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Abstract

In the local universe, OH megamasers (OHMs) are detected almost exclusively in infrared-luminous galaxies, with a
prevalence that increases with IR luminosity, suggesting that they trace gas-rich galaxy mergers. Given the proximity
of the rest frequencies of OH and the hyperfine transition of neutral atomic hydrogen (HI), radio surveys to probe the
cosmic evolution of HT in galaxies also offer exciting prospects for exploiting OHMs to probe the cosmic history of
gas-rich mergers. Using observations for the Looking At the Distant Universe with the MeerKAT Array (LADUMA)
deep HT survey, we report the first untargeted detection of an OHM at z > 0.5, LADUMA J033046.20—275518.1
(nicknamed ‘“Nkalakatha”). The host system, WISEA J033046.26—275518.3, is an infrared-luminous radio galaxy
whose optical redshift z~0.52 confirms the MeerKAT emission-line detection as OH at a redshift
Zou = 0.5225 £ 0.0001 rather than HT at lower redshift. The detected spectral line has 18.40 peak significance, a
width of 459 +59kms ™!, and an integrated luminosity of (6.31 & 0.18 [statistical] 4 0.31 [systematic]) X 10° L,
placing it among the most luminous OHMs known. The galaxy’s far-infrared luminosity Lgg = (1.576 £
0.013) x 10"? L, marks it as an ultraluminous infrared galaxyj its ratio of OH and infrared luminosities is similar to
those for lower-redshift OHMs. A comparison between optical and OH redshifts offers a slight indication of an OH
outflow. This detection represents the first step toward a systematic exploitation of OHMs as a tracer of galaxy
growth at high redshifts.

Unified Astronomy Thesaurus concepts: Megamasers (1023); Hydroxyl masers (771); Radio loud quasars (1349);

Glowacki et al.

Galaxy mergers (608); Starburst galaxies (1570); Ultraluminous infrared galaxies (1735)

1. Introduction

OH megamasers (OHMs) are luminous 18 cm wavelength
masers, produced in the centers of luminous and ultraluminous
infrared galaxies (LIRGs and ULIRGs) that have undergone
merger-induced starburst activity (Lo 2005), rich in dense gas
(Darling 2007), and in some cases host luminous active galactic
nuclei (AGNSs; Klockner et al. 2003). Four 18 cm lines connect
the four hyperfine levels within the *IT5 /2(J =3/2) ground state
of the OH molecule: two main lines at 1665 and 1667 MHz,
and two satellite lines at 1612 and 1720 MHz. In contrast to
Galactic OH masers, extragalactic OHMs have large line
widths and main line flux ratios Fieg7/F1665 > 1. These
attributes, along with the weakness of their satellite lines
(McBride et al. 2013), can be naturally explained by a model in
which OHMs are powered by radiative pumping through
53 pm lines that overlap in velocity and in which different
projected distributions of masing clumps can account for
observations of both diffuse and compact emitting structures
(Lockett & Elitzur 2008).

The most extensive OHM survey in the local universe has
been conducted with Arecibo, with a focus on the detection of
7> 0.1 systems (Darling & Giovanelli 2002a). In total, 53
OHMs were detected, spanning the redshift range 0.10 <
7<0.27. Although Combes et al. (2021) report a tentative 3o
detection of the 1720 MHz satellite line in emission in a
targeted MeerKAT observation of the z=0.89 quasar
PKS 1830—211, the main lines of OH have not been detected
in emission at z > 0.27 up to now.

The local demographics of OHMs have been used to predict
their occurrence at higher redshifts, where they are likely to
represent a significant source of contamination for HI surveys
(Briggs 1998; Darling & Giovanelli 2002b; Suess et al. 2016;
Roberts et al. 2021). Such surveys will be conducted by the
interferometers that include the Square Kilometre Array (SKA)
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and its pathfinder facilities, such as MeerKAT (Jonas &
MeerKAT Team 2016) and the Australian SKA Pathfinder
(ASKAP; DeBoer et al. 2009). Although ULIRGs are more
prevalent at higher redshifts (Takeuchi et al. 2005), in part
because normal star-forming galaxies at earlier epochs are
likely to have Lgg > 1012L® even in the absence of recent
merging (e.g., Reddy et al. 2008), OHMs have the potential to
provide new constraints on the cosmic history of gas-rich
mergers.

We report the first untargeted detection of an OHM at
z > 0.27 from early observations for the Looking At the Distant
Universe with the MeerKAT Array (LADUMA; Blyth et al.
2016) deep HI survey. Section 2 describes the acquisition and
processing of the MeerKAT data in which the OH line was
detected, and Section 3 presents our measurements and
interpretation of the line parameters. In Section 4, we discuss
the implications of this OHM in the context of previous
knowledge of OHM hosts at lower redshifts and future
observations probing higher redshifts; Section 5 summarizes
our conclusions. The paper assumes a flat ACDM cosmology
with Q,, = 0.3, Q5 =0.7, and Hy=73.3kms ' Mpc~' (Wong
et al. 2020).

2. Observations
2.1. MeerKAT

MeerKAT is a fixed-configuration array of 64 antennas
equipped with receivers spanning the L (900-1670 MHz) and
UHF (580-1015MHz) bands. These overlapping frequency
ranges access redshift ranges of 0<zy;<0.58 and
0.40 <zyp <1.45 for the HI line and 0 <zoy <0.85 and
0.64 <zoy < 1.87, adopting the stronger of the two main OH
lines (at a rest frequency of 1667.359 MHz) to define zoy. The
LADUMA deep HI survey is using both L and UHF bands to
probe the evolution of gas in galaxies over cosmic time.
LADUMA is targeting a single pointing on the sky (03:32:30.4
—28:07:57 J2000) that encompasses the extended Chandra
Deep Field South (ECDFS) and lies roughly at the center of
near-IR imaging coverage from the VISTA Deep Extragalactic
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Observations (VIDEO) survey (Jarvis et al. 2013). Because the
solid angle of MeerKAT’s primary beam is inversely
proportional to the square of the observing frequency, the
cosmic volume LADUMA probes for any single spectral line
expands with redshift like a trumpet (e.g., a South African
vuvuzela). Across the L band in particular, MeerKAT’s circular
field of view increases (at the half-power level) from 0.7 deg? at
1667 MHz to 0.9 deg” at 1420.4 MHz to 2.3 deg” at 900 MHz.

The first official L-band survey observation for LADUMA
that used the 32k mode of the MeerKAT correlator (featuring
32,768 channels, each of width 26.1 kHz) was taken on 2019
December 12 with 58 of the 64 antennas in operation. The
bright radio galaxy PKS 1934-63 was used as a flux and
bandpass calibrator (observed for 10 minutes); the nearby
quasar PKS 0237-233 was observed as a gain calibrator for 3.5
minutes after each 20-minute observation of the LADUMA
field. The total on-source integration time was 7.3 hr.

We reduced the data across the full L band, excluding regions
affected by radio frequency interference (RFI), after splitting into
25 MHz spectral windows (SPWs). For the source discussed in
this paper, the relevant SPW spans 1086-1111 MHz. Bandpass,
flux, and phase calibration were performed using the PROCESS-
MEERKAT pipeline,”> which is written in Python, uses a
purpose-built CASA (McMullin et al. 2007) Singularity
container, and employs MPICASA (a parallelized form of
CASA). Flux calibration used the Reynolds (1994) model for
the spectrum of PKS 1934—63, which is ultimately tied to
northern hemisphere calibrators with flux uncertainties of ~5%
at ~1 GHz (e.g., Perley & Butler 2017). The CASA task tclean
was used with robust = 0 to create an initial continuum model
as a basis for phase and amplitude self-calibration, after which
model continuum visibility data were subtracted from the
corrected visibility data using the CASA task uvsub. A third-
order polynomial fit to the continuum was then calculated and
subtracted using the CASA task uvcontsub for all channels in
each SPW to remove residual continuum emission from the
spectral line data. Finally, spectral line cubes were created
using tclean with robust = 0.5 and no cleaning; all channels in
the resulting (dirty) cubes were convolved to a common
synthesized beam of 1472 x 12”2 at a position angle of
—15%8. The rms per 26.1 kHz channel was found to increase
with frequency across the 1086-1111 MHz SPW, with a value
of 0.40 mJy beam ™' near 1095 MHz. All data were reduced on
the ilifu cloud computing facility.>

Visual inspection of the continuum-subtracted 26.1 kHz
channel data cube with the Cube Analysis and Rendering Tool
for Astronomy (CARTA; Comrie et al. 2020) revealed a bright
spectral line at an observed frequency of 1095 MHz, which we
designate as LADUMA J033046.20—275518.1 and describe in
detail in Section 3.1.

2.2. Archival Data

LADUMA J033046.20—275518.1 has a clear galaxy coun-
terpart in WISE imaging (WISEA J033046.26-275518.3) and
in previous radio continuum mapping by the Australia
Telescope Large Area Survey (Mao et al. 2012; Franzen
et al. 2015). The galaxy has a bent-tail radio morphology
(Dehghan et al. 2014) and has been classified as a narrow-angle
(or head—tail) radio galaxy (that is, the bent radio structure lies
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Table 1
Selected Photometry for LADUMA J033046.20—275518.1
Observed Flux
Source Wavelength Density References
WISE 3.4 pum 0.122 £0.005 mJy ~ Wright et al. (2010)
WISE 4.6 pm 0.084 £ 0.007 mJy  Wright et al. (2010)
WISE 12 pm 0.928 £0.085mly  Wright et al. (2010)

Spitzer/MIPS 70 pm 141.11 + 0.66 mJy*  Hanish et al. (2015)

Spitzer/MIPS 160 pm 208.34 4+ 2.13 mJy*  Hanish et al. (2015)

Herschel/ 250 pm 90.93 +£ 0.65 mly Shirley et al.
SPIRE (2021)

Herschel/ 350 pm 42.36 £ 1.53 mly Shirley et al.
SPIRE (2021)

Herschel/ 500 pem 17.6 = 3.7 mJy Shirley et al.
SPIRE (2021)

ATCA 20 cm 0.42 +0.029 mJy Franzen et al.

(2015)
Note.

? Flux density extracted from a point-spread function (PSF) fit.

on one side of the optical host galaxy). The source has also
been detected in dust emission by the Multiband Imaging
Photometer for Spitzer (MIPS; Rieke et al. 2004) on the Spitzer
Space Telescope (Hanish et al. 2015) and by the Spectral and
Photometric Imaging Receiver (SPIRE; Griffin et al. 2010) on
the Herschel Space Observatory (Oliver et al. 2012; Shirley
et al. 2021). Table 1 lists selected photometry for the source in
the infrared and radio. Optical spectroscopy has yielded two
independent redshift measurements of z = 0.5245 (Eales et al.
2009) and z = 0.5247 (Mao et al. 2012), neither with a quoted
uncertainty; in this paper, we average these two measurements
and adopt the ~100 km s~ ' uncertainty that is typical for AAT
redshifts of similar vintage (see, e.g., Section 1 of Baldry et al.
2014), yielding zqp = 0.5246 £ 0.0005.

We can determine the host galaxy’s infrared luminosity using
the source redshift and far-infrared photometry. By fitting
emissivity-weighted blackbody functions to 1000 realizations of
the Spitzer/MIPS and Herschel /SPIRE flux densities between 70
and 350 pm (sampling their respective uncertainties), we derive a
rest-frame dust temperature 7,=41.9 + 0.6 K, a dust emissivity
index 3=1.6740.06 (for 7, v”), and a far-IR (rest-frame
42.5-122.5 pm) flux (6.30 £0.05) x 10~'% ergs™' cm 2. Using
the cosmology adopted for this paper and the redshift measured in
Section 3.1 below, we then arrive at Lgr = (1.576 £0.013) x
10" L., confirming the source as a ULIRG as previously noted
by Moncelsi et al. (2011).

3. Results
3.1. OH Emission Properties

The spatial centroid of LADUMA J033046.20-275518.1 lies
at R.A. 03:30:46.20 and decl. —27:55:18.17 (J2000) with
uncertainties of 0”7 (calculated as beam size divided by the
signal-to-noise ratio S/N)—consistent with the centroids
determined for its counterparts at other wavelengths, within
their own uncertainties of ~0”5 or greater. At this position and
the observed line frequency, the primary beam correction was a
factor ~ (0.72) ', which we applied using CASA before
measuring line parameters.

In the right panel of Figure 1, we show the spectrum
integrated over a 15" aperture, with frequency Doppler-
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Figure 1. Left: RGB composite image made from the grz filters of archival Hyper Suprime-Cam (HSC) data. White contours are from the zeroth-moment map of our

MeerKAT observation with no masking applied, integrated across ~600 km s~

1

, at multiples of 50 (1o = 0.0295 Jy beam ™' km s~ '). The cyan cross indicates the

centroid position and uncertainties from the Franzen et al. (2015) observation with ATCA. The 1472 x 12”2 MeerKAT synthesized beam is plotted as a dashed
yellow ellipse. Right: spectrum of the detected OHM, with frequency Doppler-corrected to a heliocentric reference frame and rebinned from its native 26.1 kHz
resolution by a factor of 2. The rest-frame velocity range included in the moment map is shaded gray; the best Gaussian fit to the OH emission profile is overlaid in
blue. The red dashed line indicates the frequency (1093.7 MHz) where the 1667 MHz line would have appeared for zog = Zopt; that zon < Zop: Suggests a possible OH

outflow.

corrected to the heliocentric reference frame and rebinned by a
factor of 2. At the observed frequency, each rebinned
(52.2kHz) channel corresponds to 14.3 km s~ ! in rest-frame
velocity. A single-Gaussian fit to the line spectrum yields (with
fit uncertainties noted as errors) a central frequency of
v =1095.07 £ 0.09 MHz, a rest-frame line width Av =459 +
59kms~' (FWHM, which corresponds to an observed
frequency width of 1.68 MHz), a peak flux density of 1.42 &+
0.16 [£0.07] mJy,54 and a total spectral line flux
Fline =0.69 +0.02 [£0.03] Jy km s~! that agrees well with a
direct integral of the spectrum (0.69 + 0.02 [+0.03] Jy km s~ ").

We note that the 1665 MHz OH line may contribute to the
measured line flux and width, although this fainter feature is
not yet detected in this single-track observation nor currently
preferred over a single-Gaussian fit. Given the presence of a
multiwavelength counterpart with a previously measured
optical redshift z=0.5246, it is clear that our detection is
hydroxyl emission at zoy = 0.5225 4 0.0001 (identified as the
1667.359 MHz transition) rather than HI emission at
zg 1= 0.2970. From the integrated line flux, we use the general
relation for spectral line luminosity

Fline DL

2
—=1.0234( v )
MHz /\ Jy km s~! J\ Gpc

in terms of observed frequency v =1095.1 0.1 MHz and
luminosity distance D; =2.85 £0.02 Gpc for our adopted
cosmology, obtaining an equivalent isotropic luminosity of
Lon = (6.31 £0.18 [£0.31]) x 10° L.

The left panel of Figure 1 shows contours from the zeroth-
moment map for the source, integrated over 600kms~" and
overlaid on a composite image made from the grz filters of
archival Hyper Suprime-Cam (HSC; Miyazaki et al. 2018)
data. The cyan cross indicates the ATCA position and its
uncertainties from Franzen et al. (2015), and the yellow ellipse
shows the MeerKAT synthesized beam. The OH emission is

ey

54 . .
Errors in brackets represent 5% flux scale uncertainties.

spatially unresolved, with S/N ~ 18.4 relative to the rms in the
zeroth-moment map away from the source. Figure 2 shows the
velocity channel maps of the source after rebinning by an
additional factor of 4 to a rest-frame velocity resolution of
57.2kms .

3.2. Confirmation of the 1667 MHz Identification

Notwithstanding the good agreement with a previously
measured optical redshift, we have considered whether the
detected emission could correspond to a weaker OH line (e.g.,
the 1612 or 1720 MHz satellite line, which can exhibit
conjugate behavior; Darling 2004) rather than the main
1667 MHz transition. In this scenario, we would expect an
additional detection of the (brighter) 1667 MHz main line at a
different frequency (1132.5 or 1061.2 MHz) in our spectrum.
No such emission feature is seen at the radio position. We also
looked for emission in the satellite lines assuming our detection
is indeed the 1667 MHz main line at 1058.9 or 1130.0 MHz,
with no such features seen. This result is not surprising given
the weakness of satellite lines in OHMs (McBride et al. 2013),
although as the LADUMA survey proceeds and reaches greater
depths, we may be able to detect them in some systems. We
also found no evidence of HI emission or absorption at this
redshift, although such features may become evident from the
upcoming deeper LADUMA observations.

In Figure 3, we consider the implications of WISE
magnitudes and colors for our identification of the detected
emission line. We employ the algorithms presented in Roberts
et al. (2021), who use machine learning to determine the
redshift evolution in WISE magnitude and color space for an
OHM host and a typical H I source. The predicted distributions
in WISE properties expected for gas-rich disk galaxies emitting
HTI at redshift z~0.30 (red) and a galaxy merger traced
through OH at redshift z~ 0.52 (blue) show that an OH
identification for our source is plausible for all diagnostics,
while an HT identification is not always supported (see right
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Figure 2. Independent velocity channel maps of an 8 x rebinned 26.1 kHz data
cube, with velocities indicated relative to our measured systemic redshift of
Zou = 0.5225. Contours are multiples of 20 (1o = 0.283 mJy beam™ ). The
14”2 x 122 synthesized beam is plotted in the top-left panel.

panel). Therefore, we are confident that the emission detected
corresponds to the main OH transition at 1667 MHz.

4. Discussion
4.1. OH and FIR Luminosities

LADUMA J033046.20—275518.1 is one of the most luminous
OHMs known at any redshift; only 3 sources within the sample
of 53 OHMs presented in Darling & Giovanelli (2002a) and
Darling & Giovanelli (2002b) have higher Loy values, and it is
only marginally less luminous than the z =0.1961 OHM recently
detected by Apertif (Hess et al. 2021), which would have
Lou=7.18 x 10° L, for our cosmology. In recognition of this
power and its unprecedentedly high redshift, we have given it the
nickname “Nkalakatha,” an isiZulu word that means “big boss.”
It is not overly surprising that a detection reached in a single
LADUMA track will be among the most luminous OHMs when
compared to sources from the local universe at z < 0.27. Using
the relationship between OH and far-IR luminosities derived by
Darling & Giovanelli (2002a) for an Arecibo survey + literature
sample of OHMs, ie., log(Loyg/Les) = (1.57 +£0.11)
log(Lgr /L) — (15.76 + 1.22), we find that the predicted
OH luminosity for LADUMA J033046.20—275518.1 is
Lon prea = 2.4 % 10° L. This is roughly a factor of 2.6 smaller
than what we observe but well within the large scatter observed
for the local relation (Figure 4). The dust temperature recovered
from the fit to the system’s FIR photometry (7;~42K) is
roughly consistent with theoretical expectations and observational
results that 7,>45K is required for OH masing to occur
(Lockett & Elitzur 2008; Willett et al. 2011), particularly if cooler
dust outside the masing region contributes to Lgr and is at the
lower end of the distribution of global dust temperatures for
OHM hosts.

Glowacki et al.

We have also considered the FIR-radio flux ratio parameter
g, defined by Helou et al. (1985) as

—1
Frr ) 10%° Si.4GHz
=1lo .2
1 g{(Wm2 (3.75 < 102 Hz )\ mly @

For LADUMA J033046.20—275518.1, we correct the observed
radio continuum flux density55 (Table 1) to 1.4 GHz in the rest
frame assuming a spectrum S, o *7 and arrive at an
estimated g ~2.7. This value is consistent with the infrared—
radio correlation for star-forming galaxies with no evidence of
AGNSs (see, e.g., Figure 16 of Delhaize et al. 2017), higher than
the median g =2.37 recently measured for 89 star-forming
galaxies in the COSMOS field (An et al. 2021), and much
higher than the threshold g ~ 1.8 at which galaxies are three
times more radio-loud than the mean for star-forming systems
(Condon et al. 2002). Spitzer/IRAC photometry for this source
(Lonsdale et al. 2003) also disfavors an AGN identification
according to well-established criteria (Stern et al. 2005; Donley
et al. 2012), as does a classification of its optical spectrum
(Mao et al. 2012). As a result, we view the far-IR emission
from LADUMA J033046.20—275518.1 as more likely due to
starburst activity than to a bolometrically significant AGN.
Such a conclusion is also not surprising given the evidence
from the local universe that ULIRGs hosting OHMs are less
likely to show evidence of AGNs at infrared wavelengths than
nonmasing ULIRGs (Willett et al. 2011).

4.2. A Possible Molecular Outflow

Large-scale outflows emanating from the central regions of
galaxies and powered by both starbursts and AGNs have been
known for decades to play an important role in the evolution of
galaxies and the intergalactic medium (e.g., Heckman et al.
1990). Such outflows have been detected through OH
observations in a number of systems. Baan et al. (1989) detect
three distinct outflows in emission in a sample of five OHMs,
with one galaxy showing a maximum outflow velocity of
800 kms~". Gonzdlez-Alfonso et al. (2014) meanwhile find
far-IR OH features blueshifted by over 1000kms™' in
Mrk 231, with the central AGN likely responsible for the high
mass outflow rate and outflow velocities detected.

The OH emission in LADUMA J033046.20—275518.1 is
blueshifted by 407+ 118kms™' relative to the redshift
measured from optical spectroscopy. The simplest explanation
for a one-sided velocity offset is a starburst-driven outflow,
given the high value of g noted above. However, the situation
could be more complex, involving multiple nuclei or a disk
close to an (obscured) AGN, possibly interacting with
outflows. As our MeerKAT observation of this galaxy and its
OH emission is unresolved, higher spatial resolution observa-
tions would be required to further characterize the outflow’s
extent and energetics. The study of Gowardhan et al. (2018),
investigating molecular gas outflows in two starburst ULIRGs
in mid-J CO and 18 cm OH lines, is instructive in this regard.
CO outflow velocities are seen to exceed 1600 km s_l, with
corresponding mass outflow rates of 300700 M., yr~'; mean-
while, OH outflow velocities are seen to extend to

55 This value is comparable to the value measured from MeerKAT continuum
imaging of the LADUMA field, which will be published in a forthcoming
paper analogous to Heywood et al. (2022).
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Figure 4. Loy vs. Lgr for known OHMs (H. Roberts et al. 2022, in
preparation). LADUMA J033046.20—275518.1 (green star) is one of the most
Iuminous OHMs on both axes.

1000 km s~ ', with velocity wings for one source agreeing
“remarkably well” with previous detections of outflowing
molecular gas. A higher-resolution study of other molecular
species (e.g., CO) in LADUMA J033046.20—275518.1 may
thus be a productive strategy for confirming the existence of an
outflow in OH.

5. Conclusions

We present the first detection of an OHM in the LADUMA
field, LADUMA J033046.20—275518.1 ‘“Nkalakatha,” which
is also the highest-redshift detection of such a system to date in
the main 1667 MHz OH emission line. OH emission is found to
be redshifted to zoy=0.5225, which agrees well with an
optical redshift of z,,=0.5246 for a host galaxy already

known to be a ULIRG. The system’s total OH luminosity of
Lon = (6.31 £0.18 [£0.31]) x 10° L. makes it one of the
most luminous OHMs known (all other 1667 MHz detections
have redshifts z < 0.27) and is consistent with its large far-IR
luminosity. The ~400kms™' offset between the OH and
optical redshifts is most simply explained by a starburst-driven
outflow.

This detection highlights the potential of upcoming spectral
line surveys, whose wide frequency coverage will enable
further high-redshift measurements. Roberts et al. (2021)
predict that 83 +20 OHMs will be detected in LADUMA
alone, which will nearly double the number of known OHMs.
Greater numbers are expected in lower-redshift but wider-area
surveys, such as the Widefield ASKAP L-band Legacy All-sky
Blind surveY (WALLABY; Koribalski et al. 2020), the Apertif
Wide-area Extragalactic Survey (AWES; K. M. Hess et al.
2022, in preparation), and the HI component (MIGHTEE-H I;
Maddox et al. 2021) of the MeerKAT International GigaHertz
Tiered Extragalactic Exploration (MIGHTEE) survey (Jarvis
et al. 2016). As LADUMA reaches greater depths, we expect to
set further OHM redshift records, which will enable studies of
the cosmic rate of gas-rich galaxy mergers and further constrain
galaxy evolution models.
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