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Abstract

We present initial results associating galaxies in the Multi-Unit Spectroscopic Explorer (MUSE) Ultra Deep Field
(MUDF) with gas seen in absorption along the line of sight to two bright quasars in this field to explore the
dependence of metals in the circumgalactic medium (CGM) on galaxy properties. The MUDF includes ~140 hr of
Very Large Telescope (VLT)/MUSE data and 90 orbits of Hubble Space Telescope (HST)/G141M grism
observations alongside VLT /Ultraviolet and Visual Echelle Spectrograph spectroscopy of the two quasars and
several bands of HST imaging. We compare the metal absorption around galaxies in this field as a function of
impact parameter, azimuthal angle, and galaxy metallicity across redshifts 0.5 < z < 3.2. Due to the depth of our
data and a large field of view, our analysis extends to low stellar masses (<10’ M) and high impact parameters
(>600kpc). We find a correlation between the absorber equivalent width and the number of nearby galaxies, but
do not detect a significant anticorrelation with the impact parameter. Our full sample does not show any significant
change in absorber incidence as a function of azimuthal angle. However, we do find a bimodality in the azimuthal
angle distribution of absorption at small impact parameters (<2 r,;) and around highly star-forming galaxies,
possibly indicating disk-like accretion and biconical outflows. Finally, we do not detect any systematic deviation
from the fundamental metallicity relation among galaxies with detected absorption. This work is limited by gaps in
the wavelength coverage of our current data; broader-wavelength observations with the James Webb Space
Telescope will allow us to unlock the full potential of the MUDF for studying the CGM.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); Intergalactic medium (813); Stellar feedback

, Valentina D’Odorico™®

(1602); Circumgalactic medium (1879); Metal line absorbers (1032); Metallicity (1031)

Materials only available in the online version of record: machine-readable table

1. Introduction

The exchange of gas between galaxies and their environment
plays a vital role in galaxy assembly and evolution. Gas
accretes onto galaxies from the surrounding circumgalactic and
intergalactic medium (CGM and IGM), providing fuel for star
formation, while supernovae and active galactic nuclei (AGN)
shock gas in the interstellar medium (ISM) and drive it out of
the galaxy (e.g., J. Tumlinson et al. 2017). This ejection of gas
from the ISM is found to play a role in the “quenching” of star
formation in galaxies (e.g., G. W. Roberts-Borsani 2020;
J. J. Davies et al. 2021; C. T. Garling et al. 2024), although
interactions between galaxies such as ram pressure stripping
can also lead to quenching (e.g., A. R. Wetzel et al. 2013;
M. Fossati et al. 2019a; M. Kuschel et al. 2022).

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

This picture of gas recycling is supported by several lines of
evidence, including “down-the-barrel” absorption measure-
ments indicating outflows or accretion (e.g., C. C. Steidel et al.
2010; K. H. R. Rubin et al. 2012, 2014; X. Xu et al. 2023),
absorption in multiple lines of sight around the same galaxy
(either using multiple background sources or lensed images,
e.g., B. A. Keeney et al. 2013; S. Lopez et al. 2018, 2020;
K. Mortensen et al. 2021), and direct CGM emission
measurements using integral field units (IFUs) such as the
Multi-Unit Spectroscopic Explorer (MUSE) and KCWTI (e.g.,
J. N. Burchett et al. 2021; Y. Chen et al. 2021; R. Dutta et al.
2023; J. Zabl et al. 2021; Y. Guo et al. 2023; S. Zhang et al.
2023). Other studies of large galaxy-absorber samples find an
increased incidence/covering fraction of absorption close to
galaxy major and minor axes (e.g., R. Bordoloi et al. 2011;
N. Bouché et al. 2012; G. G. Kacprzak et al. 2012; I. Schroetter
et al. 2019). These are expected to trace accreting and
outflowing gas, respectively, as evidenced by the corotation
between galaxies and absorbers near the major axis (e.g.,
S. H. Ho et al. 2017; C. L. Martin et al. 2019; D. M. French &
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B. P. Wakker 2020), and increased incidence of metal
absorption tracing warm ionized gas (such as OVvI 1032/
1037 A) near the minor axis (e.g., M. Ng et al. 2019). These
results at z <1.5are reproduced by simulations, with most
major hydrodynamical simulations finding major-axis inflows
and minor-axis outflows on ~100 kpc scales (e.g., D. DeFeli-
ppis et al. 2020; C. Peroux et al. 2020; P. F. Hopkins et al.
2021), and often further from the central galaxy.

However, these dependencies on azimuthal angle are most
often found in high column density gas (high equivalent width
(EW) absorbers) in close proximity to galaxies. Studies
focusing on lower column density absorption at larger scales
have not detected any difference in absorber EW at different
azimuthal angles (e.g., R. Dutta et al. 2020; Y.-H. Huang et al.
2021). S. K. Pointon et al. (2019) found only a tentative
azimuthal dependence in absorber detection for the galaxy-
sightline pairs with metal detection, and no dependence for
those without, again at low redshifts. There is also some
evidence that at redshifts z =2, the gas distribution is more
isotropic, with outflows less collimated along galaxy minor
axes (e.g., Y. Chen et al. 2021).

If outflowing and infalling material are spatially separated
and recycled over long timescales, we would expect to see a
higher metallicity in outflowing material. Some studies do
show evidence for this (e.g., M. Wendt et al. 2021), yet others
have found that neither the metallicity nor ionization state of
absorbing gas depends significantly on azimuthal angle (e.g.,
G. G. Kacprzak et al. 2019; S. K. Pointon et al. 2019; S. Weng
et al. 2023), perhaps due to integrating multiple “clouds” along
the line of sight (e.g., R. Ramesh & D. Nelson 2024).

Overall, at low redshifts, gas recycling does appear to
manifest as biconical outflows and corotating accretion around
galaxies. The extent to which these structures can be found and
how this extent varies with galaxy properties and environments
remains unclear, as does the behavior of outflowing and
accreting material at higher redshifts. This relative lack of
constraints from observations results in simulations with
differing CGM properties, such as mass outflow rates from
the CGM to the IGM exceeding those from the ISM to the
CGM in both the EAGLE and FIRE-2 simulations (P. D. Mitc-
hell et al. 2020; V. Pandya et al. 2021), while studies based on
the TNG50 simulations find decreasing mass loading factor
with increasing radius (D. Nelson et al. 2019).12 This could be
impacted by the changing cosmic star formation rate (SFR;
e.g., P. Madau & M. Dickinson 2014), as well as the influence
of cosmic rays (e.g., F. Rodriguez Montero et al. 2024), and
may result in outflows reaching Mpc scales.

In addition to forming structures in the CGM, this feedback
also affects the metallicities of the ISM of galaxies. This
manifests as the mass—metallicity relation (MZR; e.g.,
B. H. Andrews & P. Martini 2013; R. S. Somerville &
R. Davé 2015; M. Curti et al. 2020; R. L. Sanders et al. 2021),
a positive correlation, which demonstrates that more massive
galaxies retain more of their metals, whereas lower-mass
galaxies more efficiently eject metals into the CGM and IGM
(e.g., C. Tortora et al. 2022; N. Yang et al. 2024). When galaxy
SFRs are also taken into account, this forms the fundamental
metallicity relation (FMR), which does not evolve substantially
with redshift at z < 3, suggesting that it is driven primarily by

12 Although mass loading at injection is part of the input to TNG, the outflows
are resolved at impact parameters larger than ~10 kpc.
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supernova feedback (e.g., P. Dayal et al. 2013; R. L. Sanders
et al. 2018; M. Curti et al. 2024).

In order to constrain the presence and properties of these
CGM structures, and hence improve our understanding of
stellar feedback and study its effects on galaxy evolution,
observations of gas at large impact parameters are required over
a range of redshifts.

A. Beckett et al. (2021) used a data set covering a wide field
around the Q0107 quasar triplet at redshifts z < 1, finding a
bimodality in the position angle (PA) distribution of HI
absorption alongside evidence from kinematics and metal
content supporting disk and outflow models to scales of
~300 kpc, with little evidence of such flows beyond that
radius.

The MUDF, with deep spectroscopic observations around a
pair of bright quasars at z =~ 3.2, provides a unique opportunity
to extend this analysis to higher redshifts, as well as low stellar
masses down to 10°7 M., and covers a variety of metal
absorption lines.

In this paper we compare the properties of metal absorption
in the CGM/IGM with galaxy properties. Section 2 sum-
marizes the MUSE Ultra Deep Field (MUDF) data set
(described fully across our series of papers: M. Fossati et al.
2019b; E. Lusso et al. 2019, 2023; M. Revalski et al.
2023, 2024; M. Fossati et al. 2024, in preparation) followed
by information on the resulting samples of galaxies and
absorbers in Section 3. We then study the absorber distribution
around galaxies as a function of azimuthal angle (Section 4),
and match absorber properties with galaxy metallicity
(Section 5). We discuss how these results can be interpreted
in the context of other studies in Section 6, before presenting
some final remarks and conclusions in Section 7.

Throughout this work, we quote distances in physical units, and
assume a ACDM cosmology with Hy=67.4kms ' Mpc™' and
Q,,=0.315, as found by the Planck Collaboration (2020).

2. Data
2.1. The MUDF

An extremely deep galaxy survey is required in order to
characterize the gas around galaxies with masses as low as
10%° M., and redshifts up to z ~23. Therefore, in an effort to
maximize the utility of such an expensive survey, we have
chosen the field P2139-443, featuring two bright quasars
(Q2139-4434, hereafter QSO-SE, and Q2139-4433, hereafter
QSO-NW) at z = 3.23. These have r-band magnitudes of 17.9
and 20.5, respectively, and are separated by only ~1,
corresponding to about 500kpc at z ~ 3. Two additional
quasars are also present, one fainter QSO at a similar redshift
(Q2138-4427, z ~ 3.17), and a fourth at a much lower redshift
(z =1.30). These additional quasars do not have high-resolution
spectra, so they are not covered in this study.

We use the MUSE (R. Bacon et al. 2010) on the Very Large
Telescope (VLT) to conduct a blind galaxy survey around these
quasars, alongside high-resolution spectroscopy of QSO-SE
and QSO-NW using the Ultraviolet and Visual Echelle
Spectrograph (UVES; H. Dekker et al. 2000). In addition to
this optical data, we have obtained X-ray, near-infrared (NIR),
and submillimeter observations covering this field, including
high-resolution imaging and deep grism spectroscopy using the
Hubble Space Telescope (HST). These observations have been
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described in detail in previous works and can be summarized as
follows:

1. VLT/MUSE observations of the field totaling ~142 hr
on-sky, making it tied with the MUSE eXtremely Deep
Field (MXDF; R. Bacon et al. 2017, 2023) as the deepest
field observed with MUSE to date. This is European
Southern Observatory (ESO) program 1100.A-0528 (PI:
Fumagalli), and provides observed-frame optical and NIR
spectra in the wavelength range of 4650-9300 A. These
data reach 3¢ line detections below 3 x 107" ergs™'
cm 2 in the deepest parts of the field. While the
observing strategy and data reduction are described in
E. Lusso et al. (2019) and M. Fossati et al. (2019b), the
final sources are presented in M. Revalski et al. (2023).

2. VLT/UVES spectroscopy of the two bright quasars
(QSO-SE and QSO-NW), covering the wavelength range
of 4100-9000 A at high resolution (R ~ 40,000) and
detailed in M. Fossati et al. (2019b). The total time on-
sky is 7 hr for the brighter QSO-SE and ~32 hr for the
fainter QSO-NW, resulting in signal-to-noise per pixel of
~25 and =10, respectively. These data were collected
under ESO programs 65.0-0299, 68.A-0216, 69.A-0204,
and 102.A-0194 (all PI: D’Odorico).

3. HST imaging using multiple wide-band filters (F336W
with WFC3/UVIS, F450W and F702W with WFPC2,
and F125W and F140W with WFC3/IR) provides
coverage from 3000 to 16000 A (although with some
gaps). These images reach 5o detection levels between
map = 27 and 29. The data originate from proposals 6631
(PI: Francis), 15637 (PIs: Rafelski & Fumagalli), and
15968 (PI: Fossati), and are described fully in M. Reval-
ski et al. (2023).

4. HST grism spectroscopy using the G141 grism, approxi-
mately covering the wavelength range from 11,000 to
17,000 A at a resolving power R =~ 130. With ~48 hr
exposure time, continuum is usually detected at So
significance down to mg4ow = 27. The redder coverage
allows spectroscopic redshifts to be confirmed in parts of
the MUSE “redshift desert” from 1.5 < z < 3. These also
originate from proposal 15637 and are described in
M. Revalski et al. (2023).

5. VLT/High Acuity Wide field K-band Imager (HAWK-I,
J.-F. Pirard et al. 2004) imaging of the field under ESO
program 0105.A-0564 (PI: Fossati). This covers the field
with ~8 hr of data from 1.99 to 2.31 pm, reaching 5o
depth of map ~25.5. This is used in the spectral energy
distribution (SED)-fitting routine from which we obtain
stellar masses of galaxies in the MUDF, and will be
described in M. Fossati et al. (2024, in preparation).

Data products arising from the MUSE data are available at
ESO (M. Fumagalli 2023). Products arising primarily from the
HST data are available at MAST (M. Rafelski et al. 2023).

This study makes use of the UVES data in order to study gas
properties through absorption features observed in the quasar
spectra, and then relates this to the nearby galaxies with
properties determined from the MUSE, HST, and HAWK-I
data. The field has also been observed with XMM-Newton
(F. Jansen et al. 2001) and the Atacama Large Millimeter/
submillimeter Array (A. Wootten & A. R. Thompson 2009).
These are used to help discriminate between star-forming
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galaxies and AGN as described in M. Revalski et al. (2024),
and in results from E. Lusso et al. (2023).

We also use several derived properties from M. Revalski
et al. (2024) and M. Fossati et al. (2024, in preparation), which
describe, respectively, galaxy ISM metallicities measured from
a range of emission lines, and galaxy stellar masses and SFRs
measured using stellar population synthesis (SPS) modeling.
The derivation of gas and galaxy properties from the MUDF
data is described below.

2.2. Absorption Measurements

Absorption lines were characterized using the procedure
described in M. Fossati et al. (2019b, their Section 6.1), which
we summarize here. We utilize the ESPRESSO data analysis
software (G. Cupani et al. 2016), which fits a cubic spline to the
continuum redward of Lya. We then visually identify
absorption systems in the normalized spectra, first using the
presence of doublets (most often MgIl), and then other
transitions commonly seen in quasar spectra, such as Mgl
and Fe II. The wavelength range covering each absorption line
system is extracted and used for fitting the absorption features.

We fit these regions of the spectrum using the Monte Carlo
Absorption Line Fitter (A. Longobardi et al. 2023). This fitting
algorithm uses Bayesian statistics to determine the minimum
number of Voigt profile components required to model the
selected part of the observed spectrum. This models the
spectrum using different numbers of components, then uses the
Akaike information criterion (AIC; H. Akaike 1974) to
evaluate the best fit. The model with the smallest number of
components that has a likelihood ratio within 1:150 of that with
the best (smallest) AIC is selected. The model allows for
“filler” components to be included, accounting for blends with
different absorption lines from absorption systems at different
redshifts. We fit doublets such as Mgl (2796,/2803 A) and
C1v (1548/1550 A) simultaneously, as these should exhibit
equal numbers of components.

This fit provides the EW, which can be used to calculate
column density for unsaturated lines), redshift, and Doppler
width of each transition, although we note that EW measure-
ments for blended lines are often highly uncertain. After
excluding regions within 3000 km s ™' of each quasar to remove
any proximity effect (e.g., V. Wild et al. 2008), this results in
an absorber catalog consisting of 304 Voigt components across
both quasar sightlines. These form 31 absorption systems of
width usually <500kms~" and separation >3000kms ', for
which the total EW resulting from each absorptlon line can be
more confidently measured. Our sensitivity limits vary only
slightly with redshift; we are able to detect absorption at 3o
significance down to EW limits of 0.03 and 0.003 A in QSO-
NW and QSO-SE, respectively. Some examples of these fits are
provided in M. Fossati et al. (2019b).

2.3. Galaxy Properties

The techniques used to measure the properties of galaxies in
this field and produce the galaxy catalog used in this study are
detailed in M. Fossati et al. (2019b) and M. Revalski et al.
(2023), with further properties derived in M. Revalski et al.
(2024) and M. Fossati et al. (2024, in preparation). However, as
these measurements are an essential part of this work, we also
summarize them below.
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2.3.1. Redshifts

Galaxies were identified in the HST F140W image using the
Source Extractor (SEXTRACTOR) software (E. Bertin &
S. Arnouts 1996), as described in M. Revalski et al. (2023).
The segmentation maps produced by SEXTRACTOR were then
used to extract spectra from the MUSE cubes and the HST
grism data. Spectroscopic redshifts were measured using the
interactive fitting routine described in A. Henry et al. (2021),
modified for this data set as described in M. Revalski et al.
(2024), and applied simultaneously to the MUSE and HST
spectra.

Below z =1.5, all galaxies have MUSE coverage of the
resolved [O1I] doublet or the [OTI] and H@ lines, and at
1.5 <z < 2.4, the [O 1] and HE lines are covered by the grism
spectra. We are therefore able to obtain unambiguous redshift
measurements for emission-line galaxies at z <2.4. Identifica-
tions at redshifts 2.4 < z <2.9 are based on a single strong line:
unresolved [O1I] in the HST grism. These are accepted only
where there is identification of H+y, or where there is clear
detection of continuum flux in MUSE (ruling out Ly« as the
origin of the strong line). For z 2.9, we also have coverage of
Lya in MUSE, which has an asymmetric profile that allows
confident identification. Thus, our galaxy redshift measure-
ments are all robust.

We note that Ly« has a systematic offset in wavelength due
to radiative transfer effects (e.g., A. Verhamme et al. 2018),
usually of a few hundred kilometers per second. In several
cases, another line (often [O1I]) is visible from which we can
measure the systemic redshift, but there are four galaxies for
which Lye is the only identified emission line. However, none
of these lic within 1000kms~"' of our absorbers, so this
additional redshift uncertainty does not affect our results.

2.3.2. Morphologies

Galaxy morphologies were measured using STATMORPH
(V. Rodriguez-Gomez et al. 2019), an Astropy-affiliated code
that uses improved point-spread function modeling to measure
galaxy sizes and orientations more accurately than SEXTRAC-
TOR. These measurements are detailed in M. Revalski et al.
(2023). We use morphologies from the F140W image. This is
the second deepest of the HST filters, but is preferred over the
deeper F336W filter as galaxies above z ~3 drop out of
F336W due to the Lyman break. Galaxies also often have
different morphologies in the far-UV (e.g., S. Lauger et al.
2005; B. Vulcani et al. 2014; K. V. Nedkova et al. 2021), so we
use the F140W to ensure we are probing the optical-NIR
continuum.

We primarily use the STATMORPH results to measure the PA
of the major axis of our sample galaxies, as well as their
inclination. In order to confirm the accuracy of these methods,
we also compare the galaxy PAs and inclinations with those
measured using GALFIT (C. Y. Peng et al. 2002, 2010). This
comparison is described in the Appendix. In most cases,
STATMORPH returns uncertainties <3° in PA and <10° in
inclination, whereas the differences between STATMORPH and
GALFIT suggest PA uncertainties <12°. While both perform
well in most cases, there are a small number of galaxies (=5%)
for which blended sources affect the results. We inspect each of
these galaxies “by-eye” and select the more plausible
inclination and azimuthal angle measurement.
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2.3.3. Stellar Masses and SFRs

Stellar masses and SFRs are measured by fitting the galaxy
spectra and photometry using SPS models. This process will be
detailed in M. Fossati et al. (2024, in preparation), but is briefly
described here.

We fit the broadband HST and HAWK-I photometry
simultaneously with the MUSE spectra where available, using
the Monte Carlo Spectro-Photometric Fitter described in
M. Fossati et al. (2018). This fits the spectra and photometry
using G. Bruzual & S. Charlot (2003) models with a G. Cha-
brier (2003) initial mass function, assuming an exponential star
formation history and D. Calzetti et al. (2000) extinction law.
These models include emission lines with ratios from N. Byler
et al. (2017), and provide reliable estimates and uncertainties of
galaxy stellar masses and SFRs.

The galaxy templates are available with metallicities of solar,
40% solar, and 20% solar. While many studies assume solar
metallicity, for our range of galaxy masses and redshifts, we
attempt to determine the best template to use for each galaxy.
We initially use the solar-metallicity template but then adjust it
if necessary.

For galaxies with measured metallicities (see Section 2.3.4),
we use the template with the closest metallicity to that
measured value. For those without, we use the closest
metallicity to the median found for the stack that corresponds
to our initial stellar-mass measurement (as described in
M. Revalski et al. 2024), iterating again if fitting at the new
metallicity produces a substantially different stellar mass.

While the measurement uncertainties on the stellar masses
and SFRs are both small, additional uncertainties arise from the
choice of star formation history and stellar physics models. We
assume 0.2 dex uncertainty in the stellar-mass estimate on each
galaxy, which covers these model-dependent uncertainties (see,
e.g., C. Conroy 2013) and dominates over measurement
uncertainties that are usually <0.05 dex in our sample. A
comparison of SFRs estimated through direct calibrations (e.g.,
J. Kennicutt 1998; L. J. Kewley et al. 2004) against those
obtained from the modeling (which use both emission lines and
UV flux where available) suggests uncertainties in our SFR
measurements are typically ~0.3 dex in most cases, which
again are dominated by model uncertainties over measurement
uncertainties of <0.05 dex.

We use galaxy halo mass estimates only in order to calculate
a virial radius. For this, we use the stellar mass/halo mass
relation from P. S. Behroozi et al. (2010), including an
additional uncertainty of 0.25 dex.

2.3.4. Metallicities

Given the depth and wavelength coverage of our galaxy
survey, there are numerous sources for which we have strong
detections of several emission lines, and can therefore calculate
a metallicity. These measurements are detailed in M. Revalski
et al. (2024).

There are several possible methods to calculate metallicity,
using a variety of metal lines to estimate the abundances of
different metals and different Hydrogen lines to estimate the
hydrogen content (see, e.g., L. J. Kewley et al. 2019). We
utilize the ratios between strong nebular lines that are visible in
most sources. Specifically, we use a Bayesian method
involving the [O11] (AX 3727, 3730 A), HB (A 4862 A), and
[Om] (AX 4959, 5007 A) emission lines, with the ratios
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Figure 1. The redshift distributions of galaxies and absorbers in the MUDF. Galaxies at or below the redshift of the quasar pair are shown; those with metallicity
estimates are shown in red. The horizontal strips show UVES wavelength coverage of strong Mg II, Fe I, and C IV transitions in the QSO spectra, with the redshifts of
detected absorption shown by the vertical lines. The width of these vertical lines is indicative of the total EW of that ion at that redshift. The lower panel indicates the
redshifts at which strong emission lines can be observed in MUSE (blue) and in the HST grism observations (yellow), and shows the gaps in wavelength coverage
between MUSE and HST, as well as the MUSE AO laser gap. The red vertical bands indicate the redshifts at which the three lines required for metallicity
measurements are accessible, and therefore, the redshift ranges for which metallicities can be determined.

between these lines calibrated using the results from M. Curti
et al. (2017). M. Revalski et al. (2024) validate these strong line
results using the 12 sources where the lines required for a
“direct” method are observed, confirming that our metallicities
are reliable. This includes oxygen lines at 1666 and 4363 A.
Other methods involving [N 1I]/Ha are not usable due to the
low resolution of the grism data.

The strong oxygen lines are available in either the MUSE or
HST spectroscopic data across a large fraction of the redshift
range probed in this study, allowing us to estimate metallicities
for 73 galaxies, of which 57 lie above the z ~ 0.45 lower limit
for detection of associated Mg II absorption. These are mostly
found to have metallicities 7.5 < 12 + log(O/H) < 8.7 (or
between solar and 5% solar metallicity).

3. Galaxy and Absorber Samples
3.1. Sample Construction

The above measurements result in a sample of 419 galaxies
with spectroscopic redshifts and 304 Voigt components
forming 31 absorption systems at different redshifts. Figure 1
shows the redshift distribution of both samples. We note that all
of our absorption systems feature at least one transition from
Mgl (usually the 2796/2803A doublet), Fe1 (2382 A) or
C1v (the 1548/1550 A doublet), so for clarity only these ions

are shown in the figure. Several other ions are detected in our
absorption spectra, including Mgl, Sill-Iv, Al I-MI, Nill,
Cr1L, and Zn 1I. The Mg 11, Fe II, and C IV absorbers, along with
any other detected ions, are listed in Table 1. One absorber lies
in close proximity to the quasar redshift, so it is excluded from
Table 1 and the rest of this work.

As shown in Figure 1, our wavelength coverage allows us to
measure confident galaxy redshifts based on multiple emission
lines from z=0 to the quasars, aside from 2.5<z<2.9.
Unfortunately, this redshift range is also that in which many
C 1V absorbers are found, limiting our ability to determine the
galaxy environment around these absorbers.

Galaxy metallicities can only be measured in the redshift
ranges of 0.3 <z<0.95 (where [O11], HG, and [O 1] are all
visible in MUSE), 1.95 < z < 2.4 (where they are visible in the
HST grism data), and a small range of around z /1.5, where
[O11] lies in MUSE and H@ and [O 1] are visible in the HST
grism.

Throughout this work, we associate absorbers with galaxies
when the redshift difference between the galaxy and absorber is
less than 500 km s ', although we generally confirm our results
using a smaller 300 km s~ window. This matches the window
used in A. Beckett et al. (2021), within which H1 absorption
was found significantly more often around galaxies than in the
field. Many other studies of absorbing gas use similar velocity
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Table 1
Summary of Absorber Properties
Redshift Line Components Total EW Other Ions Galaxies
(No.) A) (No.)
(€] @ 3 “@ ®) ©6)
QSO-SE
0.6793 Mg 11 (2796) 5 0.85 +0.03 14
0.8822 Mg 11 (2796) 15 1.32+£0.01 Mg1 6
Fe 11 (2382) 2 0.147 4 0.004
0.9868 Mg 11 (2796) 7 0.70 £ 0.01 Mgl 2
Fe 11 (2382) 4 0.117 4 0.003
1.0525 Mg 11 (2796) 15 1.63 +0.03 Mg1 14
Fe 11 (2382) 11 0.360 £ 0.009
1.1539 Mg 11 (2796) 7 1.14 £0.12 Mgl 5
Fe 11 (2382) 3 0.32 +0.02
1.5711 Mg 11 (2796) 6 1.36 £0.19 Mgl Zn1L, Cr Il 4
Fe 11 (2382) 7 0.80 + 0.05
1.7569 Mg 11 (2796) 3 0.23 £0.01 AL 11, Al I 3
Fe 11 (2382) 1 0.019 £ 0.002
2.1126 Mg 11 (2796) 5 1.55 £0.04 Mgl Mn1, Cr1I, Zn 11, 2
Fe 11 (2382) 3 0.78 + 0.02 Al Al NillL, Sill
2.2534 Mg 11 (2796) 9 1.89 & 0.06 Mgl AlL, AllL, O1, 8
Fe 11 (2382) 8 0.45 +0.01 Sim, CI
2.3797 Fe 11 (2382) 3 0.148 £ 0.007 Sil, OL CII, AlII, Zn 11 3
2.3909 C1v (1548) 4 0.091 £ 0.004
2.5459 C1v (1548) 1 0.010 £ 0.003
2.6922 C1v (1548) 4 0.076 £+ 0.005
2.7342 Fe 11 (2382) 2 0.107 £ 0.006 Al Si1L Sitv, O CII
C1v (1548) 7 0.625 +0.018
2.7698 C1v (1548) 1 0.083 £+ 0.012 1"
2.7929 C1v (1548) 1 0.016 + 0.001
2.8126 C1v (1548) 2 0.034 £ 0.002
2.9139 C1v (1548) 2 0.437 4+ 0.017
3.0437 C1v (1548) 7 0.149 £ 0.005
3.0816 C1v (1548) 1 0.009 + 0.001
3.1584 C1v (1548) 2 0.021 £ 0.002
QSO-NW
0.8820 Mg 11 (2796) 3 0.44 £+ 0.01 6
1.8069 Fe 11 (2382) 4 0.44 £+ 0.01 Mgl, Mgl 3
2.2951 Fe 11 (2382) 6 2.06 + 0.04 Al Almn, Mg 1, Mg It 3
2.3554 C1v (1548) 3 0.139 £ 0.006 0
2.3680 C1v (1548) 5 0.323 +£0.012 Si1, C1, Fell, Al Tl 0
2.4611 C1v (1548) 1 0.056 + 0.005
2.7620 C1v (1548) 5 0.587 +0.017 Si1v 5"
2.8518 C1v (1548) 5 0.572 +£0.014
3.0419 C1v (1548) 4 0.400 £ 0.012 Si1v

Note. Absorber properties for the metals considered in this work. EWs are given only for the strongest transition of Mg II, Fe I, and C IV, as these are among the
strongest lines and are present at all redshifts with detected absorption. The columns are described as follows: column (1) redshift of the strongest absorption
component; column (2) ion and rest-frame wavelength of transition (in angstrom); column (3) number of detected components in the fit to this absorption system;
column (4) total EW of absorption components in the selected line; column (5) any other ions detected at the same redshift; column (6) number of detected galaxies
within 500 km s~ ' (at any impact parameter). Note that the lack of wavelength coverage of strong emission lines above z ~22.4 means that only the galaxies for which
weaker lines could be detected are assigned a spectroscopic redshift. These are marked with a star.

cuts (e.g., R. M. Bielby et al. 2019; J. X. Prochaska et al. 2019;
R. Dutta et al. 2020; M. C. Wilde et al. 2021; M. Galbiati et al.
2023; A. Karki et al. 2023), although it may be conservative for
low-mass galaxies with a low virial velocity. Some properties
for those galaxies within 500 km s ' of detected absorption are
provided in Table 2. Our galaxy sample is also shown in
Figure 2, highlighting those galaxies within 500 kms™' of
absorption.

Many of our absorption systems consist of several different
transitions at the same redshift. With different lines covered by
our UVES spectra at different wavelengths, we must determine

how best to select these in order to produce the fairest possible
sample of galaxy-absorber pairs across a wide redshift range.
At each redshift, we take the number of “absorbers” to be the
number of identified Voigt components for whichever trans-
ition has the most components, producing a sample of 694
galaxy-absorber pairs. (This is usually Mg II at lower redshifts
and C1V at higher redshifts.) This is a fairer test than counting
the total number of components (which depends on the number
of strong lines with wavelength coverage, although gives a
larger sample size of ~1450 galaxy-absorber pairs), and
provides more information than considering all components
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Table 2
Summary of Galaxy Properties and Locations with Respect to the Quasar Sightlines

QSO-NW /Faint QSO-SE/Bright

ID z R.A. Decl. i Det p « Det p o
(hh:mh:ss.s) (dd:mm:ss.s) (deg) (kpc) (deg) (kpc) (deg)
@ 2) 3) 4) (%) (6) (7 ®) © (10) an
958 0.6763 21:42:26.697 —44:20:14.538 48 + 20 N 480 18+£2 Y 76 46 +£2
20570 0.6767 21:42:27.771 —44:20:05.265 40+ 3 N 508 52+2 Y 182 66 + 2
498 0.6769 21:42:21.932 —44:20:43.895 47+ 1 N 539 75+1 Y 354 49 +1
902 0.6769 21:42:28.033 —44:20:12.370 41£5 N 553 29+1 Y 181 77+ 1
964 0.6770 21:42:25.394 —44:20:14.974 43 +3 N 414 90+ 1 Y 39 76 + 1
1324 0.6773 21:42:22.243 —44:19:51.223 54+5 N 156 T4+ 2 Y 340 2242

Note. Galaxy properties are given for those galaxies with spectroscopic redshifts within 500 km s~' of detected absorption in either of the two quasar sightlines.
Galaxies are sorted by redshift. We show example data from a small number of galaxies here; the remainder are included in machine-readable form. Columns are as
follows: column (1) Galaxy ID (matching released catalogs from M. Revalski et al. 2023); columns (2, 3, 4) Galaxy redshift and on-sky coordinates; column (5)
galaxy inclination; columns (6, 9) whether absorption is detected within 500 km s~ of the galaxy for the fainter/brighter quasar respectively; columns (7, 10) impact
parameter to the quasar; columns (8, 11) azimuthal angle between the galaxy major axis and the line joining the galaxy and quasar.

(This table is available in its entirety in machine-readable form in the online article.)

at each redshift together as a single absorption system (which
results in a sample with ~90 galaxy-absorber pairs, and treats a
single weak line the same as a strong, many-component
system). This sample with absorbers ‘“counted” using the
maximum number of components is the sample utilized for our
analysis in Section 4.

Due to blending, it is often difficult to measure the EW of
individual components, so where EW measures are used we
measure the total EW of Mg 11 (2796 A), Fe 11 (2382 A), or C1V
(1548 A) for that absorption system, comprised of many
components. These are the EW values listed in Table 1, and
shown in our analyses in Section 3.3 and Section 5.

We do not generally attempt to associate individual
absorption components or absorption systems with a single
galaxy. Given the depth of our spectroscopic data, there are
often multiple galaxies with a range of masses that are
candidates for associating with absorption features.

3.2. Sample Depth

It is necessary to evaluate the depth of our galaxy and
absorber samples, in order to estimate the likelihood of
absorption being associated with faint galaxies that are not
included in our sample, and of galaxies producing weak
absorption that we do not detect. The detection limit of our
absorber sample is fairly consistent across the redshift range
covered by any ion, leading to a consistent sample discussed
further in Section 3.3. Our galaxy sample depends more
strongly on redshift due to various emission lines covered by
the MUSE and HST spectroscopic data (see Figure 1), as well
as the need for the source to be detected in the F140W imaging.
We therefore measure the source density of our sample as a
function of magnitude, and compare it with deep surveys from
the literature.

This comparison is shown in Figure 3. The left panel
compares our photometric catalog (green) with results from
S. Koushan et al. (2021) and from the UVUDF (M. Rafelski
et al. 2015), both of which feature substantially deeper IR
imaging than the MUDF (shown in red and gray, respectively).
The S. Koushan et al. (2021) and UVUDF results are very
similar, and our MUDF results are consistent with these deeper
surveys for sources brighter than ~27 mag. This matches the

photometric completeness stated in M. Revalski et al. (2023)
for the MUDF.

Our redshift completeness (shown in blue in Figure 3) can be
seen to drop substantially below 25 mag in F140W. This is due
to the difficulty of measuring the redshifts of galaxies without
emission lines, especially for faint galaxies without the strong
continuum required for detecting absorption features in the
spectra. While many of these sources do have photometric
redshift estimates, these are not sufficiently accurate for us to
associate with the quasar absorption features, so these galaxies
cannot be included in our analysis.

As discussed in Section 2.3.1, our requirement of a detection
in F140W excludes most galaxies fainter than msp = 28, even
if they have emission lines visible in MUSE. As most galaxies
are brighter in F140W than at optical wavelengths, these
galaxies usually have no continuum detection in any of our
HST bands. Continuum detections in the HST imaging are
required in order to measure galaxy orientations (required for
the analysis in Section 4) and masses (required for Section 5),
so any galaxies excluded by this use of F140W to extract
spectra could not be used in this work.

Of galaxies with detections brighter than map =28 in
F140W, we measure robust redshifts for ~44%. This level of
completeness appears slightly lower than the ~50% estimated
for the similarly deep MXDF (R. Bacon et al. 2023), but as
they use the F775W band and we use the F140W band to
measure completeness, these are not directly comparable.

We show a fairer comparison in the right-hand panel of
Figure 3. We compare the density of sources for which we
obtained redshift measurements with those from the MXDF
data. Both the MUDF and MXDF reach /140 hr depth in the
center of their fields. Magnitudes for both fields are obtained by
integrating the MUSE spectra through an F775W filter, and
sources with z > 3.2 are excluded from this comparison as they
are not relevant to our study. We also show a fit to the F775W
number counts from S. Koushan et al. (2021), which matches
the MUDF and MXDF results for sources brighter than 25
mag. (This is expected, as our exclusion of z > 3.2 sources will
impact the comparison at m > 25.) It is clear that the MXDF
has higher redshift completeness, visible in the figure and well
outside the expected uncertainty due to cosmic variance. In
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Figure 2. Coverage of the MUDF using MUSE and WFC3 F140W, and galaxies with confirmed redshifts. The background image is from WFC3/F140W imaging,
which has a shallow field (red outline) covering a much wider field than the grism and deep imaging (orange outline). The magenta line shows the limit of the MUSE
coverage. Galaxies with spectroscopic redshifts 0.5 < z < 3.2 are also highlighted, as this redshift range is that at which absorption can be detected in our UVES
spectra. Galaxies within 500 km s~ ' of detected absorption are shown in red; those without detected absorption are in blue. The locations of the two quasars are
indicated by yellow stars. We note that redshifts are more difficult to obtain using only the grism data, but the dispersion of the grism also allows redshifts to be
determined for galaxies outside the field of view covered by direct imaging. The MUSE observations cover a total area of 4.15 arcmin®.

total, we find ~220 sources per square arcminute in the MXDF,
and only ~100 in the MUDF.

There is a contribution due to the layout of the exposures in
the two surveys. Only ~15% of the MUDF area has MUSE
data exceeding 90 hr, whereas >60% of the MXDF area
exceeds 90 hr. Figure 3 also shows the source density for the
region in the center of the MUDF where the exposure time
exceeds 90 hr. This matches the MXDF out to a magnitude of
~26.5, but still only reaches =140 sources per square
arcminute, so does not fully explain the difference between
the two surveys.

The remaining difference in the number of detected faint
sources is most likely due to the more stringent requirements
for us to confirm redshifts. This includes our requirement for a
detection in F140W (leading to missed sources at m 2> 27), and
the need for two detected lines to ensure correct identification.

Combined, these effects allow a different level of completeness
between the MUDF and MXDF despite a very similar
maximum depth.

Figure 4 shows the magnitude and redshift of our sources
with confirmed redshifts, highlighting the region from
0.45 < z < 2.4 where we have good coverage of emission
and absorption lines. This indicates a fairly consistent faint-end
limit up to z ~2.4, suggesting that our completeness is similar
at z < 1.5 (where redshifts are based primarily on the MUSE
data) and at 1.5 <z < 2.4 (where they are based on the grism
data). We also apply a Kolmogorov—Smirnov (K-S) test to the
magnitude distributions at z < 1.5 and 1.5 < z < 2.4 for sources
fainter than 24 mag in F140W (thereby avoiding effects due to
the lack of bright sources at high redshift). This K-S test does
not find an inconsistency in the two samples, further supporting
a consistent redshift completeness up to z~ 2.4. Beyond this,
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Figure 4. Magnitude in the HST F140W imaging against redshift for sources
with confirmed redshifts. Sources shown in blue lie in the redshift range of
0.45 < z < 2.4, where we have coverage of strong absorption lines in the
quasar spectra and strong emission lines in the galaxy spectra, as shown in
Figure 1. Sources outside this redshift range, shown in red, are excluded from
most of our analysis.

our lack of emission-line coverage makes redshift measure-
ments much more difficult.

For this reason, our analysis in Section 4 excludes sources at
z > 2.4, as we have highly incomplete coverage of the
surrounding galaxies. Galaxies below z=0.45 are also
excluded by the lack of strong absorption lines covered by

the UVES data at these redshifts. These excluded sources are
highlighted in Figure 4.

In part because of this incompleteness in our galaxy redshift
measurements, only 21 of our 30 metal absorption systems
feature galaxies at the same redshift, and only six of these also
allow for galaxy metallicity measurements. This study there-
fore does not utilize the full potential of the MUDF data sets,
and the resulting lack of sample size limits the strength of our
conclusions. Observations using the James Webb Space
Telescope (JWST) will unlock this potential, allowing galaxy
metallicities across the full redshift range to be measured.

3.3. Sample Properties

Our galaxy-quasar pairs cover a wide range of impact
parameters out to 22800 kpc, similar to the sample in A. Beckett
et al. (2021); the galaxy-absorber pairs (where absorption is
found within 500 km s~ of the galaxy) have a median impact
parameter of =380 kpc. The galaxies we measure at2 <z <3
have masses similar to the z <1 galaxies in that work, with
measurements down to 10® M. Moreover, at redshifts <1.5
we can measure the properties of much lower-mass galaxies,
approaching 10° M....

We illustrate the range of magnitudes, masses, and SFRs
covered by our sample in Figure 5. A detailed discussion of the
“main-sequence” relationship between stellar mass and SFR at
low galaxy masses using this data will be presented in
M. Fossati et al. (2024, in preparation).

For the purposes of this work, we compare the mass and SFR
distributions of galaxies that lie within 500 kms ™' of detected
absorption, and those that do not. A K-S test (F. J.
Massey Jr 1951) suggests that the mass distributions of the
galaxies with absorption do not differ significantly from those
without. The SFR distributions do differ significantly (2.8¢0
using the K-S test); we find the median SFR for galaxies with
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Figure 6. The EW of absorption systems seen along the two lines of sight, against various descriptors of the galaxies within 500 kpc and 500 km s~ 'along the line of
sight. These are: Left: the number of detected galaxies; Center left: the total galaxy stellar mass of detected galaxies; Center right: the impact parameter to the nearest
galaxy in projected distance; Right: the impact parameter normalized by the galaxy virial radius, for whichever galaxy within 500 km s~ is closest by this measure.
Points are colored by ions detected in absorption. Absorbers for which no galaxies are detected within this region are shown by crosses, also colored by ions (note that
their locations do not represent detection limits on mass or impact parameter). The gray bands indicate the approximate detection limits for the two quasars. We also
note that, due to the asymmetry of the survey field, there is an additional source of incompleteness beyond impact parameters of ~250 kpc.

absorption is ~0.4 dex higher than for those without. However,
we do not detect a difference between the specific star
formation rates (sSFRs).

This does not appear to be a direct result of a redshift
difference between the samples. Although the distribution with
absorbers contains fewer, larger “peaks,” the median redshifts
of galaxies with and without absorption are similar. This
difference could be an indication that star formation is a factor
in producing the absorption around galaxies, but we investigate
this further in later sections of this paper.

We can use this MUDF data set to study the EW of
absorption as a function of the number and distance of galaxies
at similar redshifts. In Figure 6, we show the total EW of our
absorption systems against various measures of the galaxy
environment within 500 kms~'. These include the number of

10

detected galaxies within 500 kpc, the summed stellar masses of
these galaxies, and the projected distance to the nearest galaxy,
both in physical distance and when normalized by galaxy virial
radius. The EWs of absorption systems with no detected
galaxies are also shown.

We expect to find an anticorrelation between EW and impact
parameter alongside a correlation between EW and number/
mass of nearby galaxies, as seen in several previous studies
(e.g., N. M. Nielsen et al. 2018; R. Dutta et al. 2021;
Y.-H. Huang et al. 2021; B. F. Lundgren et al. 2021). We test
these correlations using a Pearson r test for each of these three
ions. We find that only the correlation between Fe Il absorption
and the number of nearby galaxies is significant at the 2o level.
No correlations are significant if we instead use a Spearman
rank test.
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Figure 7. The number of galaxies in our sample within 500 km s~ 'of detected absorption, as a function of velocity offset and compared with randomly placed
absorbers. Left: galaxy-absorber velocity offset against impact parameter for pairs in our sample. Colors indicate the ions detected. Uncertainties shown reflect the
spread of absorption components and the galaxy redshift uncertainties. We also show the velocity at which gas becomes unbound from a typical galaxy of stellar mass
10%° M., at z ~1.0 (without transverse velocities and line-of-sight distances, this is only indicative). Right: the number of galaxies found within 500 km s~ ' of
absorption when absorber redshifts are randomized as described in Section 3.3. The histogram in the upper panel shows the distribution for 5000 sets of absorbers with
randomized redshifts, while the red line shows the number of galaxies found with absorption in the real MUDF data. The lower panel is similar, but only considers

galaxy-absorber pairs with impact parameters smaller than 200 kpc.

Correlations in Mg 1I are expected to be weaker, as they are
likely driven by the physical column density. Many of these
absorption systems have velocity widths ~50-100 kms ™" At
this width, the absorption lines begin to saturate at ~1-2 A,
affecting our stronger absorbers such that EW reflects the gas
kinematics rather than the column density.

We note that most studies do not find absorption with these
large EWs at impact parameters >100 kpc. This may be a result
of completeness effects. As mentioned in Section 2.3, we
cannot accurately determine redshifts for most quiescent
galaxies, nor do we include the less-confident redshifts from
those exhibiting only a single emission line. Our absorbers
could therefore be assigned a large impact parameter because
we are unable to measure a redshift for a closer galaxy. This is
unlikely near the center of our field, as the depth of our MUSE
data suggests that our sample is likely more complete than most
previous work. However, we could be affected by incomplete-
ness due to the edge of the field of view and the shallower
spectroscopic data near the field edge.

R. Dutta et al. (2020) also find a small number of absorbers
with large EW (=1 A) and large impact parameter (>200 kpc)
in galaxy groups. With our small sample size, only one or two
absorbers with elevated EW due to the presence of a group
could mask any anticorrelation. Galaxy misassociation (i.e., if
the absorbing gas is due primarily to one galaxy, it may not be
the one selected), due to either incompleteness or the existence
of a galaxy group, would likely weaken any of the expected
correlations, so we cannot detect them in our sample of
absorbers. Our CIV absorbers lie at higher redshifts where
fewer emission lines are visible, so there are fewer detected
galaxies and no correlation can be found.

The velocity offset between galaxies and absorbers in these
galaxy-absorber pairs is also of interest, as it can illustrate
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whether absorbers are likely bound to the galaxy halo. We
show this distribution in Figure 7, alongside an indication of
which absorbers are likely to be unbound from the galaxy. Due
to the lack of transverse velocity measurements and line-of-
sight radii, both distances and velocities are likely to be larger
than shown, and hence less likely to be bound.

The relative lack of absorbers at small impact parameters and
small velocity offsets from galaxies raises the question of
whether these absorbers are physically associated with the
nearby galaxies, or just random placement of absorbers near
galaxies. We confirm this by measuring the expected number of
galaxies around our absorbers if the absorbers were randomly
placed. We perturb the redshifts of our absorbers randomly by
up to dz=0.3 in either direction, while ensuring that they
remain within the 045 < z < 2.39 region where we have
wavelength coverage of Mgll/Fell absorption and galaxy
redshifts from multiple emission lines. We then count the
number of galaxies that would be associated with absorbers at
these randomized redshifts. The right-hand panels of Figure 7
show the distribution of the number of galaxy-absorber pairs in
each of the 5000 sets of randomized absorbers. The real MUDF
features more galaxy-absorber pairs than any of the randomized
sets, indicating that a large fraction of the pairs in our sample
are indeed physically associated. Based on these results, we
expect ~75% of the galaxy-absorber pairs to be real
associations, as these are not found in the randomized pairs.
Requiring impact parameters <200 kpc increases the likely
fraction of real associations to ~90%, but also greatly reduces
the sample size.

Given the fairly conservative velocity cut and the large
impact parameters in our sample, it is unsurprising that many of
our galaxy-absorber pairs are likely unbound. This does not
necessarily mean that the absorber and galaxy are physically
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unrelated, as outflows from low-mass galaxies must reach large
distances in order to enrich the IGM (e.g., C. M. Booth et al.
2012). Some outflows are expected to reach several hundred
kilometers per second in the CGM across our redshift range (as
suggested by observations and simulations, e.g., D. Nelson
et al. 2019; I. Schroetter et al. 2019; P. D. Mitchell et al. 2020),
although may slow at larger impact parameters.

Additionally, our absorption systems are made up of many
components at slightly different velocities, often covering a
range of 100 km s~ 'or larger. In these cases, it is possible that
only some components are bound and/or associated with a
particular galaxy. In order to allow for these additional
velocities and to ensure we do not remove outflows from our
sample, we do not exclude galaxy-absorber pairs based on the
likelihood that they are unbound (other than our initial cut at
500kms ™).

4. Tests of PA Bimodality
4.1. Methods

In this section, we consider the azimuthal angle distribution
of galaxy-absorber pairs in the MUDF data to determine
whether this distribution also exhibits the bimodality seen in
HT in the Q0107 system (A. Beckett et al. 2021), and in other
Mg 11 studies (e.g., G. G. Kacprzak et al. 2012; N. Bouché et al.
2012; I. Schroetter et al. 2019). This uses the Hartigan dip test
(J. A. Hartigan & P. M. Hartigan 1985), which measures the
maximum difference between the empirical distribution and the
unimodal distribution that minimizes said difference. In this
case, the deficit of absorption at intermediate angles is used to
determine whether there is a significant excess of absorption
along the projected major and minor axes of galaxies.

This is preferred over other common tests of multimodality
(e.g., bandwidth tests, B. W. Silverman 1981), as these may be
distorted by the large difference in azimuthal angle between the
expected modes, or by the bounds of the distribution at 0° and
90°. Other difference tests (e.g., K-S, F. J. Massey Jr 1951)
could be affected by a single mode if calculated against a
uniform distribution, so they may not directly test for the
bimodality expected due to gas recycling.

As discussed in Section 3.1, our sample of galaxy-absorber
pairs is selected by combining galaxies for which spectroscopic
redshifts have been measured (as described in M. Revalski
et al. 2023) with any detected absorbers within 500 kms™' in
either of the observed quasar lines of sight. This inclusion of all
galaxies around each absorber means that we do not need to
determine the “true” associated galaxy, but means that each
absorber is paired with an average of four galaxies. This adds
noise resulting from “false” associations to the azimuthal angle
distribution. This noise should be uniform but may “wash out”
some of the bimodal “signal.”

In order to ensure a consistent test across redshifts, we only
consider the Mg II and FeII absorption. As these have similar
ionization potentials, they are expected to probe similar gas
phases with temperatures ~10* K, whereas CIV generally
probes warmer material nearer to 10°K (e.g., O. Gnat &
A. Sternberg 2007). The number of absorbers at that location is
the number of components found in that sightline for the ion
with the most components. For this test, we only consider
galaxies with inclinations greater than 20°, as accurate PA
measurements could not be obtained for galaxies with very low
inclinations (see the Appendix).
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We compare with the results from A. Beckett et al. (2021)
covering the Q0107 field. As with the MUDF, the quasars were
selected due to the presence of multiple lines of sight, so the
foreground absorption is not biased. The galaxy surveys also
both cover a wide field, allowing us to access impact
parameters larger than a single MUSE pointing. Unlike
A. Beckett et al. (2021), our absorber sample does not feature
H1 absorbers, but rather absorbers from metal transitions
generally probing cool gas.

Azimuthal angles are measured between the projected major
axis and the line from the galaxy center to each quasar. These
are collapsed to the interval from 0° to 90°, with 0° showing
absorption along the major axis, and absorbers at 90° along the
minor axis (i.e., the direction of the azimuthal angle does not
matter). We note that the distribution of azimuthal angles for all
galaxies is close to uniform, so any structure shown in the
distribution of galaxy-absorber pairs is due to the presence of
detected absorption, not the underlying distribution of galaxy
orientations.

In order to account for the effect of changing sample size on
the results of the Hartigan dip test, as well as provide an estimate
of the uncertainties on the p-values returned by the test, we use a
resampling procedure. For each sample of galaxy-absorber pairs,
we draw an ensemble of bootstrapped samples from the PA
distribution of sizes between 20 and 800 detections. The median
and percentiles can then be used to track how the test results and
their robustness change with sample size. We find that ensembles
of 50 bootstrapped samples produce medians and 1o uncertain-
ties that are consistent enough for this test. The same procedure
is used to estimate the uncertainties on our results by producing
bootstrapped samples with the same number of detections as the
observed sample. We can therefore discuss any detection of a
significant bimodality at the 20 level (p <0.05), as well as the
robustness of any such bimodalities found.

4.2. MUDF Results

We show the impact parameters and azimuthal angles of
galaxy-absorber pairs with velocity separation <500 kms™' in
Figure 8 (bold points), as well as galaxy-sightline pairs for
which we do not detect absorption (faint crosses). This shows
that only a small fraction of galaxy-sightline pairs feature
absorption (=<15%). The detections are projected into histo-
grams to show the azimuthal angle and impact parameter
distributions. A bimodal distribution in azimuthal angle is not
immediately apparent, and indeed a dip test produces a result of
p ~ 0.2, a nondetection at the 20 level. This differs from the
Q0107 sample of galaxy-absorber pairs described in A. Beckett
et al. (2021; which covers a similar range of impact parameters
out to >500 kpc), as well as other studies with smaller samples
(e.g., N. Bouché et al. 2012; I. Schroetter et al. 2019), for which
the bimodality is clear and significant within the innermost
100 kpc.

We note that the histogram of the impact parameters shows
that both the innermost bin and another at ~500 kpc show a far
larger number of detected galaxy-absorber pairs than other
bins. Both bins include galaxy-absorber pairs at a range of
redshifts between z=0.5 and z = 1.5 (they are not dominated
by a single galaxy group or absorption system). It therefore
appears that the excess in the innermost bin is due to more
absorption found near galaxies. The 500 kpc bin represents a
larger area on the sky than those at smaller radii, and there is a
contribution from the group at z=0.88, where multiple
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Figure 8. Azimuthal angle against impact parameter for galaxy-sightline pairs

in the MUDF sample. Where absorption is detected within 500 kms™', we

show solid points colored by redshift, with nondetections shown as faint
crosses. Only the detections are projected into histograms, also colored by
redshift. Note that multiple absorption components are often found for the same
galaxy and sightline, leading to one point on the scatter plot corresponding to
multiple detections in the histograms.

absorption components in both quasars separated by 500 kpc
are paired with multiple nearby galaxies. The shape of the field
also reduces the number of galaxies at impact parameters
2300 kpc.

The impact parameters and azimuthal angles for galaxy-
absorber pairs within 400 kpc are then binned in Figure 9, and
normalized by bin area to account for physically larger bins at
larger impact parameters. This normalization highlights that the
number of detections is much higher in the innermost 100 kpc,
but we do not see excess absorption along the major and minor
axes. However, we do see a small excess of absorption along
the major and minor axes at impact parameters of 100-200 kpc.

In Figure 10, we separate the sample as a function of galaxy
and absorber properties, show how the dip test results are
affected by sample size, and compare our results with those
from the low-redshift study of the Q0107 field (A. Beckett et al.
2021). The results from the full sample of galaxy-absorber pairs
are given in the top-left panel. The results shown in this figure
are also provided in Table 3.

For the full samples, the Q0107 H1 results are mostly below
the p = 0.05 line, indicating stronger than 20 significance. The
MUDF metal-line results, however, remain above this thresh-
old, indicating that we do not confidently detect a bimodality in
the azimuthal angle distribution.

The sample sizes for the full MUDF sample and the Mg I
sample are both substantially larger than the full Q0107
sample, and reproduce the results described above when
bootstrapped to the size of the Q0107 sample. Therefore, the
lack of bimodality does not appear to be due to any direct effect
of the sample size. As discussed in Section 2 and the Appendix,
uncertainties or systematic errors in our PA measurements are
also unlikely to have a significant effect.

Given the multitude of differences between the galaxy and
absorber samples in this work and those used in A. Beckett
et al. (2021, hereafter B21), there are numerous other possible
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Figure 9. Azimuthal angle against impact parameter for galaxy-absorber pairs
in the MUDF sample, split into 30° by 100 kpc bins. These are normalized by
area to account for the physically larger bins at larger impact parameters, but
not normalized to account for the partial coverage at p = 300 kpc due to the
non-circularity of the survey field.

reasons for the difference between the MUDF and Q0107
results. Possible explanations include evolution in redshift,
different metal ions visible in absorption, different galaxy
detection limits, and different survey geometry (and hence
different impact parameter distribution). In the following
sections we investigate such factors and attempt to determine
whether a cause of the different results between this work and
B21 can be found. As with the Q0107 sample, we split the
MUDF sample into a series of complementary subsamples,
with the results shown in the remaining panels of Figure 10.

4.3. Investigating MUDF Subsamples

We see no bimodality in the distribution when split by
impact parameter (upper-middle panel of Figure 10). Although
we show a split at 200 kpc, no threshold value produces a
significant result in either sample. However, when we normal-
ize the impact parameters by the galaxy virial radius, we do see
a bimodality at the 20 level in galaxy-absorber pairs closer than
2 ryir (upper-right panel). This highlights the importance of
accounting for different virial radii when comparing the CGM
of different galaxies.

We also split the sample by stellar mass (middle-left panel),
SFR (central panel), and sSFR (middle right). Only the high-
sSFR sample produces a 20 bimodality, although the low-mass
and high-SFR samples produce a more plausible bimodality
than their counterparts. This is consistent with the bimodality
being driven by stellar feedback, producing outflows that can
extend to larger distances in shallower gravitational potentials.

We note that for mass, SFR, and sSFR, we test the sample
split using a fixed threshold, and also fitting a fourth-order
polynomial to mass/SFR/sSFR as a function of redshift, using
this to split the sample while accounting for redshift evolution
in galaxy masses and SFRs. Stronger results are found when
using a fixed stellar-mass threshold (10°° M, is shown), but
when using the redshift-dependent fit to select high-SFR and
high-sSFR galaxies.
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Figure 10. The p-values returned from a Hartigan dip test applied to both the MUDF and the Q0107 data (A. Beckett et al. 2021), as a function of the number of
galaxy-absorber pairs detected in the sample. The MUDF data are shown by the red and blue points, with uncertainties estimated using our resampling procedure. The
regions between the 16th and 84th percentiles calculated using this resampling are shaded. Cyan and magenta points shown are the results given in Section 4 of
A. Beckett et al. (2021), with solid points showing the actual data, and unfilled points showing resampling to match sample sizes. These are also resampled across a
range of sample sizes, with the median results shown by the solid cyan and magenta lines. Points below the dashed black line indicate detection of a bimodal
distribution at >20¢ significance. The details of how each sample is divided are given in the text.

The splits shown in the lower panels of Figure 10 do not reveal
any bimodality, and hence no evidence for the proposed disk and
outflow structures. We do not find any split by galaxy
environment that produces a bimodal distribution, although we
note that our deep spectroscopy means that we have very few
isolated galaxies in our sample. In the lower-left panel, we split
the sample by defining isolated galaxies as those that are the only
galaxies within 500 kms " of the absorber redshift and 500 kpc

14

of the sightline, but the results are similar for any linking length
used to define a group, and whether pairs are included as “group”
galaxies or “isolated” galaxies, or excluded from the sample
entirely. We also see no significant bimodality in the azimuthal
angle distribution when considering galaxy redshift (lower-middle
panel) or inclination (lower right).

We also check whether these results change when we use a
stronger cut in inclination to remove galaxies that are close to
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Table 3

Results from Applying the Hartigan Dip Test to Samples from the MUDF
Sample Gal-Abs Pairs p-value
Full 595 0.232
p < 200 kpe 186 0.157
p > 200 kpc 409 0.141
p <2 Fyr 173 0.048
p > 2 ryr 381 0.127
M, < 10°° M, 390 0.081
My > 107 M, 164 0.200
Low SFR 200 0.382
High SFR 354 0.132
Low sSFR 311 0.707
High sSFR 243 0.033
Isolated (350 kpc/350 km s~ ') 82 0.858
Group 513 0.241
z< 1.8 473 0.923
z> 138 122 0.166
20 < i < 45 (face-on) 252 0.708
i > 45 (edge-on) 343 0.203

Note. Results from applying a Hartigan dip test to various samples drawn from
the MUDF catalogs, as shown in Figure 10. Columns list a descriptor of the
sample, the number of detected galaxy-absorber pairs in that sample, and the p-
value resulting from the dip test. Samples with an azimuthal angle bimodality
that is significant at the 20 level are bolded.

face-on (i < 40°). We find that the reduction in sample size
slightly reduces the significance of the bimodalities found in
our subsamples, with the bimodality in the low-impact-
parameter sample no longer reaching a 2o significance.

Both of the subsamples showing a bimodality in their
azimuthal angles are only a little over 20 significance. These
are not robust under our resampling procedure, and adjusting
the threshold values used to split the samples can remove the
bimodality. We illustrate the results from the mass and sSFR
splits in Figure 11. Only the high-sSFR sample reaches 2o
significance overall, but all four subsamples show a small
excess of absorption near the major and minor axes in the
100-200 kpc bin.

This also shows that a contribution to the bimodality comes
from the major axis bin at 300-400 kpc. This bin contains ~40
galaxy-absorber pairs, compared with five to 10 in most
surrounding bins in Figure 11. However, these originate from a
range of redshifts and the galaxies are not heavily concentrated
in one part of the field, so there is no intrinsic alignment
between the galaxies contributing to the galaxy-absorber pairs
in this bin and no clear reason to dismiss this contribution to the
overall azimuthal angle distributions of these samples.

4.4. Comparison with Q0107 Results

A. Beckett et al. (2021) applied similar splits to their low-
redshift HI galaxy-absorber pairs, allowing for a comparison
between low-z HI and metal absorption extending to higher
redshifts. The impact parameters of their galaxy-quasar pairs
are comparable to our sample, although their HI sensitivity
allows them to detect more absorption at large impact
parameters.
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Their results, when split by impact parameter, also generally
fail to produce a significant bimodality, although some
threshold values do allow a ~2¢ result. As with the MUDF,
the Q0107 results do not show a bimodal distribution when
split by inclination or SFR. They also obtain a similar result
from splitting their sample by stellar mass as we do at higher
redshifts, although the bimodality in their low-mass sample is
slightly stronger than 20 where ours is slightly weaker.

However, there are several larger differences between their
results and ours. They do find a difference in absorption
between group and non-group galaxies, with non-group
galaxies more likely to show a bimodal azimuthal angle
distribution. Our result from the high-sSFR sample is not
reproduced in their work. Finally, the bimodality they detect in
their full sample appears to be mainly driven by the lower-
redshift galaxy-absorber pairs in their sample, whereas we do
not find a significant bimodality when splitting by redshift. We
discuss how we can interpret these results in Section 6.

4.5. Effects of Spectral Resolution

The spectra of the quasars in the background of the MUDF,
taken using UVES, have a much higher resolution
(~7.5kms"") than the Cosmic Origins Spectrograph (COS;
~20kms~") and Faint Object Spectrograph (~100kms ")
spectra of the Q0107 triplet used in A. Beckett et al. (2021),
thus allowing us to resolve a larger number of components at
each redshift with absorption.

In order to ensure that this does not substantially affect our
results, we repeat the fitting procedure described in Section 2.2
on a smoothed version of the quasar spectra. This is smoothed
using a Gaussian kernel in order to match the width of the COS
line-spread function, with random noise added to match the
signal-to-noise ratio (SNR) per resolution element of the
spectra of the Q0107 A and B quasars (which have very
similar SNR).

We refit only the Mg II features. In most cases, this is the ion
with the largest number of components in any absorption
system, so the effects of this change on the results are
accurately measured.

We find that the large majority (=~90%) of components are
still recovered using the lower-resolution spectra, losing seven
of 70 Mgl absorbers through blending. These absorbers
contribute a total of ~55 galaxy-absorber pairs, approximately
10% of the sample.

This small reduction in sample size therefore has only a
small effect on the results, with the high-sSFR and low-impact
parameter samples again the only samples of those shown in
Figure 10 that produce a bimodality at the 20 level, and the low
stellar mass sample approaching that threshold.

This test suggests that the differing resolution (and signal to
noise) between the quasar spectra used for the high-z MUDF
measurements and the low-z Q0107 data is not the main reason
for the different results obtained from their azimuthal angle
distributions.

4.6. Summary of Azimuthal Angle Results

To summarize, the full MUDF sample does not show a
significant bimodality, but we do see a result at close to the 20
level in galaxy-absorber pairs with high galaxy sSFR and those
with small impact parameters relative to the galaxy virial
radius. The low stellar mass and high-SFR samples also
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Figure 11. Azimuthal angle and impact parameter of galaxy-absorber pairs for galaxies for four of the subsamples shown in Figure 10, namely, high mass, low mass,
high sSFR, and low sSFR. Only the high-sSFR sample exhibits an overall bimodality. These are binned and normalized by projected area as in Figure 9. Note that the
colors in each panel are scaled separately to highlight the innermost bins, so they cannot be used to compare detection numbers between the panels.

approach the 20 threshold. We note that these are not generally
robust under our bootstrapping procedure or under changes to
the thresholds used to divide the samples. If we consider only
galaxy-absorber pairs with velocity differences <300kms ',
the sample size is smaller, but the overall results remain similar,
with the same subsamples producing a significant, although
usually less robust, result.

For many of these subsamples, we also try removing the
galaxy group (at z~ 1.05), as we would not expect to see a
clear bimodality in a large group and the large number of
galaxies means that this contributes a larger fraction of the
galaxy-absorber pairs in our sample than any other single
system (/150 pairs). Removing this group does not allow any
additional samples to exhibit a bimodality.

We can therefore report a tentative bimodality around
strongly-star-forming galaxies and at impact parameters smaller
than 2 r;,, but given the small number of galaxy-absorber pairs
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at low-impact parameters, we are unable to obtain significant
results from any further splitting of the sample.

5. Relations between Absorber Properties and Galaxy
Metallicity

We also discuss the association between galaxy metallicity
and properties of nearby gas seen in absorption. The galaxy
metallicities are discussed in detail in M. Revalski et al. (2024);
here, we utilize their results for comparison with the metal
absorption lines.

In order to compare across the wide range of redshifts, stellar
masses, and SFRs covered by the MUDF data, we consider the
difference between the galaxy metallicity and that expected for
a galaxy with the same stellar mass and SFR lying on the FMR,
as parameterized by M. Curti et al. (2020). We adopt the
changing FMR low-mass slope (denoted <) described in
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Figure 12. Absorber EW against galaxy metallicity offset from the FMR for
galaxy-absorber pairs within 500 km s~'. Multiple points along the same

vertical lines indicate multiple galaxies with different metallicities close to a
single absorber (the redshift of the absorber is labeled). The black point in the
top left indicates typical uncertainties on the metallicity measurement; the
uncertainty in EW is generally too small to be visible.

M. Revalski et al. (2024) to account for the low SFRs of many
of our galaxies.

We note that, as discussed in Section 3.1, galaxy
metallicities are only available for a small range of redshifts
that only partially overlap with the redshifts at which
absorption is visible. Only two absorption systems are found
within 400 kpc of at least one galaxy with measured metallicity,
both of these representing galaxy groups (z=10.679 and
z7=2.253). All the results discussed here are therefore based
on a very small sample size.

We illustrate the sample in Figure 12, which shows the
absorber EW and galaxy metallicity offset from the FMR (AZ)
of galaxy-absorber pairs separated by <500kms~'. This
illustrates that such 3pairs only exist for a small number of
absorption systems'’. No relationship is found between
absorber EW (or any other measured property) and galaxy
metallicity.

Figure 12 appears to show the majority of galaxies with
absorption have higher metallicities than expected using the
FMR. In order to test whether this is representative of the full
sample of galaxies with metallicity measurements, we compare
the distribution of these galaxies with metallicity measurements
and nearby absorption and those without absorption. Figure 13
shows these results. A K-S test suggests there is no significant
difference between the metallicity distributions of galaxies with
and without detected absorption (relative to the FMR). Instead,
there is a consistent offset of ~0.1 dex. This is well within the
margin of error, and may be due to systematic differences
between the mass and SFR estimates we obtain through our
SED fitting, and those measured by M. Curti et al. (2020).

We also consider the galaxies that have measured metalli-
cities as well as nearby absorption. Figure 14 shows the
metallicities of galaxies around the two redshifts, which feature
galaxies with metallicity measurements within 400 kpc of

13 Other ions are found in absorption at these redshifts but are not shown for
clarity.
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Figure 13. The distribution of galaxy metallicities with respect to the FMR at
the mass/SFR of the galaxy. The blue histogram indicates all galaxies for
which absorption could be detected (i.e., the redshift allows for Mg 11, Fe 11, or
C1V to be seen in the UVES spectra), while the orange indicates galaxies for
which absorption is detected.

absorption. These are given as a function of impact parameter
to the absorber. The upper panels show the metallicity and
impact parameter, while the lower panels show the metallicity
offset from the FMR and the impact parameter normalized by
the galaxy virial radius.

The higher metallicities seen in the low-redshift group are
expected due to evolution in the MZR. While most of the
galaxies in the lower-redshift group are scattered around the
FMR, those in the high-redshift group lie 0.2 dex or more
above the FMR. The low-z group also shows a slight
correlation between metallicity and impact parameter, but the
metallicity differences are not much larger than the uncertain-
ties on these measurements. However, the low-redshift
absorber lies at a very small impact parameter to a highly
star-forming galaxy found =0.5 dex above the FMR, shown by
the highest point in the lower-left panel of Figure 14.

Mg I is visible at both redshifts. The EW of the absorber at
z=0.679 is comparable to other absorbers in the line of sight
(=0.9 A), while that at z=2.253 has a higher EW than any
other Mg II absorber (=2 A).

The on-sky projection of these two groups is shown in
Figure 15. In both cases, a large fraction of galaxies do not
have metallicity measurements, making it difficult to detect any
clear structure in the metallicities that are measured.

6. Discussion

Using a sample of galaxies and absorbers along two closely
spaced lines of sight, we have investigated whether the
azimuthal angle distribution of absorption around galaxies or
any correlation between absorber properties and galaxy metalli-
city provides evidence for gas recycling at higher redshifts. This
could manifest as a bimodality in the azimuthal angle distribution,
indicating separate outflowing and infalling structures similar to
those seen around local galaxies (most famously MS82, e.g.,
J. Bland & B. Tully 1988; A. Sorgho et al. 2019), or as a
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Figure 14. The metallicity (upper panels) and metallicity offset from the FMR (lower panels) of galaxies around the two absorption systems for which these
measurements are available (within 500 km s~ '), as a function of impact parameter and p/ry;. Gray circles mark galaxies without a metallicity measurement, which
are placed at the median value in the upper panels and at zero in the lower panels by default. Galaxies with measured metallicity are colored by the stellar mass in the
upper panels, and the SFR in the lower panels, and sized to indicate stellar mass. The gray shaded regions in the upper panels show the impact parameters beyond
which our coverage is incomplete due to the nonsymmetry of our MUSE coverage.

difference in metallicity for galaxies with associated absorption,
which could indicate the expulsion or accretion of metal-rich gas
from/into the CGM. Although we do not detect this bimodality in
the full MUDF sample at a significant level, it is seen in a
subsample at small impact parameters (<2 r,;,) and around
galaxies with high sSFR. This detection of a bimodal distribution
is not found to be robust. We do not find a significant difference
in metallicity with respect to the FMR between galaxies with and
without absorption detected nearby. Here, we discuss the
implications of these results and their context in the existing
literature.

6.1. Azimuthal Angle Distribution

At low redshifts (z < 1.5), there are many studies using metal
absorption, often MgIl, that find a bimodal distribution in
azimuthal angle (e.g., N. Bouché et al. 2012; G. G. Kacprzak
et al. 2012; I. Schroetter et al. 2019). However, most of their
absorbers lie at small impact parameters (usually <100 kpc).
Creating a sufficiently deep spectroscopic survey that extends
to larger radii is observationally expensive, and therefore much
more rare. Using three quasar lines of sight to improve the
efficiency, the survey of Q0107 does extend to much larger
scales, and was able to show that at z < 1, this bimodality is
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evident in H I and extends to ~300 kpc (A. Beckett et al. 2021).
As shown in Figure 8, our sample also includes galaxy-
absorber pairs at impact parameters large enough to detect a
bimodality extending out to ~300 kpc, although most of our
detections are at smaller impact parameters.

It is also important to note that several studies have found no
such result, so these structures are clearly not ubiquitous (e.g.,
R. Dutta et al. 2020; Y.-H. Huang et al. 2021), and their
detection is likely to depend on the sample selection. For
example, the MEGAFLOW survey is targeted toward strong
Mg 1l absorption, and therefore small impact parameters in
most cases. This leads to less confusion in determining the
“host” galaxy of each absorber, and hence less “noise” in the
azimuthal angle distribution, making it easier to detect such a
bimodality. The sample splits we apply sometimes reveal a
bimodality by removing some of this noise.

For unsaturated absorbers, T.-W. Lan & M. Fukugita (2017)
provide an estimate of HI column density as a function of Mg IT
(2796 A) EW. This suggests most of our MgII absorbers,
which have EWs larger than the point where they begin to
saturate (near EWs of ~1 A), are associated with column
densities of HT at least 10'° cm 2. This is far larger than the
column densities included in even the high column density
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redshift completeness is substantially lower.

subsample of the Q0107 data, which used a threshold of
10" cm™2.

These strong absorbers are often found within tens of
kiloparsecs of a galaxy (e.g., S. M. Rao et al. 2011;
N. M. Nielsen et al. 2018; R. Dutta et al. 2020). This implies
that many of our galaxy-absorber pairs at larger impact
parameters may not be physically connected, consistent with
our observed impact parameter distribution. Such a different
population of absorbers would go some way to explaining the
differences between the Q0107 and MUDF results described in
Section 4.

Unfortunately, our sample is not large enough to split the
“low-impact parameter” samples (upper-middle and upper-
right panels of Figure 10) further, nor can we use lower impact
parameter thresholds to limit our sample to the galaxy-absorber
pairs most likely to be physically associated. These changes
would quickly reduce the sample size to 100 pairs or less,
which our resampling shows is too small for a reliable dip-test
result.

When the impact parameters are normalized by the galaxy
virial radius, a 20 result is found, but splitting the sample at a
constant threshold value does not reveal a significant result.
This might suggest that the distances to which cool gas can be
observed scale with the galaxy mass, as found in groups by
M. Cherrey et al. (2024). Simulations also suggest that the size
and number of cool clouds in outflows, as well as the radius at
which accreting gas becomes rotationally supported, are
expected to evolve with galaxy stellar mass (among other
dependencies, D. B. Fielding & G. L. Bryan 2022; M. Gronke
et al. 2022; J. Stern et al. 2024), but detecting such evolution
would require a much larger sample than is available for
this work.

Aside from the impact parameter, we would likely expect the
strongest difference to appear in the sample when split by star
formation, as stellar feedback is expected to drive most
observed outflows around low-mass galaxies. We observe this
link between gas distribution and SFR, as shown in Figure 10,
although it is only significant when considering specific SFR.
This could be hidden in the A. Beckett et al. (2021) results,
which consist of lower column density absorbers that are likely
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to have larger impact parameters. Therefore, the time taken for
the observed outflow to reach these distances from the galaxy
allows the star formation that drove the outflow to differ from
the SFR observed in the galaxy (the travel time for a
200 kms ' outflow to reach a 300 kpc distance is ~1.5 Gyr).

Any bimodality in the distribution of absorption around low-
mass galaxies is very tentative, but our results are consistent
with A. Beckett et al. (2021). The metal content of the 7~ 3
IGM is found to require enrichment from low-mass galaxies
due (in part) to their higher abundance (e.g., C. M. Booth et al.
2012), which would lead us to expect a bimodal distribution
around low stellar mass galaxies.

The results obtained when splitting the sample by inclination
are not significant, but match the Q0107 results well. However,
there is a notable difference in redshift, with the Q0107 data
showing a strong bimodality at z < 0.5, whereas any redshift
evolution in the MUDF suggests a stronger result at higher
redshifts (z > 1.2). The trend in our MUDF data may be due to
galaxy selection, where galaxies without emission lines cannot
easily be detected at high redshifts, leaving a more highly SFR-
biased sample.

A comparison of galaxy-H I absorber pairs at high and low
redshifts using the Q0107 and MUDF data sets will require
further observations to identify galaxies at z > 2, and hence
eliminate some possible observational effects that could be
masking any redshift evolution in the CGM.

6.2. Metallicity Dependence on Absorption

No firm conclusion has yet been reached as to whether
absorber metallicity varies as a function of azimuthal angle or
galaxy metallicity. Some studies using data, including HI and
metal absorption around isolated galaxies at low redshifts
(z <1), have not shown strong evidence of these relationships
(G. G. Kacprzak et al. 2019; S. K. Pointon et al. 2019; S. Weng
et al. 2023), but M. Wendt et al. (2021) do show evidence for
more metal-enriched gas closer to the galaxy minor axis. Our
lack of HI coverage (at the same redshifts where we can
measure galaxy metallicities) means that we cannot currently
measure CGM metallicities and compare our results with these
studies; we would require a larger sample of galaxies at z 2.5
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in order to construct a comparable sample and search for
redshift evolution in the metallicity of the CGM. Although Zn,
Si, and S lines can be used to estimate dust depletion, a useful
proxy for metallicity (e.g., A. De Cia et al. 2018), these lines
are only detected for a small fraction of our absorbers. We can
therefore only compare absorber EW and galaxy metallicity.

Our measurements of absorber properties and comparison
with galaxy metallicity failed to reveal any correlation between
absorber EW and galaxy metallicity, or any difference in the
metallicities of galaxies with and without absorption. This is at
least in part due to the small sample size, as the redshift ranges
for which absorption is detected and those in which we can
measure the emission lines required to calculate a metallicity
only partially overlap. The metallicity measurements also
require strong line detections to accurately measure flux, so
they can only be done on a fraction of the galaxies, even in
these redshift ranges.

The FMR, against which we compare, includes a depend-
ence on SFR, and therefore encodes a reduction in metallicity
from the accretion of pristine gas and the expulsion of metal-
enriched gas due to stellar (and AGN) feedback (e.g
M. J. Greener et al. 2022; N. Yang et al. 2024). Our
comparison of absorber properties and galaxy metallicity offset
from the FMR is therefore not testing for the presence of
feedback and recycling, but for whether the detection of
absorption indicates higher-than-expected levels of recycling.

As discussed above, we find only two absorbers within
400 kpc of galaxies with metallicity measurements. However,
the closest galaxy at z=2.25 has no metallicity measurement
(as shown in Figures 14 and 15) due to a lack of clear emission
lines. Only the two closest galaxies at z=0.679 are probed
within their virial radius and have measured metallicities. This
is far too small a sample to make any strong conclusions,
although it is interesting that one of these galaxies has a far
higher metallicity than expected from the FMR.

In M. Revalski et al. (2024), a tentative enhancement in
metallicity among group galaxies is found (=0.1 dex at z <1
and 0.2 dex at z 2 1), although it is not significant and the high-
z result is driven in large part by the group at z =2.25, which
we show in Figure 14. All four group galaxies at z = 2.25 have
higher metallicity than predicted by the FMR. However, the
absorption, if it can be traced to a single galaxy, is most likely
associated with the high-mass galaxy closest to the line of
sight, for which we do not have a metallicity measurement.

7. Summary and Conclusions

In this work we have utilized the MUDF, one of the deepest
IFU surveys observed to date of a field including two bright
quasars, to investigate the connection between metal absorption
lines in the background quasar spectra and the number and
properties of associated galaxies. Our findings are as follows:

1. A positive correlation (2.50) between absorber EW and
number of nearby galaxies is found for Fe I absorption
systems in these sightlines. We do not find the expected
anticorrelation with impact parameter, but are limited to a
small sample of Fell absorbers due to saturation in the
Mg 11 sample.

2. We do not detect a bimodality in the azimuthal angle
distribution of galaxy-absorber pairs, in contrast with the
lower-redshift data from A. Beckett et al. (2021). When
we restrict the sample to those with impact parameters < 2
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Ivirn We do then find a bimodality at the 20 level of
significance. This would suggest metal absorption at
0.5 < z < 3 does trace disk and outflowing structures, but
to smaller scales than H1 absorption at lower redshifts.

3. A bimodality is found (at ~2c0 significance) in the
azimuthal angles of absorbers around our galaxy samples
with higher-than-average sSFR. The samples with a
stellar masses less than 10°°> M, and with higher-than-
average SFR also show some apparent bimodality, but do
not reach the 20 level of significance. These indicate that,
where these disk and outflow structures exist, they are
likely linked to star formation in galaxies, with larger
extents possible in shallower gravitational potentials.

4. We find no evidence of any correlation between galaxy
metallicity (as offset from the FMR) and absorber EW.
This consistency with the FMR would suggest that the
mechanisms leading to observed absorption are already
encoded into our parameterization of the FMR.

5. Only two galaxies with metallicity measurements have
detected absorption within 500 kms ™' along the line of
sight and within their virial radius. One of these has a
high metallicity (0.3 dex above the FMR) and high SFR
(above the main sequence), indicating that this absorption
system could be related to processes not encoded in
the FMR.

The results we have obtained in this work are necessarily
tentative because of the limited sample size. This is partly due
to the misalignment between the redshift ranges in which
galaxy and absorber properties can be measured using this data
set (see Figure 1). For example, above z = 2.4, the only strong
emission line we can detect is [O II], but this is generally hard
to distinguish from Lya in the low-resolution HST grism
spectra, so we do not have a confident redshift for most
galaxies in this range. Unfortunately, this is also the only
redshift range for which we have coverage of HI absorption,
which would enable us to measure absorber metallicities.

JWST observations of this field, in particular the extremely
large wavelength range covered by the NIRSpec prism, would
allow galaxy redshifts and metallicities to be measured across
this range and allow us to fully exploit this unique data set. We
would increase the number of galaxy-absorber pairs with
galaxy metallicities by a factor of ~4. This would allow direct
comparison of galaxy and absorber metallicities for tens of
galaxy-absorber pairs, similar to G. G. Kacprzak et al. (2019)
but at redshift z~ 3. Some of these pairs would also feature
absorption in both quasar sightlines, allowing deeper analysis
of absorber coherence lengths and the metallicity distribution
around galaxies.

Currently, given the relatively rare bright background
sources required for these observations, and the depth required
to obtain high signal-to-noise emission-line measurements from
high-redshift galaxies, surveys for which we can test the link
between galaxies and absorbing gas at z > 2 are rare. However,
absorption remains our most powerful method of detecting low
column density material at large impact parameters around
distant galaxies. With only a pencil-beam view (or in a few
cases, a small number of pencil beams) of the gas around any
individual galaxy, we will need to continue building large
samples of galaxies and absorbers in order to constrain the role
of gas feedback and recycling in our models of galaxy
evolution.
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Appendix
PA Measurements

If the systematic uncertainties on our galaxy orientation
measurements are underestimated, it is possible that any
bimodality could be “smeared out” by these errors. In order
to check this, we run both the GALFIT (C. Y. Peng et al.
2002, 2010) and STATMORPH (V. Rodriguez-Gomez et al.
2019) software on this data set and compare the resulting PA
estimates.

GALFIT models the light profile of a galaxy, enabling
decomposition into bulge and disk components, and fits these
through chi-squared minimization. However, given the large
number of galaxies to model, we use only a single Sérsic
profile. We can confirm that the resulting fits account for most
of the light from each galaxy in the images by inspecting the
residuals and extracting parameters related to the galaxy
orientation, namely, the PA and inclination.

Figure 16 compares the resulting PA measurements with
those from STATMORPH described in Section 2. Most galaxies
clearly have very similar PAs in the two measurements,
confirming that our STATMORPH orientations are reliable. We
obtain a 1o difference of 12°. We also split the sample by
inclination at 20°. These results suggest a 1o uncertainty of 10°
for galaxies with i > 20° (those that are not close to face-on),
and a much larger uncertainty of 40° for those closer to face-on.

Any PA dependency in the CGM will be most clear for
galaxies close to edge-on, where the projected major and minor
axes most closely represent directions parallel and perpend-
icular to the plane of any galaxy disk. A. Beckett et al. (2021)
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Figure 16. The difference in PA estimates through GALFIT and STATMORPH,
split into two samples with inclinations above and below 20°.

show a bimodality using bins of width 30°, and have typical
uncertainties of ~15° so uncertainties of less than 10° should
not substantially affect the detection of such a result. Errors in
our PA measurements are therefore unlikely to contribute to the
lack of bimodality seen in our results.

We also manually check for any systematic differences by
looking specifically at galaxies with large differences between
their PAs as measured using GALFIT and STATMORPH. 27
galaxies have ellipticities greater than 0.5 and PA measure-
ments that differ by more than 20°. Of these, several appear to
have an extremely low surface brightness that would make it
difficult to determine a PA, others lie very close to other objects
(so are likely to have their fits affected by the companion), and
others appear to have multiple components with different PAs
(possibly other galaxies with small projected separations, or
structure in the galaxy being measured).

Where the STATMORPH and GALFIT results differ due to
multiple objects or structures within objects, STATMORPH tends
to flag these as “suspect” as the flux distribution is not smooth,
but will often combine the sources into a single ellipse, whereas
GALFIT will fit a single profile, and therefore select one object
or structure. A test “by-eye” to see which of the two estimates
is a better fit overall does not prefer one of these methods over
the other. In some cases, the “combined’ profile used by
STATMORPH contains a single source, such as a spiral galaxy,
where it provides a better estimate than GALFIT, which often
struggles to model this and may only fit to a bulge- or bar-like
central structure. This approximately balances cases where
GALFIT is preferred due to fitting a single galaxy, whereas
STATMORPH combines multiple sources.

We note that a large proportion (2145 of 3186) of the
STATMORPH sources are flagged as “suspect,” but most of
these are still measured successfully, with a 1o uncertainty
of 15°.

We compare the two measures for the galaxies within
500 kms~ of detected absorption, showing the results in
Figure 17. 13 of these galaxies have measured PAs differing by
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Figure 17. The PAs of galaxies estimated through GALFIT and through
STATMORPH. Points are colored by ellipticity measured using GALFIT. Only
galaxies with well-determined redshifts within 500 kms ' of detected
absorption are shown. The black dashed line indicates identical PAs between
the two codes.

more than 20° (of 74 total galaxies near absorber redshifts).
Visual inspection of these galaxies reveals a similar trend, with
neither code preferred overall. Seven of these 13 are close to
face-on, with the other six either compound or complex objects
generally following the trend discussed above.

This behavior can be tuned using the threshold options
available within SEXTRACTOR, and masking options within
GALFIT, but given the small number of galaxies affected by our
choice of PA measurement, we do not attempt to further adjust
the parameters. For most galaxies, we use the STATMORPH
values given in the MUDF data release for this imaging
(M. Revalski et al. 2023), while switching to the GALFIT results
for the individual galaxies for which GALFIT is clearly
preferred.
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