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Abstract

We have used the Atacama Large Millimeter/submillimeter Array to map CO(3-2) emission from a galaxy, DLA-
B1228g, associated with the high-metallicity damped Lya absorber at z=2.1929 toward the QSO
PKS B1228-113. At an angular resolution of ~0”32 x 0”24, DLA-B1228g shows extended CO(3-2) emission
with a deconvolved size of ~0”78 x 0718, i.e., a spatial extent of ~6.4 kpc. We detect extended stellar emission
from DLA-B1228g in a Hubble Space Telescope Wide Field Camera 3 F160W image and find that Ho emission is
detected in a Very Large Telescope SINFONI image from only one side of the galaxy. While the clumpy nature of
the F160W emission and the offset between the kinematic and physical centers of the CO(3-2) emission are
consistent with a merger scenario, this appears unlikely due to the lack of strong Ha emission, the symmetric
double-peaked CO(3-2) line profile, the high molecular gas depletion timescale, and the similar velocity
dispersions in the two halves of the CO(3-2) image. Kinematic modeling reveals that the CO(3-2) emission is
consistent with arising from an axisymmetric rotating disk with an exponential profile, a rotation velocity of
Vit =328 + 7kms ', and a velocity dispersion of ¢, =62+ 7kms~'. The high value of the ratio v,y /0, ~5.3,
implies that DLA-B1228g is a rotation-dominated cold disk galaxy, the second case of a high-z Hi-absorption-
selected galaxy identified with a cold rotatmg disk. We obtain a dynamical mass of Mgy, = (1.5 £0.1) x 10" M.,
similar to the molecular gas mass of ~10" M, inferred from earlier CO(1-0) studies; this implies that the galaxy is
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baryon-dominated in its inner regions.

Unified Astronomy Thesaurus concepts: High-redshift galaxies (734); Radio interferometry (1346)

1. Introduction

Damped Lya absorbers (DLAs), the highest HI column
density absorbers in QSO absorption spectra, provide a unique
way of identifying gas-rich galaxies at high redshifts (e.g.,
Wolfe et al. 2005). In the local Universe, DLA column
densities, Ny > 2 X 10%° cm_z, arise in or around galaxies
(e.g., in galaxy disks, high-velocity clouds, intragroup gas, etc);
the presence of a DLA along a QSO sight line has hence long
been used to identify high-z galaxies via the HI absorption
signature (e.g., Wolfe et al. 1986). The importance of such “HI-
absorption-selected galaxies” stems from the fact that their
selection is not biased toward high-luminosity objects. In
contrast, emission-selected galaxy samples implicitly pick out
the brighter galaxies of the population. While studies of
emission-selected samples have provided a wealth of informa-
tion on the properties of high-redshift galaxies (e.g., Madau &
Dickinson 2014; Tacconi et al. 2020), the luminosity bias
inherent in the selection can affect the interpretation of the
results. Addressing this issue critically requires the detection
and detailed characterization of the HI-absorption-selected
galaxies associated with high-redshift DLAs.

For more than three decades, a range of approaches,
including broadband and narrowband imaging, multiangle
long-slit spectroscopy, and integral field spectroscopy, have
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been employed at optical and near-IR wavelengths to search for
the galaxies associated with high-z DLAs (e.g., Mgller &
Warren 1993; Warren et al. 2001; Kulkarni et al. 2006; Fynbo
et al. 2010; Bouché et al. 2012; Péroux et al. 2012; Fumagalli
et al. 2014; Wang et al. 2015; Krogager et al. 2017; Lofthouse
et al. 2023; Oyarzun et al. 2024). Unfortunately, the success of
these studies has been limited by the faintness of the stellar
emission of the DLA galaxies. Despite the large number of
searches, only ~25 HI-absorption-selected galaxies have been
identified via these methods at z =2 (e.g., Krogager et al.
2017), some at very large impact parameters (>100 kpc) to the
QSO sight line (e.g., Lofthouse et al. 2023).

In the last few years, millimeter and submillimeter searches
for the galaxy counterparts of high-z DLAs with the Atacama
Large Millimeter/submillimeter Array (ALMA) and the North-
em Extended Millimetre Array (NOEMA) have changed the
field. ALMA and NOEMA detections of CO and [CII] 158 ym
emission in the fields of high-metallicity DLAs have yielded the
identification of more than 15 HI-absorption-selected galaxies
out to z~4.3 (e.g., Neeleman et al. 2017, 2018, 2019; Kanekar
et al. 2020; Kaur et al. 2022b; Combes & Gupta 2024). Atz ~ 2,
the galaxies identified via CO emission have been found to have
relatively low impact parameters (b ~ 5-30 kpc, with a median
value of ~11kpc) to the QSO sight line or a companion at a
lower impact parameter; this suggests that the Ly« absorption
typically arises in the interstellar medium (ISM) of the DLA
galaxy (Fynbo et al. 2018; Neeleman et al. 2018; Kanekar et al.
2020; Kaur et al. 2022b). Conversely, at z ~ 4, objects identified
using [CII] 158 ym emission have higher impact parameters,


https://orcid.org/0000-0002-1372-0686
https://orcid.org/0000-0002-1372-0686
https://orcid.org/0000-0002-1372-0686
https://orcid.org/0000-0002-9757-7206
https://orcid.org/0000-0002-9757-7206
https://orcid.org/0000-0002-9757-7206
https://orcid.org/0000-0002-9838-8191
https://orcid.org/0000-0002-9838-8191
https://orcid.org/0000-0002-9838-8191
https://orcid.org/0000-0002-9946-4731
https://orcid.org/0000-0002-9946-4731
https://orcid.org/0000-0002-9946-4731
https://orcid.org/0000-0002-7738-6875
https://orcid.org/0000-0002-7738-6875
https://orcid.org/0000-0002-7738-6875
https://orcid.org/0000-0002-6095-7627
https://orcid.org/0000-0002-6095-7627
https://orcid.org/0000-0002-6095-7627
mailto:bkaur@ncra.tifr.res.in
http://astrothesaurus.org/uat/734
http://astrothesaurus.org/uat/1346
https://doi.org/10.3847/2041-8213/ad65fe
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ad65fe&domain=pdf&date_stamp=2024-08-13
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ad65fe&domain=pdf&date_stamp=2024-08-13
http://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL LETTERS, 971:L33 (10pp), 2024 August 20

b ~ 15-60 kpc (with a median value of ~27 kpc), suggesting the
presence of high-HI column density gas in the circumgalactic
medium (CGM) of galaxies at these redshifts (Neeleman et al.
2017, 2019). Surprisingly, a number of the newly identified HI-
absorption-selected galaxies, associated with high-metallicity
DLAs, have been found to have high molecular gas masses,
25 x IOIOM@ (e.g., Neeleman et al. 2018, 2020; Kanekar et al.
2020; Combes & Gupta 2024). Follow-up ALMA and Karl G.
Jansky Very Large Array (VLA) studies have revealed that these
high-z DLA galaxies also have high, near-thermal, excitation of
the mid-J CO rotational levels (Kaur et al. 2022a; Klitsch et al.
2022). This suggests that a significant fraction of high-
metallicity DLAs at z~ 2 arise in the ISM or CGM of massive,
dusty, star-forming galaxies.

Recently, Ha, CO, and [CI] 158 yum mapping studies, mostly
of emission-selected galaxy samples, have revealed the presence
of rotating disk galaxies out to z~4.5 (e.g., Bouché et al. 2013;
Genzel et al. 2017; Neeleman et al. 2020; Rizzo et al. 2020; Lelli
et al. 2021). Interestingly, some of these high-z rotating disks
are “cold,” i.e., their kinematics are dominated by rotation. In the
case of Hi-absorption-selected galaxies, ALMA mapping studies
have so far been carried out for two systems at z =4 using the
[C] 158 pm line, finding a major merger for the z ~ 3.7978 DLA
toward J12014-2117 (Prochaska et al. 2019) and a cold rotating
disk galaxy for the z~4.2546 DLA toward JO817+1351 (the
“Wolfe disk”; Neeleman et al. 2020). In this Letter, we present
the first case of high-resolution CO mapping of a high-redshift
H I-absorption-selected galaxy at z~2.193 toward the quasar
PKS B1228-113.°

2. ALMA Observations and Data Analysis

We used the ALMA Band 3 receivers to observe the redshifted
CO@B-2) line from the z=2.193 DLA galaxy toward
PKS B1228-113. This DLA field was originally searched for
CO(3-2) emission by Neeleman et al. (2018) as part of a sample of
high-metallicity DLAs (Kanekar et al. 2020) and yielded a
detection of strong CO(3-2) emission at low angular resolution
(276 x 177). The new ALMA observations were carried out in
2021 July (ALMA proposal ID 2019.1.00373.S; PI: M. Neeleman)
using the extended C43-7 configuration (longest baseline: 3.6 km)
with an on-source integration time of 4.1 hr. PKS B1228-113 was
chosen as the pointing center as it is bright at millimeter
wavelengths, allowing self-calibration of the target field. One of
the four ALMA basebands was centered on the redshifted
CO@B-2) line frequency of the 7=2.1929 DLA (Vys=
108.291 GHz; Neeleman et al. 2018), with a bandwidth of
1.875 GHz, 960 channels, and the frequency division mode,
yielding a frequency resolution of =1.95 MHz. The remaining
three basebands were set up in the time division mode, each with a
bandwidth of 2.0GHz and 128 channels, giving a frequency
resolution of 15.625 MHz.

We used the standard ALMA pipeline in the Common
Astronomy Software Applications (CASA) package (version
6.5.4.9; CASA 2022; Hunter et al. 2023) to carry out the initial
data editing and calibration of the visibility data set. After
inspecting the calibrated visibilities and performing manual
flagging, we averaged the data to a coarse spectral resolution
for the purpose of self-calibration. The self-calibration process
involved three rounds of continuum imaging and phase-only

8 We use a flat Lambda cold dark matter cosmology, with 2, = 0.7,
Q,,=0.3, and Hy =70 km s~ Mpc’l, throughout the Letter.
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Table 1
Properties of the Spectral Cubes at a Channel Resolution of 35 km s, with
Different Values of the Robust Parameter

Robust Synthesized Beam rms Noise Peak S/N
(mJy)
(€] @ ©) @
+1 0732 x 0724 0.15 8.1
+0.5 0727 x 0721 0.16 6.7
0 0723 x 0717 0.19 4.7
-0.5 0721 x 0717 0.23 4.7
-1 0720 x 0”16 0.27 3.9

Note. The columns are (1) the value of the Briggs robust parameter, (2) the
synthesized beam of the resulting cube, (3) the rms noise per channel in
mJy beam ™', and (4) the S/N of the peak CO emission in the velocity-
integrated CO(3-2) flux density image.

self-calibration, followed by one round of amplitude and phase
self-calibration and imaging, after which no further improve-
ment was seen in either the image or the image/visibility
residuals upon further self-calibration. In the self-calibration
procedure, the antenna-based gains were measured using the
routine GAINCALR (Chowdhury et al. 2020). The continuum
imaging in the self-calibration procedure used Briggs weight-
ing (Briggs 1995) with a robust value of —0.5. For the final
continuum image, after self-calibration, we used a robust value
of 0.5, obtaining a synthesized beam of 0729 x 0”22 and an
rms noise of 15 puJybeam '. PKSB1228-113 has a flux
density of 24.85 £ 0.02 mJy in this image.

We next applied the antenna-based gains obtained from the
self-calibration procedure to the CO(3-2) visibility data set at
the original spectral resolution and subtracted out the
continuum emission from the calibrated visibilities. We then
used the task TCLEAN to make spectral cubes from the residual
visibilities using a range of velocity resolutions (25, 35, and
50 km sfl) and values of the robust parameter (—1, —0.5, 0,
+0.5, and +1). For all cubes, the CO(3-2) line emission was
cleaned down to a threshold of 0.50, where o is the per-channel
rms noise. For cleaning, we used a square mask of size
275 x 2”5, enclosing the CO emission for all frequency planes.
Table 1 summarizes the details of the spectral cubes for the
different values of the Briggs robust parameter. We chose a
robust value of +1 and a velocity resolution of 35 kms ™' for
the final spectral cube used for the kinematic modeling based
on a balance between the per-channel sensitivity and signal-to-
noise ratio (S/N), and the angular resolution. The final spectral
cube has a synthesized beam of 0”32 x 0724, a position angle
(PA) of —74%4, and an rms noise of 0.15 mly beam ! at a
velocity resolution of 35kms ™.

3. Hubble Space Telescope Observations and Data Analysis

The field of PKS B1228-113 was observed in 2019 (PID:
15882; PI: N. Kanekar) and 2024 (PID: 17483; PI: R. Dutta)
using the Wide Field Camera 3 (WFC3) on board the Hubble
Space Telescope (HST)? with the F105W and F160W filters,
respectively. For the 72 2.193 DLA galaxy, this corresponds
to rest-frame central wavelengths of ~3000 A and =5000 A,
respectively. A single orbit was obtained with each filter, with a

9 All the HST data used in this Letter can be found in MAST:10.17909/
qmrd-4h86.
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Figure 1. The velocity-integrated CO(3-2) image, with contours at (—3, 3, 4.2, 6) x ¢, where ¢ is the rms noise on the image. The magenta star indicates the QSO
position. The right panel shows a zoom-in on DLA-B1228g. The x-axis and y-axis are R.A. and decl. relative to the kinematic center of the CO(3-2) emission (see
Table 2) in arcseconds. The synthesized beam is shown in the bottom left corner of each panel.

larger dither pattern used to achieve cleaner images by
dithering over the size of the IR blobs. The F105W
observations use the WIDE-7 dither pattern increased by a
factor of 3 over the standard size (ISR 2016-14; Anderson
2016), while the F160W observations used a standard three-
point line dither pattern with the size of the dither pattern
increased by a factor of 5.

The individual images were combined with AstroDrizzle
(Hack et al. 2020) to a scale of 0706 pixel ', and the images
were astronomically aligned to Gaia DR3 (Gaia Collaboration
et al. 2023) with TweakReg, with an uncertainty of ~0”02.
The effective angular resolution of the HST-WFC3 images is
~0”3, based on Gaussian fits to the point-spread function of
the quasar.

4. Results

Figure 1 shows the velocity-integrated image of the CO(3-2)
emission (integrated over the velocity range of —350kms™" to
+525km s~ ") detected in our ALMA spectral cube at an angular
resolution of =032 x 0”24 (the corresponding spatial resolution
at z=2.193 is 2.6 kpc x 2.0 kpc). The QSO position is indicated
by the magenta star, ~3”9 (i.e., ~33 kpc) to the south of the DLA
galaxy (Neeleman et al. 2018). The CO(3-2) emission has an
integrated line flux density of (0.73 0.12) Jykms™'. This was
obtained using the CASA task IMFIT to fit a single-component 2D
Gaussian model to the image of Figure 1; this model was found to
yield an acceptable fit, with residuals consistent with noise. The
measured integrated CO(3-2) line flux density is consistent with
the value of (0.726 = 0.031) Jy kms ™' obtained from the original
low-resolution ALMA CO(3-2) spectrum (Neeleman et al. 2018;
Kanekar et al. 2020), indicating that no emission is being resolved
out in our high-resolution ALMA cube. The 2D Gaussian fit to
the CO(3-2) emission yields a deconvolved size of (0778 +
0715) x (0718 £0”07), ie., a physical size of =6.4kpc x
1.5kpc. No continuum emission is detected at the location of
DLA-B1228g in the 0”29 x 0722 resolution continuum image.

Figure 2(A) shows the mean CO(3-2) velocity field which
was obtained by fitting a Gaussian function to the spectrum at

each pixel of the cube, and then using the mean value of the
function at each pixel, via the fitting package QUBEFIT
(Neeleman et al. 2021); the image has been blanked at spatial
locations where the integrated CO(3-2) flux density has <3¢
significance. The velocity field appears consistent with that of a
rotating disk, as also suggested by the double-horned profile
seen in the high-resolution ALMA spectrum. Figure 2(B)
shows a position—velocity (PV) slice taken along the major
axis'® of the galaxy disk (indicated by the dashed black line in
Figure 2(A)). The velocities along the major axis are seen to
increase with increasing distance from the galaxy -center,
indicative of emission from a rotating disk galaxy. However,
we note that the current ALMA CO(3-2) image has
intermediate angular resolution and sensitivity, with only 2-3
synthesized beams across the CO-emitting region. In such
situations, it is possible for a merger system to show a velocity
field similar to that of a rotating disk (e.g., Rizzo et al. 2022). In
Section 5.5, we will discuss the possibility that DLA-B1228¢g
might be a merger system, rather than a disk galaxy.

Figure 3(A) shows the HST-WFC3 F160W image (in color
scale) overlaid on the ALMA CO(3-2) integrated line flux
density image (in black contours). The F160W image shows
extended emission (detected at ~8c¢ significance) that is
approximately coincident with the location of the CO(3-2)
emission. The flux-weighted centroid of the HST-WFC3
F160W emission is at R.A. = 12"30™555510, decl. = —11°39’
06”48 at an offset of ~0712 (i.e., ~1.0 kpc) from the
kinematic center of the CO(3-2) emission (see Table 2 and
Section 5). The source has an F160W AB magnitude of
24.5 £ 0.1, measured over an elliptical aperture with the Kron
radius (Kron 1980). We find thatothe HST F160W emission,
corresponding to rest-frame 5000 A, appears clumpy in nature,
with no evidence of a disklike morphology.

19 We note that the major axis was obtained from the kinematic modeling
presented in Section 5. Similar results are obtained on taking a PV slice along
the major axis of the 2D Gaussian fit to the integrated CO(3-2) intensity.
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Figure 2. (A) The CO(3-2) mean velocity field after blanking all spatial locations where the integrated CO(3-2) flux density has <3¢ significance. The velocity field
is seen to be similar to that of a rotating disk. The red cross indicates the kinematic center of the CO(3-2) emission (see Table 2). (B) A PV slice along the major axis

of the galaxy, indicated by the dashed line in the left panel. The y-axis contains velocity in km s

~! relative to the DLA redshift, z = 2.1929, while the x-axis is the

distance from the peak of the CO(3-2) emission (see Table 2) in arcseconds. The flux density contours start at £2¢0 and increase in steps of V2, where o is the rms

noise per 35 km s ' channel.

5. Discussion
5.1. Stellar Properties of DLA-B1228g

Kaur et al. (2022a) presented an HST-WFC3 image of the
field of DLA-B1228g in the F105W filter, corresponding to
rest-frame near-ultraviolet (NUV) wavelengths at the galaxy
redshift of z ~ 2.193. This yielded the apparent detection of the
stellar emission of DLA-B1228g at a position consistent with
that of the CO emission in the low-resolution ALMA CO(3-2)
and VLA CO(1-0) images (Neeleman et al. 2018; Kaur et al.
2022a). Figure 3(B) shows the new high-resolution ALMA
CO(3-2) image (black contours) overlaid on the HST-WFC3
F105W image (color scale) and a Very Large Telescope (VLT)
SINFONI Ho image (magenta contours; Neeleman et al. 2018).
The object identified in the HST-WFC3 F105W image by Kaur
et al. (2022a) is at R.A.=12"30™55%4, decl. = —11°39’
05”87 (shown by the yellow cross in Figure 3(B)) and is offset
by ~1709, i.e., ~9.0kpc, from the peak of the CO(3-2)
emission. This object is also clearly detected in our new
F160W image of Figure 3(A). The offset between this HST
emission feature and the CO(3-2) emission is much larger than
the typical spatial offsets of <4 kpc that have been observed
between the stellar and the gas emission in high-z dusty star-
forming galaxies (e.g., Hodge et al. 2015; Calistro Rivera et al.
2018; Bik et al. 2024). Further, this HST-WFC3 object shows
no Ha emission at z &~ 2.193 in the VLT-SINFONI image, with
an upper limit of ~0.9 M., yr~" on its star formation rate (SFR;
Péroux et al. 2011). This, along with the large spatial offset
between the optical and the CO emission, indicates that the
HST-WFC3 105W source is unlikely to be directly associated
with the CO-emitting DLA galaxy.

Of course, as noted in the previous section, we detect
extended emission in the new HST-WFC3 F160W image of
Figure 3(A), which is nearly spatially coincident (offset
~1.0kpc) with the CO(3-2) emission and is not seen in the
HST-WFC3 F105W image. "1:his extended emission, at a rest-
frame wavelength of ~5000 A at z~2.193, appears to be the
stellar counterpart of the CO(3-2) emission. Dust obscuration,
perhaps allied with the Balmer break, is likely to be the main
cause of the nondetection of this emission in the F105W image.
The F160W emission area is 112 pixels, corresponding to a

circular radius of 0”2. The 20 upper limit on the HST-WFC3
F105W nondetection at a rest-frame wavelength of =~3000 A
over this area has an AB mag of 26.5. This yields an upper
limit on the unobscured SFR of ~1.3 M. yr ', assuming a
Chabrier initial mass function (Chabrier 2003) and using the
local relation between NUV luminosity and the SFR (Kennicutt
& Evans 2012). This is significantly lower than the total SFR of
the galaxy measured from the submillimeter continuum,
~100 M, yr*1 (Neeleman et al. 2018; Klitsch et al. 2022),
indicating a high dust obscuration in the DLA galaxy.

Finally, the two panels of Figure 3 show the VLT-SINFONI
Ho image, which displays emission (with >4¢ statistical
significance; Neeleman et al. 2018) at the southeastern edge of
the CO(3-2) emission. Figure 3 of Neeleman et al. (2018)
shows that the putative Ha emission arises at negative
velocities, in good agreement with the CO velocities on the
southeastern side of the disk. It thus appears that the Ho
emission is detected only from one side of the galaxy.
Interestingly, the new HST-WFC3 F160W image shows rest-
frame ~5000 A emission at the location of the VLT-SINFONI
Ho emission. However, Ha emission is not detected from the
peak of the F160W emission closest to the center of DLA-
B1228g. This suggests that the brightest FI60W emission may
arise from an older stellar population that is not currently
undergoing active star formation.

5.2. Kinematic Modeling of DLA-B1228g

The CO(3-2) velocity field of DLA-B1228g and the PV slice
along the galaxy major axis both indicate that the galaxy is
likely to be a rotating disk. We used the Bayesian Markov
Chain Monte Carlo (MCMC)-based Python fitting package
QUBEFIT (Neeleman et al. 2021) to model the kinematics of the
CO(3-2) emission. The fitting routine convolves a user-defined
model with the synthesized beam of the observations and then
compares the resultant model cube to the actual spectral cube
using a defined likelihood function. It then maximizes the
likelihood function following an MCMC approach in order to
estimate the model parameters and their uncertainties. We
assumed a rotating infinitesimally thin exponential disk model
for DLA-B1228g, in which the intensity / of the CO emission
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Figure 3. ALMA CO(3-2) integrated line flux density image (black contours; both panels) overlaid on (A) the HST-WFC3 F160W image (color scale) and (B) the
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steps of V2 ). The x-axis and y-axis are, respectively, R.A. and decl. relative to the kinematic center of the CO(3-2) emission (see Table 2). The inset on the bottom left
shows the ALMA synthesized beam. In both panels, the yellow cross indicates the possible NUV counterpart of DLA-B1228g identified in the HST-WFC3 F105W
image by Kaur et al. (2022a). The new ALMA CO(3-2) image shows that this object is clearly offset from the CO emission and is thus unlikely to be related to DLA-

B1228g. See main text for discussion.

Table 2
Results for the Kinematic Modeling of DLA-B1228¢g

Parameter Estimates for the Rotating Thin Disk

Model

R.A. 12"30™55.5505(£1)
decl. —11°39/06” 3870(*3)
Galaxy redshift 2.19326 £ 0.00007
Inclination (i, in deg) 66.4 +£2.2

PA (in deg) 3052+ 14
Peak intensity (ly, in mJy beam ") 3.9707

Scale length (Ry, in kpc) 1.8 £0.1
Rotation velocity (v, in km sh 328 +7
Velocity dispersion (o,, in km s7h 62+7

Note. The coordinates indicate the kinematic center of the CO(3-2) emission
obtained from the thin disk modeling of DLA-B1228g.

at a radius r is given by 1(r) = Iye "/’ where I, is the central
intensity and 7, is the disk scale length. The model is described
by the following nine parameters: the coordinates of the center
of the CO emission (R.A. and decl.), the galaxy redshift, the
galaxy inclination (i), the PA of the major axis, the rotation
velocity (v;qy), the velocity dispersion (o,), the disk scale length
(rg), and the peak intensity of the CO(3-2) emission (/). For
simplicity, we assume that both the rotational velocity and the
velocity dispersion are constant across the disk. Finally, we
used 400,000 MCMC chains to estimate the probability
distribution functions of the nine parameters of the model.
The results of the kinematic modeling with QUBEFIT are
shown in Figure 4, where the top row shows the integrated
CO(3-2) line flux density, the middle row shows the CO(3-2)
velocity field, and the bottom row shows the CO(3-2) velocity
dispersion. The three columns contain the data, the model, and
the residuals after subtracting the model from the data. It is
clear from the top right panel that no residual CO(3-2)

emission is detected at a statistically significant (=30) level,
implying that the assumed thin rotating disk model provides a
good fit to the data. The reduced chi-square of the fit is 1.2,
consistent with a good fit.

The best-fit parameters of the thin disk model are listed in
Table 2; note that the errors have been increased appropriately
to account for the fact that the reduced chi-square of the fit is
slightly higher than unity. We obtain a rotation velocity
of Vot =328 £7km s ! and a velocity dispersion of o,=
62+ 7kms™'

The ratio of rotation velocity to velocity dispersion provides
information on whether a galaxy’s kinematics is dominated by
rotation (v,oi/0, > 1) or turbulence (v,o;/c, < 1). For DLA-
B1228g, the kinematic modeling yields the high ratio
Viot/ 0w = 5.3 £ 0.6, indicating that the kinematics is dominated
by rotation. This is similar to values of v,,/o, that have
recently been obtained for emission-selected galaxies at similar
redshifts, when cold gas tracers such as CO, [CII] 158 pm, or
CI emission are used to map the kinematics (e.g., Lelli et al.
2023; Rizzo et al. 2023).

In passing, we note that we used a simple axisymmetric
exponential disk model, with a constant rotational velocity and
velocity dispersion, for the kinematic modeling, as the S/N of
the detected CO(3-2) emission is not very high. Given that this
model already provides a good fit, more complicated models
(with more parameters) are also likely to yield good fits to the
observed CO(3-2) emission.

5.3. The Dynamical Mass of DLA-BI1228g

Our kinematic modeling of the CO(3-2) emission of DLA-
B1228g allows us to estimate the dynamical mass of the galaxy
following standard procedures. For a spherically symmetric
mass distribution, the dynamical mass enclosed within a radius
R is given by Myyn(R)=v*x R/G=2.33 x 10° x v’ x RM,,
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Figure 4. The three rows show the CO(3-2) integrated line flux density (Jy km s7h), the CO(3-2) velocity field (km s71), and the CO(3-2) velocity dispersion
(km s~ "), while the three columns show the ALMA image, the best-fit rotating disk model image, and the residual image obtained after subtracting the model image
from the corresponding ALMA image. The x-axis and y-axis are, respectively, R.A. and decl. (in arcseconds) relative to the peak of the CO(3-2) emission measured
from the best-fit rotating disk model (see Table 2). In the top left panel, the contours start at 43¢ and increase in steps of +/2 ; negative features are shown with dashed
contours. We note that the top right panel, showing the residual integrated line flux density image, does not contain any residual emission with >30 or <—3¢
significance and hence does not have any marked contours. The images of the middle and bottom panels have been blanked at spatial locations where the integrated
CO(3-2) flux density has <30 significance. The inset in the left panels shows the ALMA synthesized beam.

(e.g., Neeleman et al. 2021), where v is the circular velocity in
kms~ ' and R is in kpc.

The circular velocity is related to the rotation velocity and
the velocity dispersion by v3,. = (v2, + 1102), where the value
of 7 lies in the range ~2-6 depending on the mass distribution
and the galaxy kinematics (e.g., Epinat et al. 2009; Burkert
et al. 2010). Since DLA-B1228g is a rotation-dominated
system, with v, /o,~5.3, we will neglect the velocity
dispersion in the above expression and assume Vg~
Vit =328 £ 7kms ™.

Finally, following Neeleman et al. (2021), we estimate the
dynamical mass of DLA-B1228g within a radius equal to twice
the effective radius (R,) of the CO(3-2) emission. For an
exponential disk, this radius contains ~85% of the total
emission. Further, for such a disk, the effective radius (i.e., the
half-light radius) is equal to 1.678 X r;, where r,; is the disk
scale length. For DLA-B1228g, r;,= 1.8 £ 0.1 kpc, implying
an effective radius of R, =3.02 £0.17 kpc. We note that the
effective diameter is similar to the estimate of the deconvolved
size of the CO(3-2) emission, 6.4 kpc, as measured from the
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2D Gaussian model. The radius that we will use to estimate the
dynamical mass is then R =2R, = 6.04 £ 0.34 kpc.

We obtain a dynamical mass of (1.5 +0.1) x 10" M., for
DLA-B1228¢g within the radius R = 6.04 kpc. We emphasize
that the quoted error only includes the error from the fit.
However, the uncertainties in the estimate are dominated by the
assumption of a spherical mass distribution. If the actual mass
distribution is intermediate between a thin disk and a sphere
(e.g., if the baryons are mostly in a disk and the dark matter in a
sphere), this estimate would be higher than the true dynamical
mass by ~20% (e.g., Neeleman et al. 2021).

The dynamical mass estimate includes contributions from the
dark matter and the baryons (Myary ~ Mol + Mup + M) of the
galaxy within a radius of 2R,. While the baryonic mass of high-z
galaxies has been shown to be dominated by the atomic gas
(e.g., Chowdhury et al. 2022a), the latter is extended on scales of
tens of kpc (e.g., Chowdhury et al. 2022b). The baryonic mass of
the inner disk is thus likely to be mainly contributed by the
molecular gas and the stars. For DLA-B1228g, Kaur et al.
(2022a) used VLA CO(1-0) spectroscopy to obtain a molecular
gas mass of My, = (1.01+0.2) x 10" x (aco/4.36) M. We
do not currently have an estimate of the stellar mass of DLA-
B1228g. The total baryonic mass within 2R, is thus
>1.0 x 10" M, using the molecular gas mass estimate alone.
This is comparable to the dynamical mass estimate of
~1.5 x 10" M., (especially given that the dynamical mass is
likely to be overestimated by ~20%). We thus find that the
central regions of DLA-B1228g are baryon-dominated, as has
also been found for emission-selected galaxies at similar
redshifts (e.g., Genzel et al. 2017, 2020)

5.4. The z ~2.1929 DLA: Disk or CGM?

An important open question in studies of galaxy evolution is
whether the high HI column densities characteristic of DLAs
arise primarily in the disks of high-z galaxies (i.e., in their ISM)
or are also commonly found in their CGM. Indeed, one of the
main reasons for the choice of the DLA-defining threshold
column density of 2 x 10*° cm ™2 is that such high HI column
densities are characteristic of galaxy disks in the local Universe
and thus provide a signpost for the presence of a gas-rich
galaxy along the QSO sight line (Wolfe et al. 1986).

Very interestingly, the HI-absorption-selected galaxies
associated with DLAs at z >4 have impact parameters of
~15-60 kpc (Neeleman et al. 2017, 2019), with no evidence of
a closer companion galaxy found in HST imaging (Kaur et al.
2021). While the number of identified HiI-absorption-selected
galaxies at z >4 remains small today, the observational data
suggest that DLAs at these redshifts might arise primarily in
the CGM.

Conversely, at lower redshifts, z~ 2, most of the presently
identified HI-absorption-selected galaxies have lower impact
parameters, <I5kpc (e.g., Krogager et al. 2017; Neeleman
et al. 2018; Kanekar et al. 2020; Kaur et al. 2022a), consistent
with the DLA arising in the ISM of the associated galaxy. We
note that some of the optical techniques (e.g., Mgller et al.
2004; Fynbo et al. 2010; Wang et al. 2015; Krogager et al.
2017) are biased toward identifying DLA galaxies at low
impact parameters.

In this context, the large impact parameter (=33 kpc, similar
to that of DLA galaxies at z ~4) of DLA-B1228g to the sight
line toward PKS B1228-113 is unusual. However, this does not
immediately imply that the DLA arises in the CGM of the

Kaur et al.

galaxy, because the HI disk of a galaxy is typically far more
extended than the stellar or molecular disks. In the local
Universe, the HI diameter of a galaxy of a given HI mass can be
obtained from the HI mass—size relation (e.g., Broeils &
Rhee 1997; Wang et al. 2016). For example, a galaxy at z~0
with an HI mass of ~10'° M, has a typical HI diameter (at an
HI surface density of 1 M. pc ?) of ~60kpc (Wang et al.
2016). At high redshifts, we do not have measurements of the
HI masses of individual galaxies due to the weakness of the
HI21 cm emission line. However, recent HI21 cm stacking
studies have shown that the average HI mass of star-forming
galaxies at z~ 1.3 is significantly larger than their molecular
gas and stellar masses (Chowdhury et al. 2022a). In fact,
atomic gas has been shown to make up ~70% of the baryonic
mass of star-forming galaxies at z~ 1.3 (Chowdhury et al.
2022a). This indicates that the atomic gas mass of DLA-
B1228g is likely to be larger than the molecular gas mass, i.e.,
that the HI mass is >7.3 x 10" x (aco/4.36) M., (where we
have used a factor of 1.36 to convert the atomic gas mass to the
HI mass).

Further, Chowdhury et al. (2022b) show that the stacked
HI21 cm emission signal from star-forming galaxies at z~ 1 is
spatially resolved for synthesized beams of <90 kpc, implying
an average HI disk diameter of =50 kpc for galaxies at z~ 1.3
with an HI mass of ~1.4 x 10'®M_,. This is consistent with the
expected HI mass—size relation at z~0 (Wang et al. 2016).
Assuming that DLA-B1228g follows the local HI mass—size
relation and that its HI mass is >7.3 x 10'"° M, yields an HI
disk diameter of 2>160kpc. The solid ellipse in Figure 5(A)
shows the expected HI disk geometry for DLA-B1228g,
assuming that the HI disk follows the same geometry as the
molecular gas observed in CO emission, for an assumed HI
mass of ~7.3 x 10" M, and the local HI mass—size relation. It
is clear in this scenario that the sight line to PKS B1228-113 is
expected to be covered by the HI disk, indicating that it is
possible that the damped Ly« absorption arises in the HI disk
of the galaxy.

Figure 5(A) also shows the expected HI velocity field of
DLA-B1228g, assuming that the HI disk too can be described
as a thin exponential disk, with the flat rotation curve of the
molecular disk. The expected velocity from the HI disk at the
location of the QSO sight line is seen to be ~—123kms .
Figure 5(B) shows the NiIIA1751 absorption line detected in a
VLT Ultraviolet Echelle Spectrograph (UVES) spectrum from
the z=2.1929 DLA (top panel; Akerman et al. 2005;
Neeleman et al. 2018) and the integrated ALMA CO(3-2)
spectrum (bottom panel; this work). Note that zero velocity in
this figure is at the systemic redshift of DLA-B1228g, i.e.,
7=2.19326. It is clear that the bulk of the low-ionization metal
line absorption lies redward of the expected velocity of
~—123kms ' from the HI disk, extending to a velocity of
~+100 kms~". A simple thin disk model thus fails to explain
the observed low-ionization metal line absorption in the
7/ 2.1929 DLA. Scenarios that explain the observed velocity
structure of the low-ionization metal lines include absorption in
outflowing or accreting gas, in gas clumps in the CGM, or in a
warp or flare in the outer disk of the galaxy (e.g., Bouché et al.
2013).

5.5. Can the CO Kinematics Be Explained by a Major Merger?

Our kinematic modeling of the CO(3-2) emission has shown
that a rotating disk model provides a good fit to the present CO
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Figure 5. Panel (A) shows the expected HI disk of DLA-B1228g (large ellipse) and its expected velocity field based on the velocity field of the ALMA CO(3-2)
emission (inner ellipse) and an assumed flat rotation curve (see main text for a description of the model for the HI disk). The magenta star indicates the location of the
sight line toward the background QSO. The x- and y-axes are in kpc, relative to the kinematic center of the CO(3-2) emission (see Table 2). Panel (B) shows the VLT-
UVES Ni I A1751 absorption profile from the z ~ 2.1929 DLA, while panel (C) shows the integrated ALMA CO(3-2) flux density spectrum of DLA-B1228g, with
the dashed line showing the 10 error, where o is the rms noise per 35 km s~ ' velocity resolution. The vertical blue line in panel (B) shows the expected absorption

velocity if the absorption arises in an extended HI disk with a flat rotation curve (see main text for discussion). In both the right panels, the x-axis is velocity in km s~

relative to the redshift of DLA-B1228¢g (z = 2.1933; see Table 2).

data. However, as emphasized by Rizzo et al. (2022), it is
possible for the velocity field of a merger system to appear to
be a rotating disk for observations (such as the present one)
with intermediate angular resolution and sensitivity. We hence
consider the possibility that DLA-B1228g is actually a merger
system, rather than a disk galaxy.

At the outset, we note that the apparently clumpy nature of
the HST F160W emission does appear suggestive of a merger.
Further, the kinematic center obtained from the modeling is
offset from the physical center of the CO emission. Conversely,
the double-peaked CO(3-2) emission spectrum of Figure 5(C)
is symmetric, which would be surprising for a merger. Further,
the merger would have to be of two galaxies of similar
CO(3-2) line flux densities and velocity widths, i.e., of
approximately similar molecular gas masses, implying a major
merger. One of the putative merging galaxies would then give
rise to the blueward CO emission of Figure 2, and the other
would give rise to the redward CO emission, with a physical
separation of ~3 kpc and a velocity separation of ~500km s ™",
Such a major merger would be very likely to trigger massive
star formation, producing strong Ha emission (e.g., Alagh-
band-Zadeh et al. 2012). However, (weak) Ho emission is seen
from only one of the regions showing F160W emission, with
no Ha emission seen from the second region with the F160W
emission, closer to the center of the CO emission. This too
would be very surprising for a major merger. We note that dust
obscuration would affect the F160W rest-frame 5000 A
emission more than the Ha emission and thus cannot explain
the nondetection of Ho emission from the region with F160W
emission. In addition, the velocity dispersions of the blue and
red velocity components of the CO emission are seen to be very
similar in the bottom left panel of Figure 5. In the major merger
scenario, this would be surprising as the velocity dispersions of
the two merging galaxies would be expected to be uncorrelated.
Further, the DLA sight line lies to the south of DLA-B1228g,
i.e., on the side of the blueward CO emission. However,
Figure 5(B) shows that the low-ionization metal line absorption

arises roughly midway between the velocities of the two CO
peaks. This would be surprising in a merger scenario, as one
would expect the absorption to arise from gas that is associated
with the galaxy producing the blueward CO emission. Finally,
combining the SFR estimate of ~100 M., yr~' (Neeleman et al.
2018; Klitsch et al. 2022) with the molecular gas mass of
~10"" M., (Kaur et al. 2022b) yields a molecular gas depletion
timescale of ~1 Gyr for DLA-B1228g, far larger than typical
molecular gas depletion timescales of high-redshift starburst
galaxies (<0.1 Gyr; Tacconi et al. 2020). Assuming a sig-
nificantly lower value of the CO-to-H, conversion factor,
aco~ 1M, (Kkm s} pc2)71 (e.g., Bolatto et al. 2013), would
reduce this discrepancy but would still yield a molecular gas
depletion timescale of ~0.25 Gyr, higher than that in typical
major mergers at z~ 2. Overall, it appears very unlikely that
DLA-B1228g is a major merger system, although a definitive
test of this scenario would require a high-resolution, high-
sensitivity CO imaging study (e.g., Rizzo et al. 2022).

In passing, we note that the DLA metallicity of —0.22
(Akerman et al. 2005; Neeleman et al. 2018) appears quite
high, given that the DLA sight line has a high impact
parameter, ~33 kpc. However, studies of metallicity gradients
in large samples of massive emission-selected galaxies at z~ 2
have mostly yielded flat or only slightly negative metallicity
gradients, out to radii of ~10kpc, and even mildly positive
gradients in some galaxies (e.g., Wuyts et al. 2016; Forster
Schreiber et al. 2018). In the case of absorption-selected
galaxies, Christensen et al. (2014) compared emission and
absorption metallicities for two DLAs at z~?2.3-2.6 and their
associated galaxies (at impact parameters of 6.3 kpc and
~16 kpc), obtaining flat metallicity gradients in both cases.
Overall, the present data on metallicity gradients in both
emission-selected massive galaxies and DLA galaxies at z~2
do not suggest any inconsistency with the observed metallicity
of —0.22 at an impact parameter of 33 kpc for the z ~ 2.193
DLA toward PKS B1228-113.
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6. Summary

We have used ALMA in the extended C43-7 configuration to
carry out the first high-resolution CO mapping of a high-redshift,
Hi-absorption-selected galaxy, DLA-B1228g, at z~2.193. We
find that the CO(3-2) emission from DLA-B1228g is consistent
with arising from a rotating disk, with a spatial extent of
~6.4 kpc. It appears unlikely that the galaxy is a major merger
system, although this scenario cannot be formally ruled out by
the present data. Kinematic modeling of the CO(3-2) emission
as a rotating thin disk with an exponential surface density profile
yields a rotation velocity of v,o =328 & 7km s~ ' and a velocity
dispersion of ¢, =62+ 7kms~'. The high value of the ratio
Viot/ 0y, 5.3 1 0.6, implies that DLA-B1228g is a cold, rotation-
dominated disk galaxy. We obtain a dynamical mass of
<1.5 x 10" M, from the kinematical modeling, within a radius
of ~6 kpc. This is similar to the molecular gas mass inferred
from the VLA CO(1-0) emission, indicating that the inner
regions of the galaxy are baryon-dominated. The nondetection of
DLA-B1228g in an HST-WFC3 F105W image yields an upper
limit of 1.3 M., yr "' on its unobscured SFR, far lower than the
total SFR measured from the dust continuum emission and
indicating that the object is a highly dusty galaxy. We present a
new HST-WFC3 F160W image that identifies extended stellar
emission (at a rest-frame wavelength of ~5000 A at z ~2.193)
from DLA-B1228g, close to the CO(3-2) emission, and
overlapping with the Ha emission detected in an earlier VLT-
SINFONI image. The DLA galaxy is likely to have a high HI
mass, >7.3 x 10'"° M, with the damped Ly« absorption arising
from an extended H I disk. However, the velocity offset between
the metal line absorption detected in the VLT-UVES absorption
spectrum and the expected disk velocity at the QSO location
suggests that a simple thin disk model is not sufficient to explain
the observed metal line absorption.
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