the UV-bright sample or not. ¢): RID = 4764 has an update
in a new version of the MXDF catalog (v0.9, Bacon et al. in prep.) as follows: MID = 8357, line for z, = Abs., z; = 3.188, and Method = ODHIN,
which do not change the result of our halo test. ®:RID = 7876 and 9944 were assigned for MID = 103. **) Sources that have at least one emission
line with S/N > 5 (2 < §/N < 5) in the v0.9 catalog. We note that the Lya emission line was used to measure the spec-z for most of the sources
in the v0.8 catalog, though 13 sources have at least one emission line other than Ly« (see * and *). It is because Lya emission typically has the
highest-S/N value among all spectral features. We note that it does not mean that our sample is biased s the LAE selection, and that the choices of
lines used to measure spec-z are not relevant for our halo test as we took a wide wavelength range when we optimized NBs (Sect. 3.2). The spec-z

values are planned to be improved in an updated MXDF catalog.

We calculated the rest-frame UV magnitude (M;sq0) and the
UV slope (B) using z5, F775W, F850LP, and F105W in the
same manner as in Kusakabe et al. (2020). The M5y, ranges
from —19.9 to —18.1 with an average value of —18.9, which is
fainter than M* at z ~ 3.7, —20.88 mag (Bouwens et al. 2015).
The average M5y corresponds to a typical dark matter halo
mass of My ~ 1 x 10''-2 x 10" M, which is estimated from
a Mispo—My relation from the GALICS semi-analytic model
in Garel et al. (2015). The UV slopes range from —2.3 to 0.2,
with an average value of —1.6. The distribution of M5y, and
zs of the sample is shown in Fig. 1c. Out of the 21 galaxies,
six galaxies, RID =7067, 7901, 9814, 9863, 10018, and 23124
(MID =7091, 180, 149, 106, 6700, and 7073) were included
in the Lya-selected sample for the previous MUSE-LAH study
in the HUDEF, and all of them are confirmed to be LAHs
(Leclercq et al. 2017). Among the 15 new sources, five galax-
ies, RID = 5479, 7876, 22230, 23408, and 23839 (MID = 7089,
103, 163, 174, and 118), are included in the MUSE-HUDF cat-
alog in Inami et al. (2017) as well as in the updated version in
Bacon et al. (in prep.), but they were not selected in the sam-
ple in Leclercq et al. (2017), due to their low ZCONF values
(<1), low S/N values of Lya (<6), or close neighboring objects.

In order to validate that our sample is not biased s the LAE
selection, we checked LAE fractions (X ag) for our sample fol-
lowing Kusakabe et al. (2020). Rest-frame equivalent widths of
Lya emission (EW(Lya)) were calculated with Lya fluxes at
the galaxy’s stellar-component scale (see Appendix A.3 for a
description of EW measurements and Xjag calculations). With
EW(Lya) > 20 A, which is a common criterion of LAEs, the
X1ag for our entire sample (20 < M 599 < —18.0, z = 2.9-4.4)

is 0.33f8:(1)é. For a fair comparison, we also calculated the X og

with EW(Lye) > 65 A for our entire sample as 0.14f8:82,
which is similar to Xpag = 0.04*00%, 0.07*097, and 0.11%007
for EW(Lya) > 65A and -21.75 < Mis0 < —17.75 at
z = 3.3, 4.1, and 4.7, respectively, in Kusakabe et al. (2020).
It suggests that our sample is unbiased. The small difference in
the XA between the two samples could be explained by the
cosmic variance due to our small survey volume in the MXDF
4x10° CMpC3).

As in the case of RID=7876 and 9944 (MID =103), the
MUSE spatial and spectral resolutions are not always high
enough to disentangle the spec-z assignment. It can also make
it difficult to assign extended Lya emission to close HST

A44, page 5 of 32



HST F775W (15"X%

15"
83391 !
3

15

10

arcsec

A&A 660, Ad4 (2022)

(b) MUSE rest-UV BB

arcsec

(c) MUSE optimized NB

arcsec

5 10 15

arcsec arcsec arcsec
= (d) 1D, inside the target mask = (e) 1D, r=rip-rcog (f) SB on optimized NB
| | - T .
o 20 o 2001 Min=4 pix | S0 Isolated, LAH
o Y 175 rcog=25 pix Y
£ 15 £ o
o o 0
- o 150 4
10 ]
(%] wn —18
o o125 o 10
T s @ e
o o 100 5
o o n
o O o 75 W1
=) =) E,lo L
Z -5 z ot
2 G [oe)
[ c 25 2
Q —-10 Q ~
x x 0 o
=2 _15 =]
T 5060 5080 5100 5120 5140 - 5060 5080 5100 5120 5140 6 1 2 3 4 5 6 7
Wavelength (4) Wavelength (4) arcsec

(b) MUSE rest-UV BB (c) MUSE optimized NB

10¢

arcsec
arcsec
arcsec

15

10

5

10 15

arcsec arcsec arcsec
= (d) 1D, inside the target mask = (e) 1D, r=rip-rcog (f) SB on optimized NB
;.'q: ;.L( 1751 ri,=5 pix = . Isolated, Non-LAH
~ ~ reog=16 pix ~10
I 200 I_ 150
€ € ]
(V] o "
7 T 125 o
wn 150 %) © 10-18
o o i
= 2100 )
0] [} IS

1]
8. 100 8 75 o
] @ v 5-19
< = 50 910
2 50 2 K
2 2 25 a
3 S >

10—20

x o 2 ol 8 | |
S =} rl r-l n | 1 | 1 |
(s 6240 6250 6260 6270 6280 6290 6300 L 6240 6250 6260 6270 6280 6290 6300 1 3 4 5 6 7

Wavelength (4) Wavelength (A) arcsec

Fig. 2. Examples of the overview with two sources (a LAH RID =4764 and a non-LAH RID = 5479). The first two rows show RID = 4764, while
the last two rows show RID =5479. (a) HST F775W image (rest-frame UV). The Rafelski’s ID (RID), the MUSE ID (MID), z,, ZCONF, and M54
are indicated. The smaller and larger cyan circles present r;, and rcog (Sects. 3.1 and 3.2). (b) MUSE broad band image summed over the rest-frame
UV range 1300-1800 A. The image is smoothed with a 2D Gaussian filter with a standard deviation of 1 pixel. Spectroscopic redshifts of sources in
the MXDF catalog in the minicube are indicated. (¢) Optimized narrow band for Lya with the neighboring object mask (purple areas). The image
is smoothed with a 2D Gaussian filter with a standard deviation of 1 pixel. The white contours indicate a SB of 2 x 107" ergs™! cm™ arcsec™2.
(d) 1D spectrum around the wavelength of Ly« extracted inside the target’s continuum-component mask. The spectra and the 1o~ uncertainty
are represented by the black line and the gray shaded area, respectively. The spectral width of the flux-maximized NB and the wavelength of
Lya converted from zg in the MXDF catalog are shown by the cyan dashed and solid lines, respectively. The spectral slices used to produce the
optimized NB are indicated by the yellow shaded areas for sources with high S/N spectral slices at r = ri,—rcog. (€) 1D spectrum around the
wavelength of Lya extracted in r = ry,—rcog. (f) Radial SB profile of Lya emission in log scale measured on the optimized NB image. The cyan
shaded areas represent the radial range, » = ri,—7cog (see Sect. 3.3). The panel shows whether the source is an isolated or nonisolated object, and
whether it is a Lye halo (LAH) or non-LAH. All images are 15 arcsec each on a side. We note that the segmentation maps and the masks as well
as zoomed-in HST F775W cutouts (4” x 4”) are shown in Figs. C.1 and C.2.
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sources. Following Inami et al. (2017), we checked if galax-
ies have close projected neighbors within 0”76 using the cata-
log of Rafelski et al. (2015). We did not consider MUSE LAEs
as neighbors here, because extended Ly« emission from satel-
lites is one of the candidates for the powering sources of Lya
haloes. In our sample, 6 sources (RID =4764 , 4838, 5479, 7876,
9944, and 10018) have one HST-detected galaxy within 0”76. We
used the MXDF catalog to check the spec-z of the HST neigh-
bors. The HST neighbors of RID =4764 and 10018 are located
at different redshifts and do not contaminate the Lya NB used
in the halo tests (RID=10516 at z;, = 1.42 and RID = 10046
at zg = 2.59, respectively). Unfortunately, the HST neighbor of
RID =5479, RID = 5498, does not have a spec-z, but the photo-z,
2p = 2997027 is not close to the spec-z of RID = 5479, z; = 4.16.
Therefore, we regarded these three sources as isolated sources.
Meanwhile, the HST neighbor of RID =4838 (RID =6666 at
7 = 3.06) has a velocity offset of AV = —25.4kms~! from
RID =4838, which indeed contaminates the Lya NB used in
the halo test (see Figs. 3 and A.3). They belong to a group
of galaxies within the cosmic web detected with Ly emis-
sion in Bacon et al. (2021), see Appendix A.4 for more details.
Since both RID =7876 and 9944 are assigned to counterparts
of MID =103 at z; = 2.09, they are interpreted to share Lya
emission in their Lya NBs. In addition, MID = 103 has another
neighbor within 0”76, RID =7847 at z; = 3.00 in our sample
(AV = 458kms~! from RID =7876 and 9944), which leads
to mutual contamination of their Lya NBs (see Figs. 3 and 4).
Although RID =7847 is located further than 0”76 from the posi-
tions of RID = 7876 and 9944, these three sources also belong to
a larger structure of cosmic web found in Bacon et al. (2021), as
shown in Fig. A.4. Therefore, RID = 4838, 7847, 7876, and 9944
might live in a different kind of environment from the rest of our
sample, which may affect the existence of a Lya halo and Ly«
halo properties. Additional details of four nonisolated sources
are given in Appendix A.4. We calculated Ly« halo fractions for
the isolated sources and the nonisolated sources as well as all
sources in Sect. 3.4.

In Fig. lc, we introduce an unbiased subsample, the “UV-
bright sample”, with a redshift range of z = 2.86—4.44 with
-20.0 < Mis500 < —18.7mag. It contains 12 galaxies, of which
10 are isolated sources and two are nonisolated galaxies.

In summary, our sample was built in two steps. First, we
selected galaxies brighter than F775W = 27.5 in the catalog of
Rafelski et al. (2015), which corresponds to rest-UV for galax-
ies at z ~ 3—4. Second, we applied a selection on the spec-
troscopic redshift of these objects to keep only galaxies with
7z = 2.86—4.44. We note that all galaxies except nine have a spec-
troscopic redshift from the MUSE catalog. These nine galaxies
have a photometric redshift and their continuum is detected in
the MUSE cube. Seven of them have z, = 0-2.5 with clear con-
tinuum detection at the blue edge of the MUSE cube: there is
no sign of a Lyman break, which is very unlikely for sources
at z > 2.86. We did not include these sources in our sample.
The remaining two sources were included in our sample, with
ZCONF =0, in order to minimize a possible selection bias in
favor of Lya emitters. Therefore, we stress that our sample of 21
galaxies is rest-UV selected.

2.3. Continuum subtraction

For the following analysis, we provided 15”70 X 15”70 cutouts of
the MUSE cube (minicube), the HST/ACS/WFC F775W image
(Beckwith & Stiavelli 2006; Illingworth et al. 2013) and the HST
segmentation map (Rafelski et al. 2015) for each source. We used

continuum-subtracted minicubes for most of the analysis in this
paper, such as the Lya narrow bands explained in Sect. 3.

The continuum subtraction is useful not only to investigate
line emission, but also to remove neighboring sources around
a targeted source. The continuum minicubes were provided
from a spectral median filtering on the original minicubes in
a 100-pixel spectral window (+50 pixels) in a similar manner
to those in previous MUSE papers (with a 200-pixel window,
e.g., Leclercq et al. 2017, see also Herenz et al. 2017 for a 150-
pixel window) and in addition excluded +400kms~! around the
Lya wavelength. Although the method with a 200-pixel win-
dow was validated for the MUSE-HUDF and MUSE Wide data
sets, in particular for LAEs, it can overestimate the continuum
around a Lya break (Lya absorption) for UV-bright galaxies in
the MXDF, since the MXDF data are deep enough to detect
the UV continuum and the break. The oversubtraction due to
the general 200-pixel window leads to artificial absorption at
the position of a targeted UV source on a Lya narrow-band
image for some sources. We examined different settings for the
continuum minicubes: (1) the general setting with a 200-pixel
window, (2) a 200-pixel window with a mask around the Lya
wavelength (£400kms™"), (3) a 100-pixel window with a mask
around the Lya wavelength, and (4) a 60-pixel window with a
mask around the Ly wavelength. The Lya masks cover 10 to
14 spectral slices at z = 3 to 4.4, respectively.

We found a trend that the continua around Lya were increas-
ingly overestimated from settings (4) to (1) (see Fig. B.1). This
trend becomes stronger for galaxies showing a Lya absorption
feature. We also found that the 60-pixel window was too narrow
to derive an accurate continuum. We confirmed that the contin-
uum at 4 > 1270 A in the rest frame did not change among the
four settings. Therefore, we adopted the third setting with a 100-
pixel window, with a mask around Lya. In Appendix B, we dis-
cuss two examples of the difference in the radial SB profiles for
four different settings as described below (see Fig. B.1).

The obtained continuum minicube was subtracted from the
original minicube to provide the continuum-subtracted minicube.
Even with this optimized choice, we have a potential uncertainty
in the continuum estimation around the Ly wavelength at the
position of a targeted UV-selected source, which however does
not affect the extended Lya emission beyond the galaxy’s stellar
component. For this reason, we did not use the spatial pixels on
the main part of the galaxy’s stellar component when we tested
for the existence of Ly« haloes in the third step (see Fig. 6).

3. Lya haloes around UV-selected galaxies

The main part of our analysis consists of four steps. First,
we created a mask for the continuum-like component (target’s
continuum-component mask) and a neighboring object mask for
neighbors for each source (Sect. 3.1). The target’s continuum-
component mask was used to obtain an inner radius. Second,
we provided a flux-maximized Lye NB with a curve-of-growth
radius by tuning the width of the NB and the radius to maximize
the halo flux and then provided optimized NBs only with high-
S/N spectral slices (Sect. 3.2). Third, we tested for the existence
of a Lya halo around each source (Sect. 3.3). Fourth, we derived
the Ly halo fractions (Sect. 3.4). The flow of the analysis is
illustrated in Fig. 6.

3.1. Masks and inner radii

We used a target’s continuum-component mask to extract the
1D spectrum within the galaxy’s stellar-component scale and to
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Fig. 3. Overview of the first 7 sources in order of RID except for RID = 4764 and 5479. Each row shows a different object. Panels a—f: are the same
as those of Fig. 2. Panel a: MID = 0 means that no MUSE ID is assigned in the MXDF catalog (i.e., ZCONF = 0). Panels d and e: the spectral slices
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Fig. 4. Same as Fig. 2, but for the middle 6 sources in order of RID. Each row shows a different object. Panels a—f: are the same as those of
Fig. 2. We note that the emission rings shown in the NB of RID = 9944 is caused by the mask for a source with extended emission. Although the
ring feature of RID =9944 overlaps with r = rj,—rceg, this object is not included in the isolated sample (as well as RID =7876), and the main

conclusion about the Ly halo fraction is not affected by the ring.

define the inner radius used to adjust the Lya NB (Sect. 3.2). The
continuum-component masks were created with the HST seg-
mentation maps in a similar manner to those used to create object
masks for HST prior extractions in Inami et al. (2017). The HST
segmentation map indicates areas in which galaxies are detected
and defines the boundaries of the objects (more details are given
in Appendix C, see also Figs. C.1 and C.2). If a pixel does not
belong to the target on the cutout segmentation map, we replaced

the corresponding pixel of the F'775W cutout with zero and pro-
vided an HST target image. We convolved the HST target image
with the MUSE PSF at the Lya wavelength. Then, we resampled
the PSF-convolved HST target image with the spatial resolution
of MUSE, aligning it with the MUSE sky coordinate. We nor-
malized the PSF-convolved image so that the peak became 1. To
provide the target’s continuum-component mask for each source,
we applied a threshold value of 0.2 to the normalized convolved
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Fig. 5. Same as Fig. 2, but for the last 6 sources in order of RID. Each row shows a different object. Panels a—f: are the same as those of Fig. 2.

image (see Figs. C.1 and C.2). This threshold was used to extract
the spectra from non-AO MUSE cubes for the HST-prior sources
in the catalog in Inami et al. (2017). For the MXDF data, the
target’s continuum-component masks typically include 66% of
the total fluxes in the target’s continuum-component images. We
defined an inner radius, rj,, beyond which the normalized PSF-
convolved profile is below 0.2. We used rj, in the SB profile
measurements for the Lya halo tests later, to exclude the SB
inside the galaxy’s stellar-component scale. The r;, ranges from
0.8 arcsec to 1.0 arcsec with an average value of 0.81 arcsec (in
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physical scales at different redshifts, 5.5 to 7.0 kpc with an aver-
age of 6.2 kpc).

We used a neighboring object mask to exclude pixels that
might be affected by bright neighbors on a MUSE NB when we
adjusted the Ly NB and measured the Lya radial SB profile. To
mask the bright-continuum emission from the neighbors, we cre-
ated a broad band (BB) image from the original MUSE minicube
without continuum subtraction at rest-frame 1300 to 1800 A for
the target (see Figs. 2-5). Then we clipped pixels whose S/N
are higher than 20. With this threshold, we can mask the main
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Fig. 6. Flowchart of the main part of our analysis with the four steps.
The input data are indicated by the yellow rounded boxes at the top of
the panel, while output data are indicated by the orange rounded boxes.
The analysis and classification are shown by rectangles and diamonds,
respectively. The obtained samples and parameters are presented by
circles. The details of each step are provided in Sects. 2.3, 3.1-3.4.
The numbers colored blue indicate the sections as a reference. The
flux-maximized NBs were used to obtain the average SB profiles in
Sect. 4.2.1.

part of continuum-bright galaxies on the optimized NBs and the
flux-maximized NBs. A lower S/N threshold for the BBs, 10,
changed the S/N values for extended Lya emission on the opti-
mized Lya NBs used in the halo tests (see Sect. 3.3.1) because
we lost the area with Lya emission. However, it did not change
the results for the tests for haloes for any sources, except for one
(RID =23408). Since we used continuum-subtracted minicubes
for most of the analysis and would like to keep as many spatial
pixels as possible, the higher threshold of 20 was adopted. The
two masks for each source are shown in Figs. C.1 and C.2. We
note that the emission rings showing up at the left bottom of the
NBs of RID =7876 and 9944 in Figs. 3 and 4 are caused by a

source whose emission extends beyond the neighboring-object
masks. The main conclusion about the Lya halo fraction is not
affected by the ring features, since the objects are not included
in the isolated sample.

3.2. 3D curve-of-growth for narrow bands

To define a 3D volume in a minicube that includes all the poten-
tial flux of a Lya halo, we adjusted the NB width and the annu-
lus used for the halo photometry simultaneously, using the spec-z
and the spatial coordinate of the HST targets. The inner radius of
the annulus is ry,. The outer radius of the annulus is a curve-of-
growth radius (CoG; rcog), which is commonly used to derive
the total Lya flux from a NB image (e.g., Drake et al. 2017,
Leclercq et al. 2017). It is the minimum radius among consec-
utive 1 pix-width annuli with increasing radius around a target,
whose flux reaches or dips below zero (see Drake et al. 2017, for
more details).

First, we created 400 NBs from a minicube with a com-
bination of widths to redder and bluer wavelengths from 0
to 20 adjacent pixels around the Ly wavelength. We applied
the 2D neighboring object mask to the created NBs. Then,
we derived rcog by annulus photometry with PHOTUTILS
(Bradley et al. 2021) on each NB and measured the flux between
rin and rcog centered at the spatial coordinate of the HST tar-
get. Finally, we chose the combination of a NB width and
rcog that gives the highest ri,—rcog flux. The flux-maximized
NB widths range from 21.25A to 48.75A (4.1A to 1224,
or 1014.9kms™! to 3012.1 kms™") with the average of 31.8 A
(7.5A, or 1848.0kms™!) in observed wavelength (rest-frame
wavelength or velocity difference). The rc,g ranges from
1.4 arcsec to 7.2 arcsec (10.5 to 56.8 kpc) with the average of
4.2 arcsec (32.0kpc). The rcog and NB width are shown in
Figs. 2 and 3. The r¢og and the flux-maximized NB were used
to measure a surface brightness profile in the third step and in
Sect. 4.2.1, respectively.

We optimized the Lya NBs by selecting spectral slices with
S/N > 1.5 for the flux between ry, and rcog. We inspected
the spectral slices visually and discarded the pixels whose sig-
nals might be enhanced by noise peaks. Out of 21, 18 sources
have at least five spectral slices (6.25 A) with S/N > 1.5.
The total wavelength width ranges from 8.75 A up to 22.5 A,
with an average value of 14.5 A in the observed frame (corre-
sponding to 539.7kms~! to 1298.2kms™!, and an average of
838.5kms™!). The remaining three sources (RID = 6693, 23135,
and 54891) do not have a sufficient number of high S/N pix-
els. In particular, RID =23135 and 54891 do not show a real-
istic line profile. Their pixels with S/N > 1.5 seem to be
affected by noise. Therefore, we created the optimized NBs for
these sources using the 1D spectra inside the target’s continuum-
component mask. RID =23135 has six S/N > 1.5 spectral
slices, which were used to create the optimized NB. However,
RID =6693 and 54891 have only four and two S/N > 1.5
spectral slices, and the optimized NB was created from the
five highest-S/N spectral slices. The chosen spectral slices are
shown by yellow or orange shaded areas on the spectra in
Figs. 2-5. With the average width of optimized NB and the
average unmasked area between rj, and rcog, the median 5o
SB limit is estimated to be 4.1 x 107" ergs~! cm~2 arcsec ™2
over the redshift range (see Fig. 1b), and the 5o flux limit is
3.1 x 1078 ergs~! cm™2 over the redshift range. The optimized
NB were used to measure a surface brightness profile in the third
step.
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3.3. Test for the presence of Lya haloes

We tested for the existence of Lya haloes with two steps. First,
we checked the S/N of fluxes in the annulus from ry, to rcog
to select LAH candidates (Sect. 3.3.1). Second, we tested for
the existence of Lya haloes with the radial SB profiles at r =
rin—rcog (Sect. 3.3.2), the results of which are described in
Sect. 3.3.3. We investigated non-LAH objects in Sect. 3.3.4 and
Appendix D with completeness simulations of the halo tests.

3.3.1. Selection of LAH candidates based on the S/N at
I'= lin—IcoG

We measured the S/N of fluxes in the annulus from r;, to rcog,
S /N(rin—rcog), on the optimized NBs using PHOTUTILS with
the two masks. The sources that have a S/N higher than or
equal to three were regarded as Ly halo candidates, which were
also visually inspected. The top panel of Fig. 7 shows the his-
togram of S /N(rin—rcog). Among 21 galaxies, 19 are LAH can-
didates. The two objects with low S/N values are RID =23135
and 54891, whose NBs were optimized based on the 1D spectra
at r < rj, in Sect. 3.2. They have low S/Ns on the 1D spectra at
r = Fin—TcoG, and the low values of S/N(riy,—rcog) on 2D NBs
were expected.

3.3.2. Test with Lya radial SB profiles

In order to confirm the presence of extended Lye emission, we
checked if the emission is not from the outer wing of bright cen-
tral Ly emission. To do so, we assessed the null hypothesis that
the source does not have Lya emission more extended than the
PSF-convolved continuum-like component. In other words, we
measured the significance of the deviation of the observed radial
SB profiles from those of the target’s continuum-component
images provided in Sect. 3.1 (py test). Our method carefully pre-
vents potential uncertainties of SB profiles at r < ry, due to the
continuum subtraction. We measured the observed SB profile
on the optimized NB using PHOTUTILS with two masks. The
default width of the radial bins was one MUSE spatial pixel, but
the bins were combined with the outer bins to have S/N > 2. If
spatial pixels at large radii close to rcog had too low S/Ns, which
reduced the combined S/N and made it lower than two, we did
not use the pixels in the fitting. We note that it did not change the
results of the halo test for the sample but gives lower p, values
(higher reduced y?), which helps detect diffuse haloes combined
with other conditions. We measured the effective area consider-
ing the masks and derived the SB profiles by dividing the fluxes
with the effective area. Then, we fit the observed SB profile with
that of the target’s continuum-component in the range of ry, to
rcog and measured the reduced y?, which was converted into the
probability of the null hypothesis, pg, with scipy.stats.chi2.sf.
Here, the number of degrees of freedom (d.o.f.) is 1 smaller than
the number of the combined radial bins. The free parameter is the
amplitude of the SB (i.e., flux). If a source has a Ly halo, the
SB profile from rj, to rcog is significantly different from that of
the target’s continuum-component, which makes py small. Our
threshold for the probability of the null hypothesis, py, is 0.05,
which is the same as that used in Leclercq et al. (2017).

We visually investigated the sources that have a larger
reduced /\(2 than the threshold (see Table 2). We note that the
results of the null hypothesis tests were the same if we used
different thresholds of S/N for the radial binning, 1.0, 1.5, and
2.0, and when we adopted different py from 0.04 to 0.1. We also
checked the results for the four different settings in the contin-
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Fig. 7. Results of the tests for the existence of a Lya halo. Top panel:
histogram of the flux S/Ns between r = ry, and rcog measured on
the optimized Lya NBs. Blue and gray histograms indicate galaxies
above and below the threshold of S/N = 3 (black dashed line), Non-
LAHs and LAH candidates, respectively. RID =23135 has a negative
S /N(rin—rcoc) and is counted as S/N(rin—rcog) = O in the plot. Bot-
tom panel: probability of the null hypothesis that the SB profile at
r = rin—rcog matches that of the target’s continuum-component pro-
file vs. flux S/N between r = ry, and rc,g for the LAH candidates. A
black dashed line represents the border of LAHs and Non-LAHs.

uum subtraction. The results were the same for all the sources
except for one object (RID =23408). These checks imply that
our tests for the existence of Ly« haloes are robust. The results of
the tests are described in Sect. 3.3.3 (see also Table 2 and Figs. 7
and 8).

With this test, we could miss very faint or diffuse Lya haloes
below the detection limits and Lya haloes whose shapes are
very different from our circular assumption (see Sect. 3.3.4 for
more details). The S/N > 3 criterion corresponds to SB > 3.2 X
107 ergs™' em 2 arcsec™ and flux>2.2 x 1078 ergs™! cm™2,
in the case of the average width of the optimized NB and the
average unmasked area between rj, and rcog (see Sect. 3.2 and
Fig. 1b).

As a final note, our method is different from Leclercq et al.
(2017). Their method was designed for galaxies with strong
central Lya emission which can de facto always be fit by the
same exponential profile as the continuum. Our galaxies are UV-
selected and do not always show strong central Lya emission.
In practice, their inner Ly emission is not well modeled by
the continuum so that the method of Leclercq et al. (2017) is
not applicable to our sample. The higher signal-to-noise ratio of
our data also makes their modeling assumptions more difficult
in practice in our sample. We thus use a more general method,
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Table 2. Summary of the tests for the existence of Lya haloes.

RID Fin F'CoG S/N(rin_rCoG) Po d.o.f. R./\/2 R. /\/2 (p() = 005) LAH
(arcsec/kpc)  (arcsec/kpc)
4587 0.8/6.31 3.0/23.65 5.75 6.04e-03 5 3.26 2.21 Yes
4764 0.8/6.19 5.0/38.67 16.44 2.84e-49 17 16.39 1.62 Yes
4838 0.8/6.27 6.0/47.01 11.94 4.65e-19 19 6.98 1.59 Yes
5479 1.0/7.0 3.2/22.39 1294 3.78e-01 6 1.07 2.1 No
6693 0.8/5.59 7.2/50.31 4.84 2.18e-22 8 15.11 1.94 Yes
7067 0.8/5.45 6.6/44.99 13.63  6.25¢-30 14 1251 1.69 Yes
7847 0.8/6.31 3.4/26.81 9.23  4.39e-06 10 433 1.83 Yes
7876 0.8/6.31 5.0/39.45 9.13  1.39e-12 13 6.52 1.72 Yes
7901 0.8/6.02 2.8/21.06 17.48 1.09e-05 7 5.01 2.01 Yes
9814 0.8/5.86 3.6/26.35 20.0 1.28e-16 9 10.61 1.88 Yes
9863 0.8/6.13 5.2/39.86 1446  4.08e-05 7 457 2.01 Yes
9944 0.8/6.31 7.2/56.81 9.22 1.12e-13 17 5.85 1.62 Yes
10018 0.8/6.31 2.4/18.93 2798 7.44e-03 5 3.16 2.21 Yes
22230 0.8/6.02 1.4/10.53 6.72 2.73e-01 2 1.3 3.0 No
22386 0.8/6.35 3.2/25.41 16.05 1.32e-39 7 28.53 2.01 Yes
22490 0.8/6.31 6.6/52.04 13.01 1.24e-38 16 13.98 1.64 Yes
23124 0.8/5.93 3.2/23.74 149 1.76e-16 8 11.51 1.94 Yes
23135 0.8/5.72 1.6/11.44 <0.0 Nan Nan Nan Nan No
23408 0.8/6.31 3.4/26.83 6.72  3.54e-02 4 258 2.37 Yes
23839 0.8/6.3 6.2/48.79 14.21  2.99¢e-68 13 27.44 1.72 Yes
54891 0.8/6.35 2.2/17.46 1.29 Nan Nan Nan Nan No

Notes. RID: ID in Rafelski et al. (2015), r;,: inner radius for the test defined in Sect. 3.1, rcog: curve of growth radius used as the outer radius for
the test (Sect. 3.2), S /N(rin—rcoc): S/N of the flux measured at r = rj,—rcog (halo candidates have a S /N(rin—rcog) = 3), d.o.f.: degrees of freedom
for the test (Sect. 3.3.2), po: probability of the SB profile at r = r,,—rcog to match that of the target’s continuum-component image (Lya haloes
are confirmed if py < 0.05), R. y?: reduced y? of the SB fitting test, which is converted to a p, value, R. x? (py = 0.05): reduced y? corresponding
to the threshold py = 0.05, LAH: Whether the object has a Lya halo or not. The SB profiles of RID =23124 and 54891 were not tested due to the
low S/N(rin—rcog). We note that RID =23135 has a negative S /N(rin—rcoc)-

which we verified recovers the LAHs of Leclercq et al. (2017)
for the six objects we have in common (and which thus all have
strong central Lya emission).

3.3.3. Results of the halo test

Among the 19 LAH candidates, 17 Lya haloes around the galax-
ies are confirmed with py < 0.05 (see the bottom panel of Fig. 7).
All LAH sources have small py values, ranging from 3.0 x 107
to 0.035 (corresponding to reduced y? values from 28.5 to 2.6),
which indicate significant deviations of the radial SB profiles
from those of the PSF-convolved continuum-component profiles
at r > ri,. However, the remaining two sources, RID = 5479 and
22230, are not confirmed to have a Lya halo due to their high
po values, 0.37 and 0.27, respectively, which are higher than the
thresholds. Interestingly, both sources have bright Ly« fluxes and
high S /N(rin—rcoc) values, but the radial SB profiles at » > rj,
are statistically consistent with those of the target’s continuum-
component images (see Sect. 3.3.4 and Appendix D.2). The
radial SB profiles and the results of the tests for individual
sources are summarized in Fig. 8 and Table 2.

In total, we have 17 LAHs and four non-LAHSs. The results
of this LAH test are consistent with those in Leclercq et al.
(2017) for the six common sources with RID =7067, 7901,
9814, 9863, 10018, and 23124, which are classified as LAHs
in both studies, though the methods used are different. Inter-
estingly, we found LAHs around non-LAEs with net nega-
tive EW(Lya): for instance, RID =4587 and 4764, which have
EW(Lya)ne < -10.0A and —-14.2 10\, respectively, as demon-

strated in Appendix A.3 and Fig. A.2 (see also the central dip on

the SB profiles in Fig. 8). RID =7876 and 9944 might be also
non-LAEs with LAHs. However, unfortunately, they are non-
isolated sources, and we cannot decline a possibility that their
LAHs are mainly contributed from other sources in the large-
scale structure like RID =7847 (see Fig. A.4). This is the first
time to confirm the presence of LAHs around non-LAEs. Fur-
ther discussion of the Ly line properties and galaxy popula-
tions is beyond the scope of this paper but it could be interesting
to investigate in the future.

3.3.4. Non-LAH objects

Faint diffuse Lya haloes could be undetected because they
would be hidden in the noise. We investigated the four non-
LAH objects and simulated their completeness individually.
Here we briefly explain the simulations, introduce non-LAHs,
and comment on a non-LAH included in the UV-bright sample
(Sect. 2.2). The details of the simulations and the remaining three
non-LAHs are described in Appendix D.

The completeness of our halo test is sensitive to the SB pro-
files of haloes. Assuming an exponential SB profile, as used
in Wisotzki et al. (2016) and Leclercq et al. (2017), we applied
the same halo test to mock NBs of noise and PSF-convolved
halo models (see Appendix D for more details). We also simu-
lated haloes with a Lya continuum-like component, whose flux
was matched to the central Ly flux of the observed non-LAH
objects. Figure 9 summarizes the parameter sets with a 50%
completeness of the four non-LAHs for both cases. Generally,
the completeness decreases when the central surface brightness
I, decreases or the scale length for haloes r; decreases. The
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Fig. 9. Halo parameter set (I, and r,}) showing 50% completeness for
four non-LAH objects. We explored potential halo parameters for four
non-LAHs by simulating completeness values of the halo tests. We
assumed exponential profiles for the halo and continuum-like compo-
nent models (% + ¢) shown by dashed lines and for halo only models (/)
shown by solid lines (see Appendix D). The gray solid (black dashed),
orange solid (red dashed), magenta solid (violet dashed), and cyan solid
(blue dashed) lines represent RID = 5479, RID = 22230, RID =23135,
and RID = 54891 with halo only models (halo and continuum models),
respectively. The black crosses indicate the halo parameters measured in
Leclercq et al. (2017) for the common sources between Leclercq et al.
(2017) and ours.

profiles are similar among the four sources but depend on the
noise levels. If a galaxy has a bright Lya continuum-like compo-
nent, the completeness can be enhanced or suppressed depending
on the parameters (see Fig. D.3). The completeness for individ-
ual sources is shown in Figs. D.1 and D.2, and our halo tests
are found to be complete when the halo fluxes are equal to or
brighter than ~4 x 108 ergs™' cm™2 to 6 x 10~¥ ergs~! cm™2 in
most of the parameter ranges. We checked the parameters mea-
sured in Leclercq et al. (2017) for the six common sources with
Ly haloes. These sources are mostly located above the 50%
completeness lines for non-LAH sources.

Out of the four non-LAHs, one object has a high
S/N(rin—tcog) (>10), but no extended emission is sig-

nificantly confirmed (RID=5479). Another object with
S/N(rin—rcog) = 6.7 has anisotropic spatially offset Lya emis-
sion (RID =22230). Its extended emission cannot be confirmed
with the current method and data set. The remaining two objects
do not have detectable emission at r > r;,. The last three objects
are not included in the UV bright sample, and therefore the
results of the halo tests for the last three sources do not affect
the main conclusions of this paper.

RID =5479 has a high confidence level of ZCONF =3 for
zs = 4.16 in the MXDF catalog and is UV bright, M50 =
—19.34. It clearly shows Lya emission lines on the 1D spec-
tra for both r < ry, and r = riz—rceg as shown in Fig. 3,
with ry, = 1”7 and rcog = 372. The S/N(rin—rcoc) is 12.94.
However, the radial SB profile at r > ry, follows that of
the MUSE PSF-convolved HST profile (continuum-like com-
ponent), and the py value is as high as 0.38 (see Fig. 7). The
radial SB profiles are also consistent at r < rjy,. According
to the completeness simulations, the completeness is approxi-
mately 50%, for instance, when the parameters are r;, = 5.5 kpc
and I = 8.8 x 107" ergs™! cm~2 arcsec™? or r,;, = 10.3kpc and
Iy = 2.4 x 107 ergs™' ecm 2 arcsec™? (see Fig. D.1). As dis-
cussed in Appendix D, the completeness can be lowered when
a source has a bright continuum-like Lya component at the cen-
ter, which can hide a halo feature. However, this only happens
in a narrow parameter range, and the bright continuum-like Ly
component can also enhance the completeness for some cases
(Fig. D.3). We conclude that it does not constitute a serious
bias in our tests. From the distribution of the median rco,g in
the simulations, we also find that the measured rcog prefers the
halo parameters with completeness values lower than 50%. The
limitation of our data and method for the halo detection for
RID = 5479 is illustrated in Fig. D.1.

If deeper IFU data with a higher spatial resolution than the
MXDF data were available, it could be possible to detect faint
and compact Lya haloes among them. However, we would like
to recall that our MUSE data were taken with AO and have an
unprecedented depth of 100 to 140-h integration, the longest
exposure times on the VLT so far. Considering the small sam-
ple size and the small number of non-LAHs, we did not correct
for the incompleteness below.

3.4. Lya halo fraction

3.4.1. Calculation of the Lya halo fraction and its
uncertainties

The fraction of Ly haloes around UV-selected galaxies, X ay,
is defined as follows:

NLan _ NiLan

- )
Nuyv

ey

X =

FAT Nean + Nxonran
where Npan, Nnon-Lan, and Nyy are the number of objects in a
LAH sample, a non-LAH sample, and a parent sample, respec-
tively. We calculated Xy ap for isolated sources and nonisolated
sources separately, and for both subsets, for the UV-bright sam-
ple and the whole sample.

We calculated the statistical uncertainty in Xpap. Statisti-
cal uncertainties for fractions (i.e., Bernoulli trials) are given
by a binomial proportion confidence interval (BPCI). Fol-
lowing our previous paper on LAE fractions (Kusakabe et al.
2020), we derived the statistical uncertainties in Xpay using
astropy.stats.binom_conf_interval, with the Wilson score inter-
val as an approximation formula (Wilson 1927). Our 1o uncer-
tainties correspond to 68.3% confidence intervals. For samples
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Fig. 10. Ly halo fractions for the complete sample (gray bars) and the UV-bright sample (-20.0 < M;so9 < —18.7; green bars). The X; Ay for
isolated sources and that for nonisolated sources are shown in the second and third columns, respectively. The black error bars indicate 68.3%

confidence intervals.

including RID = 6693 or 54891, which has a low ZCONF =0,
we adopted fractions including them in the Lya fractions but
took conservative uncertainties consisting of the minimum and
maximum values of 68.3% confidence intervals of fractions with
and without RID = 6693 or 54891.

There are three other potential contributions to the uncer-
tainty in Xpag. The first are the uncertainties in Ny ay due to
the incompleteness of Ly« halo confirmations. As discussed in
Sect. 3.3.4, the completeness of haloes sensitively depends on
the halo SB profiles. Although spatial and spectral profiles of
individual Lya haloes around LAEs have been investigated (e.g.,
Leclercq et al. 2017, 2020; Claeyssens et al. 2019), we do not
know the true distribution of the parameters of the halo profiles
below the detection limits. Therefore, we did not correct for a
completeness factor for N ay in this study. The number of non-
LAHs is small for our samples and the completeness correction
would thus not change our main conclusions. The second con-
tribution comes from the uncertainty in the PSF estimation for
the MXDF (Bacon et al., in prep.). Since the survey area of the
MXDF is not large, and the MXDF data cubes were obtained
by stacking many different observations, the PSF is smoothed
and homogenized. Therefore, the uniform formula for the PSF
applied to the entire field should not have a significant effect on
our Lya halo tests. Third, we have the field-to-field variance.
Since the survey volume of MXDF is limited to 4.0 x 10> cMpc?
(z = 2.86—4.44, excluding the AO gap), our measurement of
X1 ag may be different from the cosmic average. There is a pos-
sibility that Xy o depends on the environment. Therefore, we
calculated X1 g for both the sample of all the sources and of
isolated sources as precisely as possible.

3.4.2. High Lya halo fractions

Figure 10 shows a high Lya halo fraction for the sample includ-
ing all sources, 80.1*1%1% (the dark gray bar in the first column).
We note that all the non-LAHs are categorized as isolated galax-
ies (Sect. 2.2). However, the fraction remains high even when

the sample is limited to the 17 isolated sources, 76.5*13¢%. The

Xpan increases to 100.0*9 % for nonisolated galaxies, though it
is consistent within the 1o error bars. Since all the sources were

selected from the apparent magnitude cut of F775W, we also
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Table 3. Lya halo fractions for all the sources and the UV-bright
sample.

Sample XLAH 66937 548917
All 80.952?3; Yes Yes
All/isolated 76.47" 337 Yes Yes
All/nonisolated 100.0*90,,  No No
UV-bright 91.67"315  Yes No
UV-bright/isolated 90.07¢]L.  Yes No
UV-bright/nonisolated  100.0*30,. No No

Notes. The Xj oy values for the “All” sample and the UV-bright sample.
It also shows whether a sample includes RID = 6693 or 54891, whose
low ZCONF have to be considered in the uncertainty calculation.

check Xpap for the UV-bright sample with —20.0 < Mjsgp <
—18.7. The Lya halo fraction is as high as 91.7*3;' )% (the green
bar in the first column). Even when we split them into isolated
galaxies and nonisolated galaxies, the X} o values remain high,
90.0*¢.% and 100.0*3?, %, respectively. The numerical values
of LAH fractions are listed in Table 3.

The detection of extended Lya emission with stacked Ly«
narrow bands for the UV-bright galaxies cannot provide informa-
tion on the individual presence of a Ly« halo (e.g., Steidel et al.
2011). The general presence of Lya haloes is confirmed for indi-
vidual UV-selected galaxies with observations for the first time
in this work. It is similar to the high fraction of Lya haloes
around high-z MUSE LAE:s (e.g., about 80% in Leclercq et al.
2017; Saust et al., in prep.), though the methods are different.
We discuss the cause of the high Ly halo fractions in the next
section.

4. Discussion

We discuss implications from the high Lya halo fractions, inci-
dence rates of Lya emission, and implications from four non-
LAHs in Sects. 4.1-4.3, respectively.



H. Kusakabe et al.: Lya haloes around individual high-z UV-selected galaxies

4.1. Why do most of galaxies have a LAH?

It is now well established that there is extended Lya emission
around individual LAEs (Wisotzki et al. 2016; Leclercq et al.
2017). The key result of the present study is that not only
LAEs have Lya haloes: we found a very high Lye halo frac-
tion of ~80—-90% for our UV-selected galaxies at z = 2.9-4.4,
in other words, star-forming galaxies at high redshifts. It implies
that UV-selected galaxies generally have a significant amount of
cool/warm gas in the CGM.

As introduced in Sect. 1, various mechanisms have been
proposed to power Lya haloes: (1) scattering of Lya from
star-forming regions (e.g., Laursen & Sommer-Larsen 2007;
Zheng et al. 2011), (2) gravitational cooling radiation (e.g.,
Haiman et al. 2000; Fardal et al. 2001), (3) star formation
in satellite galaxies (e.g., Zheng et al. 2011; Mas-Ribas et al.
2017a,b; Mitchell et al. 2021), and (4) fluorescence (e.g.,
Furlanetto et al. 2005; Cantalupo et al. 2005; Kollmeier et al.
2010; Mas-Ribas & Dijkstra 2016; Mas-Ribas et al. 2017b). In
process (1), Lya photons are produced in star-forming regions
inside galaxies and then scattered by HT gas in the ISM and
the CGM (e.g., Barnes & Haehnelt 2010; Dijkstra & Kramer
2012; Verhamme et al. 2012, see also Kakiichi & Dijkstra 2018;
Garel et al. 2021). From the spectral shapes of Lya emis-
sion with spatial information, previous studies suggested that
the scattering process happened in outflowing media (e.g.,
Claeyssens et al. 2019; Leclercq et al. 2020; Chen et al. 2021,
see also Verhamme et al. 2006, 2018). Resonant scattering in
outflowing media can happen in and around galaxies, if they
have a significant amount of surrounding outflowing gas (see
also Kusakabe et al. 2019). In process (2), Lya photons are emit-
ted by collisionally excited inflowing gas, which releases gravi-
tational energy (CGM in-situ emission, e.g., Rosdahl & Blaizot
2012). In the process (3), Ly photons are produced through
star formation in satellite galaxies, which can appear as a
Lye halo if individual LAEs are clustered on small scales
(Mas-Ribas et al. 2017a). Finally, the Lya photons in process (4)
are produced by recombination of the CGM gas photo-ionized
by the UV background, near-by bright objects, or the galaxies
(e.g., Mas-Ribas & Dijkstra 2016). These Lya emission mecha-
nisms are difficult to distinguish from one another, although they
do not necessarily trace the same gas phases and kinematics.

Mitchell et al. (2021) present a zoom-in cosmological radi-
ation hydrodynamics simulation of a single LAE at z = 3—6 to
study the origin and dynamics of the CGM as well as their Ly«
signature. Their models can almost reproduce the average Ly«
SB of stacked MUSE LAEs (Wisotzki et al. 2018), implying that
the Ly« haloes are driven by the processes 1 to 3 above depend-
ing on the distance to the galaxy: CGM scattering of galactic Lya
emission, in-situ emission of CGM gas (mostly infalling), and
Lya emission from satellite galaxies (see their Figs. 6 and 7 for
the contribution of these processes to the Lya halo). Byrohl et al.
(2021) predict Lya SB profiles at z = 2—5 with illustris TNG50
simulations, which agree with those of the individual MUSE
LAEs in Leclercq et al. (2017). They find scattered photons from
star-forming regions to be the major source of Ly« haloes in their
simulations.

In fact, a cool/warm gas reservoir around high-z galaxies
is expected from both observations and simulations. Numer-
ous observational campaigns revealed the existence of multi-
phase extended gas reservoirs around galaxies at low redshifts
(e.g., summarized in Fig. 7 of Tumlinson et al. 2017). Werk et al.
(2014) use the transverse absorption-line technique and mea-
sure the hydrogen column densities of 33 L ~ L, galaxies at

z = 0.2 in the COS-Halos survey. They constrain the lower
limit of the cool, highly ionized CGM mass as 6.5 x 10'° M,
and the extension as 300 kpc (see also e.g., Zhang et al. 2016;
Zabl et al. 2019; Schroetter et al. 2021; Beckett et al. 2021, for
low-z observations). Neutral hydrogen gas is also detected up to
the virial radius and beyond in the CGM of star-forming field
dwarf galaxies at z < 0.2 (L < 0.1L*, M, = 108-10° M,
Johnson et al. 2017), which are more representative of our sam-
ple. At z = 2-3, Rudie et al. (2012) find covering fractions of
90 + 9% and 30 + 14% for N(HI) > 102 cm™ and N(HI) >
10'72cm™2, respectively, within the viral radius of massive
LBGs (see also Prochaska et al. 2013). The number densities
(or incidence rates) of absorbers imprinted on quasar spectra are
found to increase from z = 0 to z = 5 (e.g., Prochaska et al.
2005; Songaila & Cowie 2010; Zafar et al. 2013b, for DLAs,
LLSs, and Sub-DLAs, respectively). It implies the presence of
denser and more neutral hydrogen CGM gas at higher redshifts.
Simulations of galaxy formation and evolution generally predict
that the CGM contains a significant amount of neutral hydro-
gen gas (e.g., Fumagalli et al. 2011; Van de Voort et al. 2012),
though they make different predictions for the mass, extent,
and physical state of the gas (e.g., Tumlinson et al. 2017). Until
recently, it has been very challenging for simulations to repro-
duce the observed high covering fractions of H1 at high redshifts.
Rahmati et al. (2015) use the EAGLE cosmological, hydrody-
namical simulations (Schaye et al. 2015) and predict the HT gas
distribution around high-z massive galaxies. They show a high
covering fraction of N(HI) > 102 cm™2? gas of ~60-70% at
z = 4 for halo masses of M, > 10! M, which is found to
be driven by stellar and AGN feedback. Interestingly, massive
haloes with My, > 10'> My, are predicted to have nearly scale-
invariant profiles of the HI gas covering fraction at a given red-
shift, implying the generality of a rich content of HT gas in the
CGM in high-z massive haloes. The covering fractions increase
rapidly with redshifts at a given M, in the simulations, as a
result of increasing rates of accretion and the higher mean den-
sity of the Universe (see their Fig. 5). This redshift evolution is
also predicted by the FIRE-2 cosmological zoom simulations in
Stern et al. (2021), which also show that a large fraction of the
inner CGM volume is occupied by cool neutral gas in haloes
with M, < 10'> M, and that it extends to the outer region of
haloes with My, < 10'' My, (i.e., comparable to the typical M, of
our sample, ~1 x 10'1=2x 10'! My, see Sect. 2.2). In their simu-
lations, neutral hydrogen gas is maintained by a shorter cooling
time than the free-fall time and a gas density high enough to be
self-shielded from photoionizing radiation. As different simula-
tions predict different dependences of the HI gas covering frac-
tions on My, which could be caused by the use of different feed-
back models and resolutions (Rahmati et al. 2015; Stern et al.
2021, see also Faucher-Giguere et al. 2015; Peeples et al. 2019),
it is challenging to infer the physics behind our high Lye halo
fractions from them. Nevertheless, the state-of-the-art simula-
tions suggest a rich cool/warm gas content in the high-z CGM.
To better understand the role of the CGM gas in galaxy
evolution and the physical mechanisms at play in CGM, it is
important to unveil the link between absorbers and host galaxies.
So far, significant efforts have been made to investigate impact
parameters, HI covering fractions, metallicities of absorbers,
and their dependence on properties of the hosts such as lumi-
nosities, masses and star formation rates (e.g., Rudie et al. 2012;
Turner et al. 2014; Rubin et al. 2015; Fumagalli et al. 2015;
Krogager et al. 2017; De Cia et al. 2018; Mackenzie et al. 2019,
see also Turner et al. 2017). Muzahid et al. (2021) succeed in
characterizing the gaseous CGM of 96 LAEs at z = 2.9-3.8 with
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Fig. 11. Typical Lya SB profiles with cosmic dimming corrections scaled to z = 3.65. (a) The violet and blue solid lines show individual SB
profiles of LAHs and non-LAHs, respectively. The black solid line and the gray shaded area indicate the mean SB profile of 17 LAHs and the
1o uncertainty, respectively, while the red dashed line indicates the mean SB profile of 13 isolated LAHs. The black crosses represent the median
profile of the 17 LAHs. The black dashed holizontal line shows the typical 1o~ SB limit of the mean LAH stack. (b) The blue circles and cyan

crosses show the median SB profile of stacked MUSE LAEs at z = 3—

compare the profile shapes.

background quasars from impact parameters of 16 to 315kpc
in the MUSE Quasar-field Blind Emitters Survey (MUSE-
QuBES). As introduced in Sect. 1, mapping gas with emis-
sion is another ideal way to investigate it, but the connection
between the gas detected in absorption and that in emission
has not been uncovered yet, in particular at high redshifts. At
z =~ 3.25, Fumagalli et al. (2017) detect extended Lya emission
for a counterpart DLA with a ~40kpc extend at a projected
distance of ~30kpc from the quasar sightline (see also e.g.,
Christensen et al. 2004; Kashikawa et al. 2014, for Lya haloes
of DLAs at z ~ 3). Very recently, Zabl et al. (2021) reported an
Mg 11 emission halo around a star-forming galaxy at z = 0.7 near
a quasar sightline for the first time thanks to deep MUSE data
reaching a SB limit of ~1 x 10~¥ ergs™! cm™2 arcsec™? (20).
As a complementary approach to the individual studies (e.g.,
Fumagalli et al. 2017; Zabl et al. 2021) and a practical strategy
for high redshifts, Wisotzki et al. (2018) estimate the incidence
rate of extended Lya emission of MUSE LAEs and compare it
with the incidence rates of Lya absorbers (Rauch et al. 2008).
Using our unbiased sample, we investigate whether LAHs of
star-forming galaxies can account for absorber statistics at high
redshifts in the next section, following Wisotzki et al. (2018).

4.2. Incidence rate of the CGM gas visible in Lya emission

As mentioned in Sect. 4.1, the typical relations between the gas
detected in absorption and emission have not been revealed.
The general presence of LAHs allows us to estimate the inci-
dence rate of the CGM gas detected in Lya per line of sight
per unit redshift, dn/dz, under the assumption that this extended
Lya emission traces the hydrogen content in the CGM. First,
we derived the mean SB profile for our LAH subsample with
cosmic dimming corrections and obtained the average area vis-
ible in Lya (Sect. 4.2.1). Second, we calculated the dn/dz for
LAHs assuming number densities from UV luminosity functions
(Sect. 4.2.2). Third, we compared them with dn/dz for LLSs,
sub-DLAs, and DLAs (Sect. 4.2.3).
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4 (Wisotzki et al. 2018, W18) and the same data multiplied by 1.85 to

4.2.1. Mean Lye radial SB profile with cosmic dimming
correction and Lya size

In order to compute the mean Ly« radial SB profile of our sample
at different redshifts, we corrected for the cosmological dimming
effect as follows. We used PHOTUTILS with the neighboring
object masks, and measured Ly« fluxes from the flux-maximized
NBs with a fixed aperture and annuli of fixed physical scale,
from 1 kpc to 56 kpc, in 15 linear steps. Then, we converted the
SB profile at each redshift and each radius, SB(,(r [kpc]), in
units of ergs~' cm™2 arcsec™ with arcsec corresponding to kpc
at the given z, to the SB profile at z = 3.56 (the midpoint of
= 296—444), SB(~=3.56)(F [kpC])

(1+2)*

SB.-3.56)(r [kpc]) = SB(;)(r [kpC])m,

@

with units of erg s~ cm~2 arcsec™ with arcsec at 7 = 3.56. We

took the means of the SB in each radial bin among our LAHs.
To estimate 1o uncertainties on the mean SBs, we summed the
variances of the SB in a given radial bin over the LAH sample,
took the square root, and divided it by the sample size. We also
computed the mean SB profile for only isolated LAHs.

Figure 11a shows the mean Lya SB of 17 LAHs. The
Lye emission is found to extend to 5.4arcsec (40kpc),
above the SB limit of the typical lo uncertainty of 5 X
1072 erg s™! cm~2 arcsec™2. The mean SB profile of all the LAHs
(black line) is consistent with the median for 17 LAHs (black
crosses) and the mean for 14 isolated LAHSs (red dashed line).
We compared it with that for median-stacked MUSE LAEs at
z = 3—4 from Wisotzki et al. (2018) in panel b. Although indi-
vidual SB profiles show a wide diversity (Fig. 8), it is remark-
able that our mean SB profile looks very similar to the stack of
Wisotzki et al. (2018) in terms of typical extent and slope. The
factor two difference in amplitude may be fully explained by the
different samples: galaxies in Wisotzki et al. (2018) are mostly
extremely faint LAEs. Interestingly, our halo size is nevertheless
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Fig. 12. Cumulative incidence rate of LAHs, dn/dz(LAH, M50 <
M5000), as a function of M;sg90. The blue solid line and shading show
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respectively. The uncertainty is propagated from the 1o error of the
Xpan for all the sources. The solid black and green lines indicate Msgo
of the brightest source in our sample and the upper limit of M5y for
the UV-bright sample, respectively (the Msyy of the faintest source is
—18 mag). The blue dashed thin and thick lines represent the dn/dz for
DLAs and DLAs+sub-DLAs at z = 3.65 calculated from the best-fit
formulae of the z evolution of absorbers in Zafar et al. (2013a).

similar to that of the faint LAEs with the SB limits, irrespective
of our stacking methods described above.

In an ideal case with higher S/N values, we would be able to
estimate the halo size (for instance, 90% luminosity radius) by
fitting the SB with two-component Sersic profiles. This would
allow us to also probe the halo-size dependence on Mspy, which
might exist. However, even with the MXDF data set, the S/N is
not high enough to constrain the area detected with Ly in such
a sophisticated way. Therefore, following Wisotzki et al. (2018),
we calculated the Lya size corresponding to the typical 1o SB

limit, 5 x 1072 erg s~!em2 arcsec2.

4.2.2. The incidence rate of LAHs

Assuming that LAHs have the same area (A_ay) on average,
we calculated the incidence rate of LAHs, dn/dz(LAH), for
our sample. We use the UV luminosity function (LF) from
Bouwens et al. (2015) at redshift z =~ 3.8, similar to the
midpoint redshift of our sample. This LF has a characteris-
tic magnitude of M* = -20.88 mag, a normalization ¢* =
1.97 Mpc=3, and a faint-end slope of @ = —1.64!. A cumula-
tive dn/dz(LAH, Mis00 < Mjs000) for a certain M50 limit is
given as follows:

AL aan(M1500,0) VMXDEXLAH
AmxprAzZ

dn

d_z(LAH’ Mis00 < Mis000) = , 3
where n(Mjs000), Vmxpr, Amxpr, and Az are the number den-
sity for Ms00 < Mjs000, the survey volume, the survey area,
and the redshift bin width, respectively. We integrated the LF

' We note that Bouwens et al. (2015) derive the UVLFs for a longer
wavelength (rest-frame 1600 A) than that used in this study (1500 A),
and we assumed that the wavelength difference can be ignored.

from —23 mag to —18 mag, which is the faintest magnitude in
our sample, see Fig. 1c. The obtained dn/dz(LAH, M;s5qp < —18)
is 0.76f8:8g, whose uncertainty is propagated from the 1o error
of X1 ag for all the sources. The lower M sqo limit of —23 mag
is brighter than our brightest LAH with M 5990 =~ —20 mag, but
the contribution from galaxies with M50 = —23 to —21 mag
to our dn/dz(LAH, M|s0p < —18) is small. The high incidence
rate of LAHs suggests that about 80% of the sky is covered
by the Lya emission from galaxies with Mjspp < —18 mag
at z = 3—4. The value is similar to that for MUSE LAEs at
7 = 3—4 with their SB limit of ~1.5x107° erg s! cm~2 arcsec™2,
1.0 = 0.4, but is lower than that for the similar SB limit of
~5x1072! ergs~! cm~2 arcsec™2, 2.3+ 1.3 (Wisotzki et al. 2018).
The difference could be caused by the sample selections as
we discussed above for the difference in the SB profiles. We
also calculated the dn/dz(LAH, Mis500 < M|s00,0) With different
M 5000, which is shown in Fig. 12 and used in the comparison in
Sect. 4.2.3.

4.2.3. The incidence rate of LAHs compared with those of
strong Lya absorbers

We compare the incidence rate of LAHs with those of DLAs and
sub-DLAs, dn/dz(DLA) and dn/dz(sub-DLA), at our median
redshift (z = 3.65) from Zafar et al. (2013a). They show the
best-fit redshift evolution of the observed dn/dz for DLAs
and sub-DLAs at z = 0-5 by scaling the best-fit relation
for LLSs in Songaila & Cowie (2010). As shown in Fig. 12,
our dn/dz(LAH, Mise0 < —18) = 0.76000 is in between
dn/dz(DLA) = 0.33 (blue dashed thick line) and dn/dz(DLA) +
dn/dz(sub-DLA) = 1.4 (blue dashed thin line). Our incidence
rate for the UV-bright sample, dn/dz(LAH, Misq0 < —18.7)
(green vertical line), is closer to dn/dz(DLA) but is also located
in between them. It suggests that Ly haloes are counterparts of
DLAs and sub-DLAs.

It is interesting to extend the exercise to higher redshifts
and fainter M;s500 in order to discuss the redshift evolution.
We assumed that galaxies have the same Apay in comov-
ing kpc? at redshifts of z ~ 4.9 and z ~ 5.9 as at 7 =
3.65 (e.g., Wisotzki et al. 2016; Leclercq et al. 2017). We used
UV LFs at z =~ 49 (z =~ 5.9) from Bouwens et al. (2015),
M* = -21.10mag, ¢* = 0.79Mpc™>, and @ = -1.76
(M* = -21.10mag, ¢* = 0.39Mpc™3, and @ = -1.90).
The dn/dz(LAH, Miso0 < Mjsp00) were calculated down to
Mispop = —14mag at z =~ 3.65, z =~ 49 and z = 59
in the same manner as in Sect. 4.2.2 (see Fig. 13). The
incidence rate of LLSs, dn/dz(LLS), as well as dn/dz(DLA)
and dn/dz(sub-DLA), were obtained from the formulae in
Songaila & Cowie (2010) and Zafar et al. (2013a), respectively.
The results of the abundance matching for DLAs evolve with
redshift. At z =~ 3.7, dn/dz(DLA) can be matched with
dn/dz(LAH) with M;so0 < —18.9*)1. Meanwhile, it requires
Misoo < —l7.4t8€ and M 5o < —l6.4t8:i at z ~ 4.9 and
z =~ 5.9, respectively. The same trends with redshift are found
for dn/dz(sub-DLA) and dn/dz(LLS). We need to go to fainter
M 500 limits at higher redshifts to provide the same level of dn/dz
as that for absorbers.

The z evolution seen in this exercise can be explained by
the combination of two redshift evolutions. First, we have the
dn/dz evolution of absorbers, which increases with increasing
redshifts, implying the presence of denser and more neutral
hydrogen gas at higher redshifts. This evolution is expected
to be maintained by increasing rates of cold accretion and
the higher mean density of the Universe at higher redshifts
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Fig. 13. Cumulative incidence rate of LAHs, dn/dz(LAH, Mse0 < Ms000), as a function of M50 at different redshifts. The different colors (blue,
green, and red) indicate different redshifts (z ~ 3.65, 4.9, and 5.9 in panels a—c, respectively). The solid black vertical lines show the M;sy of the
brightest and faintest sources in our sample. The green vertical line indicates the upper limit of M5 for the UV-bright sample. (a) Atz =~ 3.65. The
blue solid line and shading show the dn/dz(LAH, Mis00 < Ms000) and the uncertainty, respectively. The blue-dashed thin line, medium-thick line,
and thick line represent the dn/dz for DLAs, DLAs+sub-DLAs, and DLAs+sub-DLAs+LLSs at the same redshift, respectively. (b) Atz ~ 4.9. (¢)

Atz=~59.

(Rahmati et al. 2015). Second, the UV LFs evolve. The number
density of such relatively bright galaxies decreases with increas-
ing redshifts. Therefore, with the assumption of no dependence
of Apan on z and M5, fainter M5y sources are required to be
accounted to reproduce dn/dz of absorbers at higher redshifts.
Despite the remarkable progress with the UV-selected, as
opposed to Lya-selected, sample, we caution against overinter-
preting the results. The examination here is a very simple abun-
dance matching with assumptions. The dependence of Ay oy on
z, M500, or other galaxy’s properties were not considered. Since
UV brighter galaxies and lower-z galaxies tend to have a larger
UV size than their counterparts (e.g., Shibuya et al. 2015), UV
fainter and higher-z galaxies may have a smaller Ap ay. Would
it be true, dn/dz(LAH, Ms00 < Mjs00,0) could be overesti-
mated with Mspop > —18 or at z =~ 5 and ~6. However,
the correlation between Msop and halo size is under debate
(e.g., Steidel et al. 2011; Momose et al. 2016; Xue et al. 2017,
Leclercq et al. 2017; Wu et al. 2020; Claeyssens et al. 2022). No
clear redshift evolution of the Ly« halo size has been confirmed
(e.g., Momose et al. 2014; Leclercq et al. 2017). Last but not
least, our modeling is based on a simple abundance matching
approach in which one Lya halo corresponds to one absorber. As
shown in Rahmati et al. (2015) and Stern et al. (2021), for exam-
ple, many absorbers with various N(HT) plausibly make up the
CGM of individual high-z galaxies. Simulations of the CGM and
absorbers greatly depend on the strength and the implementation
of feedback models (Faucher-Giguere et al. 2015; Rahmati et al.
2015; Suresh et al. 2015). Since Ly« emission is the best tracer
of the CGM HI gas at high redshifts, which can provide spa-
tial information, our results have great potential to constrain
feedback models. It will be challenging as demonstrated in
Mitchell et al. (2021), but could also provide information on the
mass, extent, dynamics, and physical state of the CGM gas.

4.3. Implications from non-LAHs

It is also interesting that four of our galaxies do not have a sig-
nificant Lya halo, though they could be hidden in the noise as
discussed in Sect. 3.3.4. Even aside from RID =22230, which

A44, page 20 of 32

shows potential extended Lya emission with an anisotropic pro-
file, the remaining three objects may have different reasons for
the suppression of extended Lya emission. RID = 5479 has very
bright Lya emission on the scale of the galaxy’s UV compo-
nent as shown in Fig. 3, but it does not show extended Lya.
It may imply a small amount of HI gas in the CGM, which
allows Lya photons to escape directly from the galaxy to the
IGM. Such a galaxy may differ in halo mass from other galax-
ies or may be in a different evolutionary phase. A low HI con-
tent of the CGM may be due to a phase with weak stellar feed-
back which does not push the gas out from the ISM to the
CGM (see Fig. 11 in Rahmati et al. 2015, and Appendix B in
Faucher-Giguere et al. 2015). It could also be caused by a phase
with very strong stellar and AGN feedback which either ionizes
the gas or significantly disrupts or ejects gas from the CGM (see
Sect. 5.2 in Trebitsch et al. 2017). A low fraction of such objects
would imply a short duty cycle of the lacking or disrupted phase.
RID =23135 and RID =54891 have faint Lya emission inside
the galaxy’s UV-component scale, suggesting that Lya photons
produced by the star formation could be killed by the dust in
the ISM or the CGM and that the in-situ halo mechanism and
satellite scenario do not work for these galaxies. In fact, a wide
variety of HI covering fractions are predicted in simulations:
around 25%—-45% and around 55%—75% as a 15—85 percentile
for log(My [Mo]) = 11.1 at z = 3 and z = 4, respectively
(Rahmati et al. 2015). It is interesting to explore causes of a poor
gas content for rare galaxies in simulations. In particular, galax-
ies which can allow ionizing photons to escape directly from
the ISM to the IGM thanks to the low CGM H1 column density
would play an important role in cosmic reionization.

5. Conclusions

Thanks to the more than 100-h integration with MUSE AO in the
MXDF (Bacon et al. 2021), we were able to examine the exis-
tence of Lya haloes around UV-selected star-forming galaxies
at 7 ~ 2.9-4.4. With the MXDF data, we constructed a sample
with a F775W < 27.5 mag cut, with spectroscopic redshift con-
straints. We confirmed that all of 26 sources with z, =~ 2.9-4.40
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have a close spec-z estimation to their photo-z, which implies
high completeness values of our spec-z assignments. We used
21 galaxies at z; = 2.9—4.4, which include 17 isolated sources in
HST images. The Msqo range of our sample is —20 to —18 mag,
enabling us to construct a UV-bright sample over the redshift
range (11 sources, —20.0 < M 500 < —18.7). Our major results
are summarized as follows.

1. Among 21 galaxies, 17 were confirmed to have significant
extended Lya emission. We report the first individual detec-
tions of extended Lya emission around non-LAEs with neg-
ative net equivalent widths of Ly« (for instance, RID = 4587
and 4764). We measured the Lya halo fraction for the sample

of all the sources of 81.0j’11_2%, for the 17 isolated sources of

76.4*3°.%, and for the 12 =20.0 < M)s00 < —18.7 sources

of 91.7f?'31_1%. The Xj Ay increases to IOO.Of%)_O%, for non-
isolated galaxies, though it is consistent within the 1o~ error
bars. The high fractions are similar to that for MUSE LAEs,
about 80%, in Leclercq et al. (2017), though the methods are
different.

2. The high fractions of Lya haloes imply that UV-selected
galaxies generally have a significant amount of cool/warm
gas in the CGM. Our study shows for the first time signif-
icant extended Lya emission around most individual high-z
star-forming galaxies in a spec-z complete sample.

3. The mean SB profile for 17 LAHs was derived with cosmic
dimming corrections for the midpoint redshift of z =~ 3.65.
The mean Lya radius above the typical 1o uncertainty of the
SB is 5.4 arcsec (40 kpc).

4. Assuming that extended Lye emission traces the same
cool/warm gas as absorbing systems, we used the abundance
matching technique for incidence rates in order to investi-
gate the correspondence between gas detected in absorption
and emission. Our dn/dz(LAH) calculated from a UVLEF,
the typical LAH size, and the measured Xpap is 0.76*0 00
for Misp0 < —18 mag at z =~ 3.65. This is in between
dn/dz(DLA) and dn/dz(DLA)+dn/dz(sub-DLA) at the same
redshift. It suggests that Ly haloes trace the same gas as
DLAs and sub-DLAs.

5. At higher redshifts, we need to go to a fainter Mjsoy limit
to reach the same dn/dz as that for absorbers (DLA, sub-
DLA, and LLSs). At z =~ 3.7, dn/dz(DLA) can be matched
with dn/dz(LAH) with Ms5q < —18.9f8:}, but it requires
M1500 < —174t8% and MISOO < —164t8} at z ~ 4.9 and
z = 5.9, respectively. The z evolution is due to the increase
of dn/dz for absorbers with z and the decrease of number
densities of UV LFs with z.

6. We found four non-LAHs, though one of them shows poten-
tial extended Lya emission with an anisotropic profile (with
Miso0 = —18.6). Another one has very bright Lya emis-
sion within the scale of the galaxy’s UV component but
does not show extended Lya (with Miso9 = —19.3), imply-
ing a small amount of the HI gas in the CGM, which may
allow Lya photons to escape directly from the galaxy to the
IGM. The remaining sources have faint Ly emission inside
the galaxy’s UV-component scale (with Mso0 = —18.0 and
—18.4), suggesting that Ly photons produced by the star
formation could be destroyed by dust in the ISM or the CGM
and that the in-situ halo mechanism and satellite scenario are
not at play for these galaxies.

We plan to extend this work to photometric-redshift samples in
the near future using the MUSE HUDF survey data (9 arcmin?)
and upcoming MUSCATEL data (MUSE Cosmic Assembly sur-
vey Targetting Extragalactic Legacy fields; in total 36 arcmin?),

which will give us a more general view of X . The larger cos-
mic volume of those surveys compared to that of the MXDF
(0.84 arcmin? in this study) will be useful to extend the dynamic
range to brighter galaxies. In order to constrain the physics of
Lya haloes and the trends of galaxies with and without haloes,
we will investigate the LAH properties and the properties of the
host galaxies with a larger sample. Finally, with MXDF data,
our sample will allow spatially resolved spectral analysis of
Lya emission as those in the literature (Claeyssens et al. 2019;
Leclercq et al. 2020, see also Patricio et al. 2016; Matthee et al.
2020, as well as Claeyssens et al. 2022 for the Lensed Lyman-
Alpha MUSE Arc Sample, LLAMAS).

Acknowledgements. We thank the anonymous referee for constructive com-
ments and suggestions. We would like to express our gratitude to Edmund Chris-
tian Herenz, Leindert Boogard, Miroslava Dessauges, Moupiya Maji, Valentin
Mauerhofer, Charlotte Paola Simmonds Wagemann, Masami Ouchi, Kazuhiro
Shimasaku, Akio Inoue, and Rieko Momose for giving insightful comments
and suggestions. H.K. is grateful to Liam McCarney for useful suggestions on
English writing through the UniGE’s Tandems linguistiques. H.K. acknowledges
support from Swiss Government Excellence Scholarships and Japan Society for
the Promotion of Science (JSPS) Overseas Research Fellowship. H.K., EL., and
A.V. are supported by the SNF grant PPOOP2 176808. A.V. and T.G. are sup-
ported by the ERC Starting Grant 757258 “TRIPLE”. This work was supported
by the Programme National Cosmology et Galaxies (PNCG) of CNRS/INSU
with INP and IN2P3, co-funded by CEA and CNES. This work is based on
observations taken by VLT, which is operated by European Southern Obser-
vatory. This research made use of Astropy, which is a community-developed
core Python package for Astronomy (Astropy Collaboration 2013, 2018), and
other software and packages: MARZ, MPDAF (Piqueras et al. 2019), PHOTU-
TILS, Numpy (Harris et al. 2020), Scipy (Virtanen et al. 2020), and matplotlib
(Hunter 2007).

References

Aghanim, N., Akrami, Y., Ashdown, M., et al. 2020, A&A, 641, A6

Astropy Collaboration (Robitaille, T. P, et al.) 2013, A&A, 558, A33

Astropy Collaboration (Price-Whelan, A. M., et al.) 2018, AJ, 156, 123

Bacher, R. 2017, PhD Thesis, University of Michigan

Bacon, R., Accardo, M., Adjali, L., et al. 2010, Proc. SPIE, 7735, 773508

Bacon, R., Conseil, S., Mary, D, et al. 2017, A&A, 608, Al

Bacon, R., Mary, D., Garel, T, et al. 2021, A&A, 647, A107

Baldry, I. K., Alpaslan, M., Bauer, A. E., et al. 2014, MNRAS, 441, 2440

Barnes, L. A., & Haehnelt, M. G. 2010, MNRAS, 403, 870

Beckett, A., Morris, S. L., Fumagalli, M., et al. 2021, MNRAS, 26, 1

Beckwith, S., & Stiavelli, M. 2006, AJ, 132, 1729

Benitez, N. 2000, ApJ, 536, 571

Benitez, N., Ford, H., Bouwens, R., et al. 2004, ApJS, 150, 1

Bertin, E., & Arnouts, S. 1996, A&A, 117, 393

Bouwens, R. J., Illingworth, G. D., Oesch, P. A,, et al. 2015, ApJ, 803, 1

Bradley, L., Sip6cz, W. B., Robitaille, T., et al. 2021, https://doi.org/10.
5281/zenodo.5796924

Burchett, J. N., Rubin, K. H. R., Prochaska, J. X., et al. 2021, ApJ, 909, 151

Byrohl, C., Nelson, D., Behrens, C., et al. 2021, MNRAS, 506, 5129

Cantalupo, S., Porciani, C., Lilly, S. J., & Miniati, F. 2005, ApJ, 628, 61

Chen, Y., Steidel, C. C., Erb, D. K., et al. 2021, MNRAS, 508, 19

Christensen, L., Sanchez, S. F., Jahnke, K., et al. 2004, A&A, 417, 487

Claeyssens, A., Richard, J., Blaizot, J., et al. 2019, MNRAS, 489, 5022

Claeyssens, A., Richard, J., Blaizot, J., et al. 2022, A&A, accepted https://
doi.org/10.1051/0004-6361/202142320

Coe, D., Benitez, N., Sanchez, S. F., et al. 2006, AJ, 132, 926

Davies, J. J., Crain, R. A., Oppenheimer, B. D., & Schaye, J. 2020, MNRAS,
491, 4462

De Cia, A., Ledoux, C., Petitjean, P., & Savaglio, S. 2018, A&A, 611, A76

Dessauges-Zavadsky, M., Peroux, C., Kim, T.-S., D’Odorico, S., & McMahon,
R. G. 2003, MNRAS, 345, 447

Dijkstra, M., & Kramer, R. 2012, MNRAS, 424, 1672

Drake, A. B., Garel, T., Wisotzki, L., et al. 2017, A&A, 608, A6

Epinat, B., Contini, T., Finley, H., et al. 2018, A&A, 609, A40

Erb, D. K., Quider, A. M., Henry, A. L., & Martin, C. L. 2012, ApJ, 759, 26

Fardal, M. A., Katz, N., Gardner, J. P, et al. 2001, ApJ, 562, 605

Faucher-Giguere, C.-A., Hopkins, P. E, Keres, D., et al. 2015, MNRAS, 449,
987

Feltre, A., Maseda, M. V., Bacon, R,, et al. 2020, A&A, 641, A118

A44, page 21 of 32


http://linker.aanda.org/10.1051/0004-6361/202142302/1
http://linker.aanda.org/10.1051/0004-6361/202142302/2
http://linker.aanda.org/10.1051/0004-6361/202142302/3
http://linker.aanda.org/10.1051/0004-6361/202142302/5
http://linker.aanda.org/10.1051/0004-6361/202142302/6
http://linker.aanda.org/10.1051/0004-6361/202142302/7
http://linker.aanda.org/10.1051/0004-6361/202142302/8
http://linker.aanda.org/10.1051/0004-6361/202142302/9
http://linker.aanda.org/10.1051/0004-6361/202142302/10
http://linker.aanda.org/10.1051/0004-6361/202142302/11
http://linker.aanda.org/10.1051/0004-6361/202142302/12
http://linker.aanda.org/10.1051/0004-6361/202142302/13
http://linker.aanda.org/10.1051/0004-6361/202142302/14
http://linker.aanda.org/10.1051/0004-6361/202142302/15
https://doi.org/10.5281/zenodo.5796924
https://doi.org/10.5281/zenodo.5796924
http://linker.aanda.org/10.1051/0004-6361/202142302/17
http://linker.aanda.org/10.1051/0004-6361/202142302/18
http://linker.aanda.org/10.1051/0004-6361/202142302/19
http://linker.aanda.org/10.1051/0004-6361/202142302/20
http://linker.aanda.org/10.1051/0004-6361/202142302/21
http://linker.aanda.org/10.1051/0004-6361/202142302/22
https://doi.org/10.1051/0004-6361/202142320
https://doi.org/10.1051/0004-6361/202142320
http://linker.aanda.org/10.1051/0004-6361/202142302/24
http://linker.aanda.org/10.1051/0004-6361/202142302/25
http://linker.aanda.org/10.1051/0004-6361/202142302/25
http://linker.aanda.org/10.1051/0004-6361/202142302/26
http://linker.aanda.org/10.1051/0004-6361/202142302/27
http://linker.aanda.org/10.1051/0004-6361/202142302/28
http://linker.aanda.org/10.1051/0004-6361/202142302/29
http://linker.aanda.org/10.1051/0004-6361/202142302/30
http://linker.aanda.org/10.1051/0004-6361/202142302/31
http://linker.aanda.org/10.1051/0004-6361/202142302/32
http://linker.aanda.org/10.1051/0004-6361/202142302/33
http://linker.aanda.org/10.1051/0004-6361/202142302/33
http://linker.aanda.org/10.1051/0004-6361/202142302/34

A&A 660, Ad4 (2022)

Finley, H., Bouché, N., Contini, T., et al. 2017, A&A, 605, A118

Fujimoto, S., Ouchi, M., Ferrara, A., et al. 2019, ApJ, 887, 107

Fumagalli, M., Prochaska, J. X., Kasen, D., et al. 2011, MNRAS, 418, 1796

Fumagalli, M., O’Meara, J. M., Prochaska, J. X., Rafelski, M., & Kanekar, N.
2015, MNRAS, 446, 3178

Fumagalli, M., Mackenzie, R., Trayford, J., et al. 2017, MNRAS, 471, 3686

Furlanetto, S. R., Schaye, J., Springel, V., & Hernquist, L. 2005, ApJ, 622, 7

Garel, T., Blaizot, J., Guiderdoni, B., et al. 2015, MNRAS, 450, 1279

Garel, T., Blaizot, J., Rosdahl, J., et al. 2021, MNRAS, 504, 1902

Ginolfi, M., Jones, G. C., Béthermin, M., et al. 2020, A&A, 633, Al

Haiman, Z., Spaans, M., & Quataert, E. 2000, ApJ, 537, L5

Harris, C. R., Millman, K. J., van der Walt, S. J., et al. 2020, Nature, 585, 357

Hashimoto, T., Garel, T., Guiderdoni, B., et al. 2017, A&A, 608, A10

Hayashino, T., Matsuda, Y., Tamura, H., et al. 2004, AJ, 128, 2073

Hayes, M., Ostlin, G., Schaerer, D., et al. 2013, Apl, 765, L27

Herenz, E. C., Urrutia, T., Wisotzki, L., et al. 2017, A&A, 606, A12

Hilton, M., Conselice, C. J., Roseboom, I. G, et al. 2012, MNRAS, 425, 540

Hinton, S. R., Davis, T. M., Lidman, C., Glazebrook, K., & Lewis, G. F. 2016,
Astron. Comput., 15, 61

Ho, M.-F,, Bird, S., & Garnett, R. 2020, MNRAS, 496, 5436

Hunter, J. D. 2007, Comput. Sci. Eng., 9, 90

Tllingworth, G. D., Magee, D., Oesch, P. A., et al. 2013, ApJS, 209, 6

Inami, H., Bacon, R., Brinchmann, J., et al. 2017, A&A, 608, A2

Jaskot, A. E., Dowd, T., Oey, M. S., Scarlata, C., & McKinney, J. 2019, ApJ,
885, 96

Johnson, S. D., Chen, H.-W., Mulchaey, J. S., Schaye, J., & Straka, L. A. 2017,
AplJ, 850, L10

Johnson, S. D., Chen, H.-W., Straka, L. A., et al. 2018, ApJ, 869, L1

Kakiichi, K., & Dijkstra, M. 2018, MNRAS, 5159, 5140

Kakuma, R., Ouchi, M., Harikane, Y., et al. 2021, ApJ, 916, 22

Kashikawa, N., Misawa, T., Minowa, Y., et al. 2014, Ap]J, 780, 116

Keel, W. C., Cohen, S. H., Windhorst, R. A., & Waddington, 1. 1999, AJ, 118,
2547

Kikuchihara, S., Harikane, Y., Ouchi, M., et al. 2021, ArXiv e-prints
[arXiv:2108.09288]

Kollmeier, J. A., Zheng, Z., Davé, R., et al. 2010, ApJ, 708, 1048

Kornei, K. A., Shapley, A. E., Erb, D. K., et al. 2010, ApJ, 711, 693

Krogager, J.-K., Mgller, P., Fynbo, J. P. U., & Noterdaeme, P. 2017, MNRAS,
469, 2959

Kunth, D., Leitherer, C., Mas-Hesse, J. M., Ostlin, G., & Petrosian, A. 2003,
ApJ, 597, 263

Kusakabe, H., Shimasaku, K., Momose, R., et al. 2019, PASJ, 71, 1

Kusakabe, H., Blaizot, J., Garel, T., et al. 2020, A&A, 638, A12

Lake, E., Zheng, Z., Cen, R, et al. 2015, ApJ, 806, 46

Lanzetta, K. M., Bowen, D. B., Tytler, D., & Webb, J. K. 1995, ApJ, 442, 538

Laursen, P., & Sommer-Larsen, J. 2007, ApJ, 657, L69

Leclercq, F., Bacon, R., Wisotzki, L., et al. 2017, A&A, 608, A8

Leclercq, F., Bacon, R., Verhamme, A, et al. 2020, A&A, 635, A82

Leclercq, F., Verhamme, A., Epinat, B., et al. 2022, ArXiv e-prints
[arXiv:2203.05614]

Li, J.-T., & Wang, Q. D. 2013, MNRAS, 435, 3071

Mackenzie, R., Fumagalli, M., Theuns, T., et al. 2019, MNRAS, 487, 5070

Martin, C. L., Shapley, A. E., Coil, A. L., et al. 2013, ApJ, 770, 41

Mary, D., Bacon, R., Conseil, S., Piqueras, L., & Schutz, A. 2020, A&A, 635,
A194

Mas-Ribas, L., & Dijkstra, M. 2016, AplJ, 822, 84

Mas-Ribas, L., Dijkstra, M., Hennawi, J. F., et al. 2017a, ApJ, 841, 19

Mas-Ribas, L., Hennawi, J. F., Dijkstra, M., et al. 2017b, ApJ, 846, 11

Matsuda, Y., Yamada, T., Hayashino, T., et al. 2011, MNRAS, 410, 13

Matsuda, Y., Yamada, T., Hayashino, T., et al. 2012, MNRAS, 425, 878

Matthee, J., Sobral, D., Oteo, L., et al. 2016, MNRAS, 458, 449

Matthee, J., Pezzulli, G., Mackenzie, R., et al. 2020, MNRAS, 498, 3043

Matthee, J., Sobral, D., Hayes, M., et al. 2021, MNRAS, 505, 1382

McKinney, J. H., Jaskot, A. E., Oey, M. S., et al. 2019, ApJ, 874, 52

Mitchell, P. D., Blaizot, J., Cadiou, C., et al. 2021, MNRAS, 5775, 5757

Moffat, A. F. J. 1969, A&A, 3, 455

Momose, R., Ouchi, M., Nakajima, K., et al. 2014, MNRAS, 442, 110

Momose, R., Ouchi, M., Nakajima, K., et al. 2016, MNRAS, 457, 2318

Morrissey, P., Matuszewski, M., Martin, D. C., et al. 2018, ApJ, 864, 93

Muzahid, S., Schaye, J., Cantalupo, S., et al. 2021, MNRAS, 508, 5612

Nelson, D., Pillepich, A., Springel, V., et al. 2019, MNRAS, 490, 3234

Nelson, D., Byrohl, C., Peroux, C., Rubin, K. H. R., & Burchett, J. N. 2021,
MNRAS, 507, 4445

A44, page 22 of 32

Noterdaeme, P., Petitjean, P., Carithers, W. C., et al. 2012, A&A, 547, Al

Oke, J. B., & Gunn, J. E. 1983, ApJ, 266, 713

Oppenheimer, B. D., & Davé, R. 2008, MNRAS, 387, 577

Oppenheimer, B. D., Crain, R. A., Schaye, J., et al. 2016, MNRAS, 460, 2157

Ostlin, G., Hayes, M., Kunth, D., et al. 2009, AJ, 138, 923

Ouchi, M., Ono, Y., & Shibuya, T. 2020, ARA&A, 58, 617

Patricio, V., Richard, J., Verhamme, A., et al. 2016, MNRAS, 456, 4191

Peeples, M. S., Corlies, L., Tumlinson, J., et al. 2019, ApJ, 873, 129

Peroux, C., Dessauges-Zavadsky, M., D’Odorico, S., Kim, T.-S., & McMahon,
R. G. 2003, MNRAS, 345, 480

Péroux, C., & Howk, J. C. 2020, ARA&A, 58, 363

Pillepich, A., Nelson, D., Springel, V., et al. 2019, MNRAS, 490, 3196

Piqueras, L., Conseil, S., Shepherd, M., et al. 2019, ASP Conf. Ser., 521, 545

Prochaska, J. X., Herbert-Fort, S., & Wolfe, A. M. 2005, ApJ, 635, 123

Prochaska, J. X., Hennawi, J. F,, Lee, K.-G., et al. 2013, ApJ, 776, 136

Rafelski, M., Teplitz, H. L., Gardner, J. P,, et al. 2015, AJ, 150, 31

Rahmati, A., Schaye, J., Bower, R. G., et al. 2015, MNRAS, 452, 2034

Rauch, M., Haehnelt, M., Bunker, A., et al. 2008, ApJ, 681, 856

Rosdahl, J., & Blaizot, J. 2012, MNRAS, 423, 344

Rubin, K. H., Prochaska, J. X., Ménard, B., et al. 2011, ApJ, 728, 6

Rubin, K. H., Hennawi, J. F,, Prochaska, J. X., et al. 2015, ApJ, 808, 38

Rudie, G. C., Steidel, C. C., Trainor, R. F,, et al. 2012, ApJ, 750, 67

Schaye, J., Crain, R. A., Bower, R. G, et al. 2015, MNRAS, 446, 521

Schroetter, 1., Bouché, N., Wendt, M., et al. 2016, ApJ, 833, 39

Schroetter, 1., Bouché, N. E., Zabl, J., et al. 2021, MNRAS, 501, 1900

Shibuya, T., Ouchi, M., & Harikane, Y. 2015, ApJS, 219, 15

Skelton, R. E., Whitaker, K. E., Momcheva, 1. G., et al. 2014, ApJS, 214, 24

Smith, A., Ma, X., Bromm, V., et al. 2019, MNRAS, 484, 39

Songaila, A., & Cowie, L. L. 2010, ApJ, 721, 1448

Spitzer, L., Jr. 1956, ApJ, 124, 20

Steidel, C. C., Kollmeier, J. A., Shapley, A. E., et al. 2002, ApJ, 570, 526

Steidel, C. C., Bogosavljevi¢, M., Shapley, A. E., et al. 2011, ApJ, 736, 160

Stern, J., Sternberg, A., Faucher-Giguere, C.-A., et al. 2021, MNRAS, 507, 2869

Suresh, J., Bird, S., Vogelsberger, M., et al. 2015, MNRAS, 448, 895

Swinbank, A. M., Bower, R. G., Smith, G. P,, et al. 2007, MNRAS, 376, 479

Taniguchi, Y., & Shioya, Y. 2000, ApJ, 532, L13

Trebitsch, M., Blaizot, J., Rosdahl, J., Devriendt, J., & Slyz, A. 2017, MNRAS,
470, 224

Tumlinson, J., Peeples, M. S., & Werk, J. K. 2017, ARA&A, 55, 389

Turner, M. L., Schaye, J., Steidel, C. C., Rudie, G. C., & Strom, A. L. 2014,
MNRAS, 445, 794

Turner, M. L., Schaye, J., Crain, R. A,, et al. 2017, MNRAS, 471, 690

Tytler, D. 1982, Nature, 298, 427

Urrutia, T., Wisotzki, L., Kerutt, J., et al. 2019, A&A, 624, Al

Van de Voort, F., Schaye, J., Altay, G., & Theuns, T. 2012, MNRAS, 421, 2809

Verhamme, A., Schaerer, D., & Maselli, A. 2006, A&A, 460, 397

Verhamme, A., Dubois, Y., Blaizot, J., et al. 2012, A&A, 546, A111

Verhamme, A., Garel, T., Ventou, E., et al. 2018, MNRAS, 478, L60

Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020, Nat. Meth., 17, 261

Weilbacher, P. M, Palsa, R., Streicher, O., et al. 2020, A&A, 641, A28

Werk, J. K., Prochaska, J. X., Tumlinson, J., et al. 2014, ApJ, 792, 8

Werk, J. K., Prochaska, J. X., Cantalupo, S., et al. 2016, ApJ, 833, 54

Whitaker, K. E., Ashas, M., Illingworth, G., et al. 2019, ApJS, 244, 16

Wilson, E. B. 1927, J. Am. Stat. Assoc., 22, 209

Wisotzki, L., Bacon, R., Blaizot, J., et al. 2016, A&A, 587, A98

Wisotzki, L., Bacon, R., Brinchmann, J., et al. 2018, Nature, 562, 229

Wolfe, A. M., Turnshek, D. A., Smith, H. E., & Cohen, R. D. 1986, ApJS, 61,
249

Wolfe, A. M., Gawiser, E., & Prochaska, J. X. 2005, ARA&A, 43, 861

Wu, J., Jiang, L., & Ning, Y. 2020, ApJ, 891, 105

Xue, R., Lee, K.-S., Dey, A., et al. 2017, ApJ, 837, 172

Yajima, H., Li, Y., & Zhu, Q. 2013, ApJ, 773, 151

Yuma, S., Ouchi, M., Drake, A. B., et al. 2013, ApJ, 779, 53

Yuma, S., Ouchi, M., Drake, A. B., et al. 2017, ApJ, 841, 93

Zabl, J., Bouché, N. F,, Schroetter, L., et al. 2019, MNRAS, 485, 1961

Zabl, J., Bouché, N. F., Wisotzki, L., et al. 2021, MNRAS, 507, 4294

Zafar, T., Popping, A., & Péroux, C. 2013a, A&A, 556, A140

Zafar, T., Péroux, C., Popping, A., et al. 2013b, A&A, 556, A141

Zhang, H., Zaritsky, D., Zhu, G., Ménard, B., & Hogg, D. W. 2016, ApJ, 833,
276

Zhang, H., Ouchi, M, Itoh, R., et al. 2020, ApJ, 891, 177

Zheng, Z., Cen, R., Weinberg, D., Trac, H., & Miralda-Escudé, J. 2011, ApJ,
739, 62


http://linker.aanda.org/10.1051/0004-6361/202142302/35
http://linker.aanda.org/10.1051/0004-6361/202142302/36
http://linker.aanda.org/10.1051/0004-6361/202142302/37
http://linker.aanda.org/10.1051/0004-6361/202142302/38
http://linker.aanda.org/10.1051/0004-6361/202142302/39
http://linker.aanda.org/10.1051/0004-6361/202142302/40
http://linker.aanda.org/10.1051/0004-6361/202142302/41
http://linker.aanda.org/10.1051/0004-6361/202142302/42
http://linker.aanda.org/10.1051/0004-6361/202142302/43
http://linker.aanda.org/10.1051/0004-6361/202142302/44
http://linker.aanda.org/10.1051/0004-6361/202142302/45
http://linker.aanda.org/10.1051/0004-6361/202142302/46
http://linker.aanda.org/10.1051/0004-6361/202142302/47
http://linker.aanda.org/10.1051/0004-6361/202142302/48
http://linker.aanda.org/10.1051/0004-6361/202142302/49
http://linker.aanda.org/10.1051/0004-6361/202142302/50
http://linker.aanda.org/10.1051/0004-6361/202142302/51
http://linker.aanda.org/10.1051/0004-6361/202142302/52
http://linker.aanda.org/10.1051/0004-6361/202142302/53
http://linker.aanda.org/10.1051/0004-6361/202142302/54
http://linker.aanda.org/10.1051/0004-6361/202142302/55
http://linker.aanda.org/10.1051/0004-6361/202142302/56
http://linker.aanda.org/10.1051/0004-6361/202142302/56
http://linker.aanda.org/10.1051/0004-6361/202142302/57
http://linker.aanda.org/10.1051/0004-6361/202142302/58
http://linker.aanda.org/10.1051/0004-6361/202142302/59
http://linker.aanda.org/10.1051/0004-6361/202142302/60
http://linker.aanda.org/10.1051/0004-6361/202142302/61
http://linker.aanda.org/10.1051/0004-6361/202142302/62
http://linker.aanda.org/10.1051/0004-6361/202142302/62
https://arxiv.org/abs/2108.09288
http://linker.aanda.org/10.1051/0004-6361/202142302/64
http://linker.aanda.org/10.1051/0004-6361/202142302/65
http://linker.aanda.org/10.1051/0004-6361/202142302/66
http://linker.aanda.org/10.1051/0004-6361/202142302/66
http://linker.aanda.org/10.1051/0004-6361/202142302/67
http://linker.aanda.org/10.1051/0004-6361/202142302/68
http://linker.aanda.org/10.1051/0004-6361/202142302/69
http://linker.aanda.org/10.1051/0004-6361/202142302/70
http://linker.aanda.org/10.1051/0004-6361/202142302/71
http://linker.aanda.org/10.1051/0004-6361/202142302/72
http://linker.aanda.org/10.1051/0004-6361/202142302/73
http://linker.aanda.org/10.1051/0004-6361/202142302/74
https://arxiv.org/abs/2203.05614
http://linker.aanda.org/10.1051/0004-6361/202142302/76
http://linker.aanda.org/10.1051/0004-6361/202142302/77
http://linker.aanda.org/10.1051/0004-6361/202142302/78
http://linker.aanda.org/10.1051/0004-6361/202142302/79
http://linker.aanda.org/10.1051/0004-6361/202142302/79
http://linker.aanda.org/10.1051/0004-6361/202142302/80
http://linker.aanda.org/10.1051/0004-6361/202142302/81
http://linker.aanda.org/10.1051/0004-6361/202142302/82
http://linker.aanda.org/10.1051/0004-6361/202142302/83
http://linker.aanda.org/10.1051/0004-6361/202142302/84
http://linker.aanda.org/10.1051/0004-6361/202142302/85
http://linker.aanda.org/10.1051/0004-6361/202142302/86
http://linker.aanda.org/10.1051/0004-6361/202142302/87
http://linker.aanda.org/10.1051/0004-6361/202142302/88
http://linker.aanda.org/10.1051/0004-6361/202142302/89
http://linker.aanda.org/10.1051/0004-6361/202142302/90
http://linker.aanda.org/10.1051/0004-6361/202142302/91
http://linker.aanda.org/10.1051/0004-6361/202142302/92
http://linker.aanda.org/10.1051/0004-6361/202142302/93
http://linker.aanda.org/10.1051/0004-6361/202142302/94
http://linker.aanda.org/10.1051/0004-6361/202142302/95
http://linker.aanda.org/10.1051/0004-6361/202142302/96
http://linker.aanda.org/10.1051/0004-6361/202142302/97
http://linker.aanda.org/10.1051/0004-6361/202142302/98
http://linker.aanda.org/10.1051/0004-6361/202142302/99
http://linker.aanda.org/10.1051/0004-6361/202142302/100
http://linker.aanda.org/10.1051/0004-6361/202142302/101
http://linker.aanda.org/10.1051/0004-6361/202142302/102
http://linker.aanda.org/10.1051/0004-6361/202142302/103
http://linker.aanda.org/10.1051/0004-6361/202142302/104
http://linker.aanda.org/10.1051/0004-6361/202142302/105
http://linker.aanda.org/10.1051/0004-6361/202142302/106
http://linker.aanda.org/10.1051/0004-6361/202142302/107
http://linker.aanda.org/10.1051/0004-6361/202142302/108
http://linker.aanda.org/10.1051/0004-6361/202142302/109
http://linker.aanda.org/10.1051/0004-6361/202142302/110
http://linker.aanda.org/10.1051/0004-6361/202142302/111
http://linker.aanda.org/10.1051/0004-6361/202142302/112
http://linker.aanda.org/10.1051/0004-6361/202142302/113
http://linker.aanda.org/10.1051/0004-6361/202142302/114
http://linker.aanda.org/10.1051/0004-6361/202142302/115
http://linker.aanda.org/10.1051/0004-6361/202142302/116
http://linker.aanda.org/10.1051/0004-6361/202142302/117
http://linker.aanda.org/10.1051/0004-6361/202142302/118
http://linker.aanda.org/10.1051/0004-6361/202142302/119
http://linker.aanda.org/10.1051/0004-6361/202142302/120
http://linker.aanda.org/10.1051/0004-6361/202142302/121
http://linker.aanda.org/10.1051/0004-6361/202142302/122
http://linker.aanda.org/10.1051/0004-6361/202142302/123
http://linker.aanda.org/10.1051/0004-6361/202142302/124
http://linker.aanda.org/10.1051/0004-6361/202142302/125
http://linker.aanda.org/10.1051/0004-6361/202142302/126
http://linker.aanda.org/10.1051/0004-6361/202142302/127
http://linker.aanda.org/10.1051/0004-6361/202142302/128
http://linker.aanda.org/10.1051/0004-6361/202142302/129
http://linker.aanda.org/10.1051/0004-6361/202142302/130
http://linker.aanda.org/10.1051/0004-6361/202142302/131
http://linker.aanda.org/10.1051/0004-6361/202142302/132
http://linker.aanda.org/10.1051/0004-6361/202142302/132
http://linker.aanda.org/10.1051/0004-6361/202142302/133
http://linker.aanda.org/10.1051/0004-6361/202142302/134
http://linker.aanda.org/10.1051/0004-6361/202142302/135
http://linker.aanda.org/10.1051/0004-6361/202142302/136
http://linker.aanda.org/10.1051/0004-6361/202142302/137
http://linker.aanda.org/10.1051/0004-6361/202142302/138
http://linker.aanda.org/10.1051/0004-6361/202142302/139
http://linker.aanda.org/10.1051/0004-6361/202142302/140
http://linker.aanda.org/10.1051/0004-6361/202142302/141
http://linker.aanda.org/10.1051/0004-6361/202142302/142
http://linker.aanda.org/10.1051/0004-6361/202142302/143
http://linker.aanda.org/10.1051/0004-6361/202142302/144
http://linker.aanda.org/10.1051/0004-6361/202142302/145
http://linker.aanda.org/10.1051/0004-6361/202142302/146
http://linker.aanda.org/10.1051/0004-6361/202142302/147
http://linker.aanda.org/10.1051/0004-6361/202142302/148
http://linker.aanda.org/10.1051/0004-6361/202142302/149
http://linker.aanda.org/10.1051/0004-6361/202142302/150
http://linker.aanda.org/10.1051/0004-6361/202142302/150
http://linker.aanda.org/10.1051/0004-6361/202142302/151
http://linker.aanda.org/10.1051/0004-6361/202142302/152
http://linker.aanda.org/10.1051/0004-6361/202142302/153
http://linker.aanda.org/10.1051/0004-6361/202142302/154
http://linker.aanda.org/10.1051/0004-6361/202142302/155
http://linker.aanda.org/10.1051/0004-6361/202142302/156
http://linker.aanda.org/10.1051/0004-6361/202142302/157
http://linker.aanda.org/10.1051/0004-6361/202142302/158
http://linker.aanda.org/10.1051/0004-6361/202142302/159
http://linker.aanda.org/10.1051/0004-6361/202142302/160
http://linker.aanda.org/10.1051/0004-6361/202142302/161
http://linker.aanda.org/10.1051/0004-6361/202142302/161
http://linker.aanda.org/10.1051/0004-6361/202142302/162
http://linker.aanda.org/10.1051/0004-6361/202142302/163
http://linker.aanda.org/10.1051/0004-6361/202142302/163

H. Kusakabe et al.: Lya haloes around individual high-z UV-selected galaxies

Appendix A: Details of the sample
A.1. MXDF catalog construction

Here we give a short summary of the MXDF catalog construc-
tion and the full explanation is given in Bacon et al. (in prep.).
The MUSE MXDF catalog was constructed in two ways and
was merged into one catalog: a blind source detection with the
3D matched filtering software, ORIGIN (Mary et al. 2020), and
source extraction and deblending based on HST prior informa-
tion with the ODHIN software (Bacher 2017), in a similar man-
ner to those used in the MUSE-HUDF catalog (Inami et al. 2017,
Bacon et al. in prep.). ORIGIN is optimized for the detection
of compact sources with faint spatial-spectral emission signa-
tures in MUSE datacubes. It subtracts the continuum from the
MUSE cube first, and the detection is based on the local maxima
of generalized likelihood ratio test statistics obtained for a set
of spatial-spectral profiles of emission line emitters. It provides
an estimation of the purity. The threshold value of the purity in
the MXDF catalog is 0.8 (i.e., a false detection rate of 0.2). The
ODHIN software performs deblending of sources in MUSE dat-
acubes, based on the prior information from HST images with
a higher spatial resolution (Rafelski et al. 2015). The selection
cut for the prior sources is a S/N of 0.8 per spectral pixel. We
extracted 1D spectra at the position of the ORIGIN-detected
sources and that of the ODHIN HST-prior sources from the 3D
data cube for the redshift determination and visual inspection.
To assign redshifts, we used an updated version of the redshift
fitting software, MARZ, which is based on a cross-correlation
algorithm (e.g., Hilton et al. 2012; Baldry et al. 2014, see also
Inami et al. 2017) for both ORIGIN and ODHIN sources. The
redshift solutions provided by MARZ were visually inspected by
the MUSE team members independently with the source inspec-
tor software (Bacon et al. in prep.). We assigned HST counter-
parts from the Rafelski et al. (2015) catalog when available, and
merged an ORIGIN and an ODHIN source into one when they
overlapped by choosing the detection method. After reconcili-
ating conclusions between the different inspectors, we summa-
rized sources into the final catalog.

Following Inami et al. (2017) with some improvements, we
have three levels of confidence for spec-z (ZCONF). ZCONF =1
is for a possible redshift with low confidence. It can be assigned
due to low S/N values of lines (e.g., S/N < 3), poor line fittings,
existence of valid alternative redshift solutions, noisy narrow
bands, or additional lines which present in the spectrum with rea-
sonable S/Ns but can not be explained by the proposed redshift
solutions. ZCONF =2 is for a good redshift. Regarding non-Ly«
emitters (e.g., z < 2.9), it is assigned for sources with multiple
lines detected with good S/N values of S/N > 5. For instance,
a resolved [0 11]A13726,3729 doublet with a clear narrow band
would be sufficient for ZCONF = 2. Regarding Ly« emitters, it
is required to have a Ly« line with a good S/N of S/N > 5 and a
width and an asymmetry compatible with Lya line shapes. The
highest level, ZCONF = 3, indicates a secure redshift. For non-
Ly« emitters, the criteria are similar to those of ZCONF =2, but
it is required to have more lines and higher S/N, together with
high S/N narrow band images. For Lya emitters, if there is no
additional line except for Lya, it is required to have a Lya line
with a high S/N value of S/N > 7 and a Lya-like line profile:
a pronounced red asymmetrical line profile? (highly asymmetric
of ¥ > 2) and/or a blue bump, or a double peaked line profile.

2 Lya lines are fit with a skewed Gaussian with an asymmetry parame-

ter y: F(A) = Fax [1 +erf (y%)] [exp (—%)}, where F.x, 0, and

Ao represent the amplitude, the width, and the peak wavelength, respec-

The S/N thresholds are not strictly defined because other infor-
mation was taken into account. In the case of an ORIGIN detec-
tion, and if the source can be matched to an HST counterpart, it
adds confidence to the detection. In addition, if a photo-z is reli-
able and a good match to the MUSE spec-z, it adds confidence
to the redshift assignment. This could lead to a higher ZCONF
than in the case of an ORIGIN source without HST counterpart.
Meanwhile, faint HST sources often do not have a reliable photo-
z, which can be in disagreement with a MUSE spec-z. It is not
taken as a strong negative constraint (see Bacon et al. in prep.).
In addition to the three ZCONF levels, ZCONF =0 is defined
in the MXDF catalog (DR2 v0.8) for a source with an ORIGIN
detection for which no spectroscopic redshift could be identified.
However, in this paper, we independently defined ZCONF =0 as
no spec-z in the MXDF catalog with a tentative (best-estimate)
assignment of a redshift or a constraint of a redshift.

A.2. Spec-z and photo-z distribution

In order to check a potential bias in our sample selection, we
plotted the distribution of photo-z and spec-z for 142 F775W <
27.5 mag sources from Rafelski et al. (2015) in the MXDF with
more than 100-hour integration (see Figure A.1). As described in
Section 2.2, 123 sources have ZCONF =2 or 3, 10 sources have
ZCONF =1, and 9 sources are not included in the MXDF cata-
log (ZCONF =0). Most of the ZCONF =1 to 3 sources have a
spec-z, which is consistent with their photo-z (blue and red stars).
RID = 23135 is the single ZCONF = 1 source in our sample (red
star with z; = 3.94 and z, = 0.76*)11). Although the photo-z
and the spec-z do not match, the source has a strong ORIGIN-
detected Ly emission with S/N = 6.4. Regarding ZCONF =0
sources (magenta circles), 7 sources were suggested to be at
z < 2.86 from clear continua at the blue edge of the MUSE
spectra, which are consistent with their photo-z. The remain-
ing two sources, RID =54891 and 6693, were included in our
sample to minimize a selection bias despite ZCONF =0. The
tentative spec-z for RID = 54891 was determined from a low-
S/N Lya line at z; = 2.94, while it was based on a Lya break
and stacks of low-S /N UV absorption lines for RID = 6693 (see
Sect. 2.2 for the process of spec-z assignment). Although not all
the sources have a secure or reliable spec-z, our spec-z estima-
tions are almost complete with F775W < 27.5 mag.

Generally, at z ~ 3-6, the Ly line is the most common
Zs indicator in follow-up observations, which could introduce a
certain sample bias in favor of Lya emission. We also checked
spec-z estimates for z, 2 3 sources with F775W < 27.5mag.
Among 142 sources, 26 sources have a best-fit photo-z in 2.86 <
Zp < 4.44 (between the black lines). All of them except for
RID = 6693 have a spec-z with ZCONF =2 or 3, most of which
are consistent with their photo-z. As LAE fractions are not high
(e.g., Kusakabe et al. 2020), it means that our sample construc-
tion is not significantly biased a Lya selection despite the red-
shift range. This result reinforces the high spec-z completeness
in our sample construction.

A.3. Lya equivalent width and LAE fraction

We used rest-frame EW(Ly@) measurements to confirm the pres-
ence of LAHs around non-LAEs in Section 3.3.3 and to compare
the X1 ag with a given EW(Lya) cut for that in Kusakabe et al.
(2020) in Section 2.2 in order to validate that our sample is not

tively, and the erf is error function (see Bacon et al. in prep. for more
details).
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Fig. A.1. Photo-z vs. spec-z for 142 F775W < 27.5 mag sources. The
blue stars, the red stars, and the magenta dots represent galaxies with
ZCONF =2 or 3, 1, and 0, respectively. The gray shaded areas indicate
the spec-z outside the targeted redshift (z = 2.86—4.44) and the AO gap.
The gray diagonal line and the black lines show the z, = z, relation,
and z, = 2.86 and 4.44 lines, respectively. The photometric redshifts
were estimated in Rafelski et al. (2015) with the Bayesian Photometric
Redshift (BPZ) algorithm (Benitez 2000; Benitez et al. 2004; Coe et al.
2006). The error bars of z, show 95% upper and lower limits.

biased s the LAE selection. Therefore, the EW(Lya) values in
this paper were measured in the galaxy’s stellar-component scale
following Kusakabe et al. (2020). Here we give a brief sum-
mary of the methods for the EW(Lya) measurements and the
X1 Ag calculations. We note that investigating Ly« line proper-
ties including EW(Lye) for our individual sources is beyond the
scope of this paper. We plan to improve the method for measur-
ing EW(Ly) in the MUSE 3D cube and discuss them in a future
project.

We extracted the 1D spectra inside the target’s continuum-
component mask (hereafter, inside spectra). Some fraction of
our sources shows a wide Lya absorption feature that could
extend up to 4 ~ 1 260 A or even longer. Indeed, Ly« absorp-
tion troughs have already been identified for individual LBGs
at z = 3 (Kornei et al. 2010, see also Chen et al. 2021), though
the feature has not frequently been found for spectra of indi-
vidual high-z galaxies perhaps because of limited S/N values.
Some of our sources also show a Lya emission line on top of
the wide absorption feature (c.f., about 10% of the sample in
Kornei et al. 2010), which are similar to local Green Pea galax-
ies (e.g., McKinney et al. 2019; Jaskot et al. 2019) as well as
stacked MUSE LAEs at z ~ 2.9-4.6 (e.g., Feltre et al. 2020).
Thanks to the very deep MUSE data, we need to go beyond the
standard method for EW(Lya) measurements for high-z galax-
ies. We measured the EW(Lye) for Lya emission and Ly«
absorption (EW(Ly@)emi. and EW(Ly@)aps., respectively) on the
inside spectra with a method based on a similar idea in, for
instance, Kornei et al. (2010) and calculated the net EW(Lya),
EW(Ly@)net., by summing EW(Ly®)emi. and EW(Ly®)aps. (sim-
ilar idea to that in McKinney et al. 2019; Jaskot et al. 2019).
Figure A.2 shows the 1D spectra of the two non-LAEs with
LAHs discussed in Section 3.3.3 as examples of our inside spec-
tra. First of all, we estimated the continuum spectrum around
Lya by fitting the inside spectrum at rest-frame A > 1270 A with
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power-law models (see Sect. 4.3 in Matthee et al. 2021, for the
choice of the wavelength limit). To obtain a Lya emission flux,
we integrated Ly« fluxes above the best-fit power-law continuum
within a spectral window, whose fluxes are consecutively above
the best-fit power-law around the Lya peak (the blue shaded
area). The EW(Lya@)em;, Was calculated by dividing the emission
flux with the continuum at the Lye wavelength estimated from
the power-law model and converted to that in the rest frame.
Regarding the Ly« absorption, we estimated the absorption flux
only from redder wavelengths than the Lya wavelength, as the
bluer wavelengths are generally affected by the IGM absorption.
We defined the spectral window to measure the absorption fluxes
(the orange shaded area). The blue edge of the absorption win-
dow is the next wavelength slice of the red edge of the emission
window. The red edge of the absorption window was defined
with the spectrum extracted in the same target’s continuum-
component mask from the continuum minicube (hereafter inside
continuum spectrum; Section 2.3). The red edge corresponds to
the longest wavelength pixel among the consecutive increasing
pixels at the redder side of the blue edge, where the flux on the
inside continuum spectrum (the black line) is fainter than that of
the best-fit continuum (the magenta line). Considering the pos-
sible contamination of NvA1243 P-Cygni profile and the limited
S/N of the inside spectra for all the sources, we gave a con-
servative upper limit of the red edge as 1230 A. We integrated
relative fluxes to the power-law continuum within the spectral
window. Then, we obtained the Lya absorption flux by mul-
tiplying two to the integrated flux. We calculated EW(Ly@)qps.
by dividing the negative absorption flux with the continuum at
the Ly wavelength and converted it to that in the rest-frame.
These EW(Lya)aps. values would be actually the upper limits of
the true EW(Lya) for absorption because of the limited spec-
tral windows (the orange shades). In this work, non-LAEs were
defined with EW(Lya)net. = EW(LYy@)emi. + EW(Lya@)aps. < 0A.
The two non-LAEs with LAHs introduced in Section 03.3.3,
RID =4587 and 4764, have EW(Lya@)per. < —10.0 + 2.9 A and
-142+1.0A, respectively. Moreover, their EW(Lya@)ep;. are as
small as 2.8 + 0.6 A and 0.7 + 0.3 A, respectively. Even when
we ignore the Lya absorption (EW(Ly@)as < —12.7 + 2.8A
and —-149 + 1.0 A, respectively), their EW(Ly@)emi. values are
too low to be categorized as LAEs with the typical 20 A selec-
tion criteria. Their EW(Ly®)en;. are also significantly smaller
than the minimum EW(Lya) of the MUSE LAEs with LAHs
in Leclercq et al. (2017), ~20A though Lya halo fluxes are
included in their EW(Lya). These results validate our first indi-
vidual detections of LAHs around high-z non-LAEs.

The LAE fractions for our sample were calculated with
EW(Lya@)emi. in a similar method in that of Kusakabe et al.
(2020) using the MUSE-HUDF data, which cannot take Ly«
absorption into account as their continua are not detected in
the MUSE spectra (i.e., nondetection of absorption) for most
of the sources. Lya fluxes from extended emission were not
included in the EW(Lya) for both samples. We did not cor-
rect the incompleteness of the detection of Lya emission for our
sample as the completeness is expected to be high, and we esti-
mated the uncertainties on the X; og from the binomial propor-
tion confidence interval. The X ag with the typical threshold for
LAE selections, EW(Lya) > 20 A, for out entire sample with

—20 < Ms00 < —18.0 at z = 2.9-4.4is 0.33*0. )1 For a fair com-

parison, we also calculated the X; ag with EW(Lya) > 65 A for
our entire sample as 0.14f8:82. As discussed in Section 2.2, this
value is similar to those in Kusakabe et al. (2020), suggesting

that our sample is not biased.
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Fig. A.2. 1D spectra of the two non-LAEs with LAHs, RID =4587 and 4764 discussed in Section 3.3.3, as examples of our inside spectra. The
dark gray lines, the faint gray shaded areas, the black lines, and the magenta lines show the inner spectra, its 1o~ uncertainties, the inner continuum
spectra, and the best-fit power-law models for the continua, respectively. The blue and orange shaded areas indicate fluxes integrated for the
Ly emission and Lya absorption measurements (the spectral windows, see Appendix A.3 for more details), respectively. We note that the Lya

absorption flux (more precisely, the upper limit of the absorption flux) was
spectral window.

A.4. nonisolated sources

As described in Section 2.2, our sample includes four non-
isolated galaxies, which have a neighboring galaxy with an
HST detection within 0”76 (Inami et al. 2017) with close spec-
z (|AV] < 500kms™!). Figure A.3 shows a NB image of a
nonisolated galaxy. RID =4838 at z; = 3.06 (F775W =26.70,
ZCONF=2) has a UV-faint neighbor RID =6666 at z
3.06 (F775W =29.72, ZCONF = 2) with ORIGIN-detected Lya
emission, which is not included in our sample. Interestingly,
these sources are a part of a cosmic web filament found with
MUSE in Bacon et al. (2021), called “G02”, whose structure
extends to a total length of 1.1 pMpc with a width of 47 kpc (see
their Fig. 12). Therefore, RID =4838 was categorized as a non-
isolated galaxy.

As shown in Figure A.4, RID =7876 (F775W =26.85) and
RID =9944 (F775W =26.49) are located within 0”/6 each other.
Because of the limited spatial resolution of MUSE, a MUSE
source (MID =103, z; = 2.99, ZCONF = 3), which shows Ly«

obtained by multiplying two to the integrated flux in the orange shaded

emission and absorption depending on wavelength and posi-
tion, conservatively has two HST counterparts of RID =7876
and RID =9944. The Lya absorption feature gets stronger at
the position of RID=9944 than that of RID =7876°. More-
over, MID =103 is also within 0”76 from RID =7847 at z;, =
3.00 (F775W =26.84, ZCONF =3). Near them, we can see
an HST non-detected source at zg 3.00 (ZCONF=2,
MID =8246) and a potential neighbor of RID=7758 at z, =
2.89 (F775W =28.20). These sources are also included in
an overdensity of MUSE-detected LAEs, “G01” (Bacon et al.
2021). As a conservative choice, we categorized RID = 7847 as
a nonisolated galaxy, in addition to RID =7876 and 9944.

In summary, we conclude that the environments around four
nonisolated galaxies in our sample would be different from those
of the rest of the galaxies in our sample, which may affect halo
properties. We calculated Ly halo fractions separately for the
isolated sources and the nonisolated sources in Section 3.4 for a
conservative discussion.

3 RID =7876 and RID = 9944 are treated as a single HST source in the
Cosmic Assembly Near-IR Deep Extragalactic Legacy Survey (CAN-
DELS, ID = 110794, Whitaker et al. 2019) and 3D-HST (ID =28521,
Skelton et al. 2014). Following the other MUSE GTO papers, we used
the catalog of Rafelski et al. (2015) as a HST prior list (see also Fig-
ures C.1 and C.2).
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Fig. A.3. Lya NB centered at RID =4838. The Lya NB was extracted
from the MXDF data cube with a wavelength range of 4935-4948 A
and a size of 10” x 10” by source inspector, which was used to visu-
ally inspect the MXDF sources. The color bar shows the flux with an
arbitrary normalization. The filled pink and filled purple circles indi-
cate a nonisolated galaxy in our sample and its neighbor, which is not
included in our sample with a spec-z measurement, respectively. The
black open circles show sources in the catalog of Rafelski et al. (2015).
The cyan circle indicates a 0”6-radius circle centered at the position
of RID =4838. The ID, F775W magnitude, and z, are shown for each
object.
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RID=7876, 26.85

RID=9944, 26.49 Zs=2.99 0.08
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Fig. A.4. Same as Figure A.3, but for RIDs =7847, 7876, and 9944.
The Lya NB is centered at RID =7876 with a wavelength range of
4838-4863 A and a size of 10” x 10”. The filled pink circles indicate
three nonisolated galaxies in our sample. The purple open square shows
a close MUSE-detected Ly emitter without an HST counterpart. The
purple open circle presents a potential neighbor, which does not have
a spec-z but has a close photo-z. The black open circles show sources
in the catalog of Rafelski et al. (2015). The cyan circles indicate 0776-
radius circles centered at the position of RID = 7847, 7876, and 9944.
The ID, F775W magnitude (if available), and z; or z, are shown for
each object.
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Appendix B: Continuum subtraction
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Fig. B.1. Examples of the difference in the radial SB profiles for
four different settings of the continuum subtractions. The black and
blue lines indicate the SB profiles for the original minicubes and the
continuum-subtracted minicubes, respectively. The neighboring masks
were applied for both. The cyan shaded areas indicate the radii out-
side the target’s continuum-component masks and inside the rcog. Left
column: RID =4764, which has an artificial absorption trough with
the general setting of a 200-pix (+100-pix) window. Right column:
RID =9863, which has a neighbor (at the radius shown by the magenta
solid line) that cannot be eliminated only by the neighboring object
mask. From top to bottom, each panel represents the settings: 1) 200-
pix (£100-pix) window, 2) 200-pix (+100-pix) window + Lye mask
(+400kms™! around Lya), 3) 100-pix (+50-pix) window + Lya mask,
and 4) 60-pix (+30-pix) window + Lya mask, respectively.

Figure B.1 shows two examples of the difference in the radial
SB profiles for the four different settings of the continuum sub-
tractions. One of the objects, which has an artificial absorption
trough on the SB profile with the general setting of a 200-
pix (£100-pix) window, is RID =4764. The artificial absorp-
tion becomes less significant with the smaller spectral windows.
Although the profile inside the target’s continuum-component
mask changes depending on the settings of the continuum
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subtraction, the profiles at r = ry,—rcog are independent of the
settings. Another example is RID = 9863, which has a neighbor
that cannot be eliminated only by the neighboring object mask.
The right panels emphasize the fact that the continuum sub-
traction is essential to remove neighboring continuum-detected
objects from the minicube. The neighboring object masks can
only cover continuum-bright objects and prevent uncertainties
due to continuum subtractions. Therefore, we needed both of the
continuum subtractions and the neighboring object masks. The
second example also shows that the SB profiles at r = rij,—rcog
are independent of the settings except around neighbors, imply-
ing that our tests for the existence of a Ly« halo at r = riy—rcoc
are robust and stable.

Appendix C: Masks

Figures C.1 and C.2 show 4” x 4” HST F775W cutout
images, 4" x 4” cutouts of the HST segmentation map, the tar-
get’s continuum-component masks (in the spatial resolution of
MUSE, 15” x 15”), and the neighboring object masks (in the
spatial resolution of MUSE, 15” x 15”), respectively. We used
the HST segmentation map in Rafelski et al. (2015) following
Inami et al. (2017), which indicates areas in which galaxies are
detected and defines the boundaries of the objects. The segmen-
tation map was created with Source Extractor (Bertin & Arnouts
1996) with multiple thresholds for detection and deblending, in
order to deblend sources and optimize detections and photome-
tries, as no single set of such thresholds perfectly detects bright,
faint, large, and small sources simultaneously (see Sect. 3.5
and Table 2 in Rafelski et al. 2015). They had four iterations.
The parameter set for the first iteration is called “Deep” with
detect_thresh=1.10 and detect_minarea=9, with which source
definitions near bright targets were poorly defined. The second
“Shallow” run has detect_thresh=3.5¢0 and gave better detec-
tions for bright sources. They merged the two catalogs into one,
but both runs have difficulty in deblending sources. Then, they
had two more iterations called “Deep Deblend” and “Shallow
Deblend”, which are with normal deblending parameters and
lower deblending thresholds (see their Table 2). The resulting
catalogs are merged into a single catalog with a single segmen-
tation map (Rafelski et al. 2015).

F775W (4")
R RID=4587 j

Seg. map (4") Target mask (15")  Neighbor mask (15")
-

125 R10=4838W&‘j‘

0 0 20

Fig. C.1. HST cutouts, segmentation maps, and masks for the first 10
sources in order of RID. First column: 4’ x 4” HST F775W cutout
images. The purple dots and circles represent the positions of the UV-
selected galaxy and ry,, respectively. Second column: 4” x 4" cutouts
of the HST segmentation map. The yellow and green regions indicate
the areas in which the target and neighboring galaxies are detected on
the HST images, respectively. The segmentation map gives the bound-
aries of the objects. The dark purple regions indicate the sky. Third col-
umn: target’s continuum-component masks (in the spatial resolution of
MUSE, 15" x 15”). The yellow and dark purple regions present the
mask (the area of the main part of the galaxy) and the sky, respectively.
The violet circles show rcog. Fourth column: Neighboring object masks
(neighbor mask; in the spatial resolution of MUSE, 15” x 15”). The
yellow and dark purple regions present the mask (the area of the main
part of neighboring galaxies that have a bright continuum) and the sky,
respectively.
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Fig. C.2. Same as Figure C.1, but for the last 11 sources in order of
RID.
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Appendix D: Completeness simulations and
non-LAHs

D.1. Completeness simulations

We simulated the completeness of the LAH test (Section 3.3)
for our four individual non-LAHs. We created mock NB images
with different halo parameters and repeated the procedures for
the halo test as follows.

First, we created 300 NB images with sky background noises
by producing random values for pixels, which follow the Gaus-
sian distribution. The Gaussian width o~ was assumed to be the
median of the square root of the variance of the actual optimized
NB for each source.

Second, we created various 2D Lya halo models assuming
an exponential profile as SB profile, SB(r), used in the litera-
ture (e.g., Wisotzki et al. 2016; Leclercq et al. 2017; Zhang et al.
2020):

SB(r) = I exp (—ri) (D.1)
s,h

where I, and rgp are the central surface brightness and
the scale length for haloes. The I, is varied from 1 X
107 ergs™ em 2 arcsec™ to 8 x 1077 ergs™! cm™2 arcsec™>
with 15 steps in the log scale, while the r) is from 1.0kpc
to 16 kpc with 15 steps in the log scale. The 2D halo models
were convolved with the MUSE PSF at the Ly wavelength for
each source. In total, we had 225 halo models for each source.
We added each halo model to 300 mock images with back-
ground noises (in total, 67 500 images). Then, we measured rcog
(Section 3.2) and did the same SB test for the existence of the
Lya halo (Section 3.3). We calculated a completeness value for
each halo parameter set for each source by dividing the number
of confirmed haloes with 300. We also checked the median rcog
for each halo parameter set.

We also tested for the case when a source has a Lya com-
ponent with a continuum-like profile. We fixed the model pro-
file of the continuum-like Ly@ component to that of the tar-
get’s continuum-component image, which was obtained from the
MUSE PSF convolution to the HST counterpart (Section 3.1).
We set the total flux of the target’s continuum-component pro-
file to the Lya flux, f(Lya), which is measured from the flux-
maximized NB and the target’s continuum-component mask
with an aperture correction. The aperture correction factor was
derived for each source from the target’s continuum-component
image and the target’s continuum-component mask. We added
the continuum-like Ly component to 300 mock images for each
halo parameter set and then repeated the other procedures. The
results of the completeness for non-LAHs are shown in Fig-
ures D.1 and D.2 for RID =5479 and 22230, and 23135 and
54891, respectively.

Generally, there is a sharp transition between the parameter
space with high completeness values in blue, and the parame-
ter space with low completeness values in red, depending on
Iy and r,p (see the drastic change of colors near black stars in
Figures D.1 and D.2). The halo tests for the non-LAH sources
are complete when the halo fluxes are equal to or brighter than
~4 x 1078 ergs™'ecm™ to 6 x 1078 ergs™' cm™2 in most of the
parameter ranges. At a fixed halo flux range (see white circles
with a given size), completeness decreases both when g, is too
small and too large. Compact haloes with r¢ < 1-3 kpc mostly
cannot be detected due to the MUSE PSF and the method in
which we only used r = riz—rcog. We note that Leclercq et al.
(2017) found compact haloes with r,, = 2—3 kpc with shallower
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Fig. D.1. Heat map of the simulated completeness on the diagram of /, and r,;, of halo models for the first two non-LAH sources (RID =
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and 22230). Left and right panels show completeness maps for halo only models and those for halo and continuum-like components models.
Black stars and asterisks on the map indicate the halo parameter sets that have completeness values from 45% to 54% and those from 54% to
70%, respectively, while white large, middle-size, and small circles represent the parameter sets whose Ly fluxes of the halo models are from
1x108ergsecm™2 to 2 x 1078 ergs™ cm™2, those from 4 x 1078 ergs™ cm™ to 6 X 108 erg s™' cm2, and those from 1 x 1077 ergs™' cm™
to 2 x 1077 erg s~ cm™2, respectively. (a) and (b): RID = 5479. The flux of the continuum-like component is f(Lya) = 1.5 x 1077 ergs™' cm™2,

MUSE data without AO, because of the difference in the meth-
ods. We also would like to note that the . in UV is =0.5—-1.7 kpc,
which is relatively close to our limit. The halo only models and
halo and continuum-like component models have similar distri-
bution of completeness and median rco,g in most of the case.
However, the completeness of the two cases are slightly differ-
ent from each other when the values are low as seen in Fig. D.3
(lower than 70%; black asterisks). In particular, if a galaxy has
a bright continuum-like Ly component like RID =5479, its
extended emission can be hidden by the continuum-like compo-

nent for some cases. The non-LAH, RID = 5479, has a ~0.25 to
1 times lower completeness for the two-component model than
that of the halo only model, when the only halo completeness
is 250%—70% with relatively bright I, (i.e., most of the cases
with halo fluxes lower than 6 x 1078 ergs~! cm™2). However,
a bright-continuum component can also help the halo detection
by increasing the S/N required for the test, when I, is low. The
parameter space in which the completeness for both cases is dif-
ferent is narrow for RID = 5479, and the trend holds for both
directions. We conclude that it does not cause a serious bias

A44, page 29 of 32
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Fig. D.2. Same as Figure D.1, but for the last two non-LAH sources (RID =

(b) RID=23135 (halo + contlnuum)
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23135 and 54891) (a) and (b): RID =23135 with f(Lya) = 3.7 X

107 ergs™' em™2. (¢) and (d): RID = 54891 with f(Lya) = 1.6 x 107" ergs™' cm™2.

to our tests. With regard to rcog, it is natural that the median
value gets slightly higher for halo and continuum-like compo-
nents models than halo only counterparts, since the continuum-
like components can enhance the S/N on the outskirts. With
the completeness obtained here, we give an overview of non-
LAHSs in Section 3.3.4, focusing on an object included in the
UV-bright sample (RID =5479), and closely look at the other
sources below.

D.2. RID=22230

This object has a high confidence level of ZCONF =2 for z; =
3.46 in the MXDF catalog and M;s99 = —18.60. It shows a clear
Lya emission line on the 1D spectrum for r < ry, = 078 as
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shown in Figure 4 and has S/N(ri,—rcoc) = 6.72 with rcog = 174.
However, the SB profile at r > ry, is consistent with that of
the MUSE PSF-convolved HST profile (continuum-like compo-
nent), with pg = 0.273, which is higher than the threshold of
0.05. The completeness simulations for RID = 22230 is shown in
Figure D.1. For instance, the completeness decreases to ~50% at
ren=4.5kpcand I, = 8.8 x 107" ergs™! cm~2 arcsec 2.

On the radial SB profile shown in Figure 8, we can see an
absorption-like dip at the top of the profile with surrounding
emission. The dip could be created by the combination of Ly«
absorption and spatially offset and anisotropic distribution of
Lya, which can be confirmed on the NB image by eye (Figure 4).
The S/N of the extended flux (at r > rj,) would be higher if
we only use angle-limited spatial pixels with a direction of the
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Fig. D.3. Heat map of the relative difference in the completeness for four non-LAHs on the diagram of I, and r;; of halo models. The relative

h+c

comp ~ where

difference in completeness is defined as ( Comp)/ comps

ht+c
comp

that for halo only model, respectively. The heat map gets white when the relative difference is not available (£

and fcomp are the completeness for halo and continuum—like model, and
=0) or ~ 0.0033. Black

comj com

stars and asterisks on the map indicate the halo parameter sets that have completeness values for halo models from 45% to 54% and those from
54% to 70%, respectively, while gray large, middle-size, and small circles represent the parameter sets Whose Lya fluxes of the halo models are

from 1x10" ¥ ergs™' em2 to 2x 103 ergs™! cm
to 2 x 1077 ergs™! cm2, respectively.

extended Lya emission. If we could consider the SB profile at
r < rin, which is found to be different from the shape of the
MUSE PSF-convolved HST profile by eye, we might be able
to confirm a potential halo. Deeper and higher-spatial resolution
data set than MXDF will help improve the test, but with the cur-
rent data set and method, this object is classified as a non-LAH.
This object is not included in the UV-bright sample and does not

2, those from 4x 107 ¥ ergs™' cm™ to 6x 1078 erg s~!

2, and those from 1x 1077 ergs™' cm™

influence on our main conclusions, or could even support our
main conclusions if it was classified as a LAH.

D.3. RID=23135

This object has a confidence level of ZCONF=1 for z, = 3.94
in the MXDF catalog and M;sq0 = —18.39. As discussed in
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Section 2.2, it has a faint but ORIGIN-detected Lya emis-
sion line, which can be seen on the 1D spectrum for r <
rim = 078 in Figure 5. However, the object does not have
a sufficient number of spectral slices with S/N>1.5 at r =
Fin—Fcoc that can be used to create the optimized NBs (see
Section 3.2). As a consequence, it has a low S/N(ri,—rcoeg) (<0)
on the NB with rcog = 1776. Therefore, it is clear that this
object does not have a significant Lya halo above the observa-
tional limit. The completeness simulations for RID = 23135 are
shown in Figure D.2. For instance, the completeness decreases
to ~50% at rgn=49kpc and I, = 5.5 x 107 ergs™! cm™>
arcsec™2.

We would like to note that the nondetection of a halo should
not be a direct result of a wrong redshift (i.e., low ZCONF
value). On the contrary, if it had a clear extended Ly« emission
line, it could be a redshift indicator and raise the ZCONF value in
the MXDF catalog. Since the UV magnitude is faint, this object
is not included in the UV-bright sample. The Lya halo fraction
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for the sample including all sources could be even higher, if we
excluded this object.

D.4. RID =54891

This object has a confidence level of ZCONF =0 for z, = 2.94
and Ms090 = —18.02. As discussed in Section 2.2, it does not
have ORIGIN-detected lines but has a faint Lya line (see the
NB and SB profile in Figure 5). Similar to RID =23135, the
object does not have a sufficient number of spectral slices at
r = rin—Fcog for an optimized NB (see Section 3.2; ry, = 078,
rcog = 2'2), the S/N(rin—rcoc) on the NB is only 1.29. There-
fore, it is clear that this object does not have a significant Lya
halo. The completeness simulations for RID = 54891 is shown
in Figure D.2. For instance, the completeness decreases to ~50%
atrgp =6.3kpc and I, = 5.7 x 107" erg s™! em~2 arcsec 2. Since
the UV magnitude is faint, this object is not included in the UV-
bright sample.
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