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S. Berta', A. J. Youngz, P. Cox>, R. Neri', B. M. Jones®, A.J. Baker?, A. Omont>, L. Dunne’, A. Carnero Rosell®”’,
L. Marchetti®-10, M. Negrello5 , C. Yang”, D. A. Riechers'?>13, H. Dannerbauer®’, I. Perez-Fournon®’,
P. van der Werf!4, T. Bakx':1¢, R. J. Ivison!?, A. Beelen'®, V. Buat!®, A. Cooray19, I. Cortzen', S. Dyezo, S. Eales’,
R. Gavazzi®, A. I. Harris?!, C. N. Herrera!, D. Hugheszz, S. Jin®7, M. Kripsl, G. Lagachelg, M. Lehnert?,
H. Messias®3, S. Serjeant24, F. Stanley3, S. Urquhart24, C. Vlahakis?, and A. WeiB?®

(Affiliations can be found after the references)

Received 22 October 2020 / Accepted 1 December 2020

ABSTRACT

Exploiting the sensitivity of the IRAM NOrthern Extended Millimeter Array (NOEMA) and its ability to process large instantaneous bandwidths,
we have studied the morphology and other properties of the molecular gas and dust in the star forming galaxy, H-ATLASJ131611.5+281219
(HerBS-89a), at z=2.95. High angular resolution (0”3) images reveal a partial 170 diameter Einstein ring in the dust continuum emission and the
molecular emission lines of '2?CO(9-8) and H,O(2¢,—1,;). Together with lower angular resolution (0”6) images, we report the detection of a series
of molecular lines including the three fundamental transitions of the molecular ion OH*, namely (1,-0;), (1,—0;), and (19—0;), seen in absorption;
the molecular ion CH*(1-0) seen in absorption, and tentatively in emission; two transitions of amidogen (NH;), namely (2p,—1;;) and (220—211)
seen in emission; and HCN(11-10) and/or NH(1,—0,) seen in absorption. The NOEMA data are complemented with Very Large Array data
tracing the '2CO(1-0) emission line, which provides a measurement of the total mass of molecular gas and an anchor for a CO excitation analysis.
In addition, we present Hubble Space Telescope imaging that reveals the foreground lensing galaxy in the near-infrared (1.15 um). Together
with photometric data from the Gran Telescopio Canarias, we derive a photometric redshift of zye = 0.9*33 for the foreground lensing galaxy.
Modeling the lensing of HerBS-89a, we reconstruct the dust continuum (magnified by a factor ¢ ~ 5.0) and molecular emission lines (magnified
by u ~ 4-5) in the source plane, which probe scales of ~0” 1 (or 800 pc). The 2CO(9-8) and H,O(20,—1,;) emission lines have comparable spatial
and kinematic distributions; the source-plane reconstructions do not clearly distinguish between a one-component and a two-component scenario,
but the latter, which reveals two compact rotating components with sizes of ~1 kpc that are likely merging, more naturally accounts for the broad
line widths observed in HerBS-89a. In the core of HerBS-89a, very dense gas with ny, ~ 107~? cm™ is revealed by the NH, emission lines and the
possible HCN(11-10) absorption line. HerBS-89a is a powerful star forming galaxy with a molecular gas mass of My, = (2.1 = 0.4) x 10'' M,
an infrared luminosity of Lig = (4.6 = 0.4) x 10" Ly, and a dust mass of Mg, = (2.6 = 0.2) x 10° My, yielding a dust-to-gas ratio 5gpr ~ 80. We
derive a star formation rate SFR = 614 + 59 M, yr™' and a depletion timescale Tgep = (3.4 £ 1.0) X 10® years. The OH* and CH* absorption lines,
which trace low (~100 cm~?) density molecular gas, all have their main velocity component red-shifted by AV ~ 100 km s~ relative to the global
CO reservoir. We argue that these absorption lines trace a rare example of gas inflow toward the center of a galaxy, indicating that HerBS-89a is
accreting gas from its surroundings.
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1. Introduction 2014; Gralla et al. 2020), today we have vast samples of lumi-

. . . nous dusty star-forming galaxies (DSFGs) that are amongst
In the last two decades, surveys in the far-infrared and submil- the brightest galaxies in the Universe, including numerous

limeter wavebands have opened up a new window for our under- examples of strongly lensed systems (e.g., Negrello et al. 2010,

standing of the formation and evolution of galaxies, revealing a 2017; Cox et al. 2011; Bussmann et al. 2013; Spilker et al. 2014
population of massive, dust-enshrouded galaxies forming stars at ’ 1 y | ’ ) )

enormous rates in the early Universe (see, e.g., Blain et al. 2002;
Carilli & Walter 2013; Casey et al. 2014; Hodge & da Cunha
2020). In particular, the extragalactic imaging surveys done
with the Herschel Space Observatory (Pilbratt et al. 2010), such
as Herschel-ATLAS (Eales et al. 2010a), HerMES (Oliver et al.
2012), and PEP (Lutz et al. 2011), have increased the number
of dust-obscured star-forming galaxies from hundreds to sev-
eral hundred thousand. Together with other large-area surveys, heir di D he d b ion in th bi
such as the all-sky Planck-HFI (Planck Collaboration Int. XXVI[ ~teIf distances. Due to the dust obscuration in these objects,
2015), the South Pole Telescope (SPT; Carlstrom et al. 2011) cos- sgarchlng for CO emission lines via millimeter 'and submil-
mological survey (Staniszewski et al. 2009; Vieira et al. 2010), limeter spectroscopy has proved to be the most reliable method

and the Atacama Cosmology Telescope (ACT; Marsden et al. for measuring accurate redshifts. This approach has become
more and more efficient thanks to the increased bandwidths

* The reduced datacubes are only available at the CDS via anony- Of the recei\'/er.s and backends, most notably at the NOrthern
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http: Extended Millimeter Array (NOEMA) and the Atacama Large
//cdsarc.u-strasbg.fr/viz-bin/cat/]/A+A/646/A122 Millimeter/submillimeter Array (ALMA; e.g., Weil} et al. 2013;

Canameras et al. 2015; Reuter et al. 2020) and rare cases of
galaxies with intrinsic infrared luminosities, Lpg 2 10" Lo,
and star formation rates (SFRs) in excess of 1000 Mg yr~!,
known as Hyper-Luminous Infrared Galaxies (HyLIRGs, see,
e.g., Ivison et al. 1998, 2013, 2019; Fu et al. 2013; Oteo et al.
2016; Riechers et al. 2013, 2017).

Detailed follow-up studies of these galaxies to investigate
their nature and physical properties require robust estimates of
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Fudamoto et al. 2017; Neri et al. 2020; Reuter et al. 2020, and
references therein).

Using NOEMA, Neri et al. (2020) reported the results of a
project whose aim was to measure robust spectroscopic redshifts
for 13 bright Herschel-selected galaxies with S'500,m > 80 mly,
preferentially selecting lensed systems (Negrello et al. 2010).
Reliable spectroscopic redshifts were derived for 12 individual
sources, demonstrating the efficiency of deriving redshifts of
high-z galaxies using the new correlator and broadband receivers
on NOEMA. Based on the success of this Pilot Program, we
started a comprehensive redshift survey of a sample of 125 of the
brightest Herschel-selected galaxies (using the same selection
criteria as above), the NOEMA Large Program z-GAL, whose
main scientific goal is to further characterize the properties of
luminous DSFGs in the early Universe. Interestingly, half of
the sources in the Pilot Program sample display CO emission
line widths in excess of 800kms~!. Based on their estimated
locations relative to the L’CO(]_O) versus AV(CO) relationship of
Harris et al. (2012), several of the sources are inferred to be grav-
itationally amplified, while a number of them appear to belong
to the rare class of hyper-luminous infrared galaxies (Neri et al.
2020).

One of these galaxies, H-ATLASJ131611.5+281219 (here-
after HerBS-89a), at z = 2.9497, displays a very strong 2 mm
continuum (with a flux density Sisogu, = 4.56 £ 0.05mly)
and CO emission lines that are the broadest of the entire sam-
ple with a line width (FWHM) of AV ~ 1100kms~'. Both the
2 mm continuum and '?CO(5-4) line emission were resolved by
the 1”2 imaging, with an extension of 079 + (1 in the east-
west direction. The corresponding infrared luminosity of HerBS-
89a (between 8 and 1000 um in the rest-frame; uncorrected for
amplification) is estimated to be (2.9+£0.2)x 10'3 L, which sug-
gested that HerBS-89a could be a HyLIRG.

In order to further explore the properties of HerBS-89a, we
used NOEMA to perform high angular resolution observations
at | mm. We observed, in addition to the underlying dust con-
tinuum, the emission lines of 2CO(9-8) and H,O(29—1;); the
three lines of the ground state of the molecular ion OH*, (1,-0,),
(1,-0y) and (19—0;), which are for the first time reported
together in a high-z galaxy; the CH*(1-0) line seen in absorption
(and tentatively in emission); NH»(292—111)(5/2-3/2) seen in
emission; and HCN(11-10) and/or NH(1,—0;) seen in absorp-
tion, here also reported for the first time in a high-z galaxy.

In HerBS-89a, the 0”3 images of the molecular emission
lines and the dust continuum reveal a partial 1”0 diameter Ein-
stein ring. All of the observed transitions of the molecular ions
OH* and CH* are seen in absorption against the strong dust con-
tinuum. Together, the molecular emission and absorption lines
allow us to probe simultaneously in HerBS-89a regions that
have very different properties, ranging from the (very) dense
molecular gas traced by 2C0(9-8), H,0 (2¢92—111), NH, and
HCN(11-10) (overlapping with NH(1,—0y)), to the low H, frac-
tion, diffuse gas traced in OH™ and the reservoirs of turbulent,
cold and low-density molecular gas traced by CH™, thereby pro-
viding a unique view at sub-kpc spatial resolution (in the source
plane) of the physical properties and feedback activity in this
high-z system.

The NOEMA data are complemented by Hubble Space Tele-
scope (HST) imaging that traces the foreground massive lens-
ing galaxy in the near-infrared (using the F710W filter around
1.1 um), and by optical/near-infrared data obtained with the Gran
Telescopio Canarias (GTC) that provide constraints on the red-
shift of the lensing galaxy. In addition, we also present data
obtained with the Karl G. Jansky Very Large Array (VLA) on
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the '2CO(1-0) emission line, which allow us to derive the mass
of molecular gas in HerBS-89a and give an anchoring point for
an analysis of its CO spectral line energy distribution.

The structure of the paper is as follows. Section 2 describes
the NOEMA, VLA, HST, and GTC observations, and the reduc-
tion of the respective data sets; Sect. 3 presents the main results,
including the morphology of the source, the properties of the
molecular emission and absorption lines and the underlying con-
tinuum; Sect. 4 describes the characteristics of the foreground
lensing galaxy; Sect. 5 presents the lensing model and the mor-
phology of HerBS-89a in the source plane; and Sect. 6 out-
lines the global intrinsic properties of the dust and molecular
gas (derived from the CO and water emission lines) corrected
for amplification, including the CO excitation. The molecular
gas kinematics and the dynamical mass are reported in Sect. 7;
the properties of the molecular absorption and emission lines
other than CO and H,O are outlined in Sect. 8; and a discus-
sion of the gas inflow suggested by the red-shifted molecular
absorption lines of OH* and CH™ is presented in Sect. 9. Finally,
Sect. 10 summarizes the main conclusions of this paper and out-
lines future prospects.

Throughout this paper we adopt a spatially flat ACDM
cosmology with Hy = 67.4kms ! Mpc™! and Qy = 0.315
(Planck Collaboration VI 2020) and assume a Chabrier (2003)
initial mass function (IMF). At the redshift z = 2.9497 of HerBS-
89a, one arc-second corresponds to 7.9 kpc and the luminosity
distance to the source is D, = 2.5 x 10* Mpc.

2. Observations and data reduction
2.1. NOEMA

We used NOEMA to target high-frequency molecular lines in
HerBS-89a, redshifted into the 1 mm band. The observations
were carried out under two separate projects.

The first project was a Discretionary Directorial Time (DDT)
project, labeled EI8AE (P.I.: R. Neri), observed on February
5, 2019 with ten antennas using the extended A-configuration,
yielding an angular resolution of 0’3, for a total observing time
of 4.3h on-source time. This project, which was specifically
tailored to measure the '>CO(9-8) and H,O(2p,—1,;) emis-
sion lines, also enabled the detection of two strong absorp-
tion lines of the molecular ion OH* corresponding to the red-
shifted ground state transitions of OH*(1;—0;) and OH*(1,—0,)
(Vrest = 1033.118 GHz and 971.803 GHz, respectively)‘.

The second project, labeled W19DE (P.I.: S. Berta), was
completed on March 30th, 2020 with ten antennas using the
intermediate C-configuration, yielding an angular resolution of
170 x 0”6, for a total on-source observing time of 4.2 h. This
project was a follow-up of the DDT to measure the third ground
state transition of OH*(19—0;) (Ve = 909.158 GHz)' and the
ground state transition of the molecular ion CH*(1-0) (viey =
835.137 GHz)*.

Observing conditions were excellent for both projects with
an atmospheric phase stability of 20° rms and 0.8 mm of pre-
cipitable water vapor. The correlator was operated in the low
resolution mode to provide spectral channels with nominal res-
olution of 2MHz. The NOEMA antennas were equipped with
2SB receivers that cover a spectral window of 7.744 GHz in each

! The adopted frequencies correspond to the strongest of the hyper-
fine transitions for the specific AJ (Indriolo et al. 2015, and references
therein).

2 The rest frequency of the CH*(1-0) transition is taken from Miiller
(2010).
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sideband and polarization. For the first series of observations, we
covered the frequency range from 244.9 to 252.6 GHz and 260.4
to 268.1 GHz; for the second series, the frequency ranges were
from 209.4 to 217.1 GHz and 224.9 to 232.6 GHz.

The strength of the continuum in HerBS-89a at 1 mm
(~20mly — see Table 1) enabled phase self-calibration, which
significantly improved the image fidelity and dynamic range
both in the continuum and molecular line emission (see
Sects. 3.1.1 and 3.1.2). The flux calibrator used in both projects
was Lk Ha'101. The phase calibrator for the high-angular resolu-
tion project (E1I8AE) was 1308+326. The data were calibrated,
averaged in polarization, mapped, and analyzed in the GILDAS
software package. The absolute flux calibration is accurate to
within 10% and the 1o error on the absolute position of HerBS-
89a is estimated to be <0”2.

22. VLA

The National Radio Astronomy Observatory’s (NRAO) VLA
was used to observe the '>CO(1-0) emission line in HerBS-
89a when the array was in the C configuration. The observations
are part of a larger project (program 1.D.:VLA/20A-083 — P.L.:
D. Riechers) whose goal was to measure the 12CO(1-0) emis-
sion lines in the sample of Herschel-selected galaxies studied
in Neri et al. (2020); the complete results of that project will be
presented in a forthcoming paper (Stanley et al., in prep.). The
data were acquired on March 22, 2020 under stable atmospheric
conditions. The 0.9cm Ka band receivers were tuned (1 GHz
bandwidth per IF) to the expected frequency of the CO emission
line, that is 29.1848 GHz based on the redshift determined by
Neri et al. (2020), and to 38.499 GHz for the second baseband.
In total, we observed for 1.6 h (with 62 min on-source) record-
ing 1024 x2 MHz dual-polarization channels across a total band-
width of 2 GHz, which was chosen to maximize line sensitivity
while retaining as much bandwidth as possible. The 2 GHz band-
width setup was used to maximize the potential for stacking of
faint lines (for the entire VLA project), while at same time retain-
ing sufficient spectral resolution (2 MHz, i.e., 16—21 km s7D) to
finely sample the broad CO emission line of HerBS-89a. The 8-
bit samplers were selected to maximize sensitivity. The source
3C286 was observed to determine accurate complex gain and
bandpass correction solutions and was also observed to set the
absolute scale flux density based on the Perley & Butler (2017)
models; the pointing accuracy was checked regularly. The data
were calibrated, averaged in polarization, mapped using natu-
ral baseline weighting and analyzed in the CASA (Common
Astronomy Software Applications) package. The resulting line
map has a spatial resolution of 1724 x 0779 (PA —62.3°) and
a rms noise level of 32.1uJybeam™' over a band width of
0.13 GHz. The absolute flux scale is estimated to be accurate to
within 10%.

2.3. HST

HerBS-89a was observed with the HST in March 2012 as
part of a cycle-19 SNAPshot proposal (program 1.D.: 12488 —
PI.: M. Negrello), which aimed, amongst other goals, at char-
acterizing the nature of the putative lenses in a large sam-
ple of candidate lensing systems selected at 500 um in the
Herschel extragalactic surveys. Observations were obtained with
the Wide Field Camera 3 (WFC3) using the wide-J filter F110W
(peak wavelength 1.15um). The total exposure time is 252s.
Data were reduced using the Python ASTRODRIZZLE pack-
age, with parameters optimized to improve the final image

Table 1. Far-infrared and submillimeter continuum flux densities of
HerBS-89a (and HerBS-89b).

HerBS-89a HerBS-89b

A[mm] v [GHz] S, [mly] Ref.

Herschel
0.10 <130.8 - (1,2)
0.16 <136.2 - "
0.25 71.8+5.7 - 1"
0.35 103.4+5.7 - 7"
0.50 95.7+7.0 - ’”

SCUBA-2
0.85 52.8+4.3 - 3)

NOEMA
1.14 263.3 2233+0.04 066+0.04 (4)
1.21 248.3 19.22+0.04 0.55+0.04 1
1.31 229.3 13.62+0.05 0.34+0.05 ’”
1.41 212.4 11.31+0.04 0.25+0.04 7
1.89 158.6 456+0.05 0.24+0.05 ®))
2.01 149.0 3.40+0.30 <0.1 7
2.09 143.2 3.02+0.04 - ’”
2.25 133.5 2.20+0.20 - ’”
2.69 111.5 1.10+0.08 - 5)
2.89 103.7 0.83 +0.05 — 7
3.12 96.0 0.56 +£0.06 - ’”
3.40 88.3 0.44 +0.06 - 7

VLA

7.89 38.0 <0.147 - 4)
10.34 29.0 <0.065 - 7

Notes. The widths of each of the NOEMA sidebands is 7.744 GHz
and their frequency ranges are provided for the 1 mm data in Sect. 2.1
and in Table 2 of Neri et al. (2020) for the 2 and 3 mm data. The flux
densities of HerBS-89b have been corrected for the primary beam.
The quoted statistical uncertainties do not account for the absolute flux
calibration uncertainty. All the upper limits are 30
References. (1) Bakxetal. (2018); (2) Valiante et al.
(3) Bakx et al. (2020); (4) this paper; (5) Neri et al. (2020).

(2016);

quality. The pixel scale of the Infrared-Camera is 0”128, but
the image was resampled to a finer pixel scale of 07064 by
exploiting the adopted sub-pixel dither pattern. The astrometry
of the resulting image was calibrated by matching the positions
of 11 stars from SDSS DR12 and 2MASS and is accurate to
within 071.

24. GTC

HerBS-89a was observed with the GTC 10.4m telescope
in two observing runs (program ID: GTCO03-19ADDT and
GTCO09-19ADDT; PI: H. Dannerbauer). First, optical imaging
was obtained using the instrument OSIRIS on April 6, 2019.
The observations were conducted in service mode under clear
skies (although with non-photometric conditions), integrating
for 10 min in the Sloan r-band filter with a seeing of (!8.
The field of view is 7!5 x 60 and the pixel size 07254.
Standard procedures for data reduction and calibration of the
raw images were performed with the IRAF data reduction
package (Tody 1986).

The second series of observations was performed on June
7, 2020 using the visitor instrument HIPERCAM for a total
observing time of 1.25 h under average seeing conditions (0”9).
HiPERCAM is a quintuple-beam CCD imager enabling the five
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Fig. 1. Continuum images of HerBS-89a at 1.2 mm, resulting from merging the lower and upper side bands of the two sets of NOEMA observations
obtained with natural weighting of the visibilities (see Sect. 3.1.1 for further details). Contours are at 5, 10, 20, 40, 800 levels. North is up, east
is left. Left: high-angular resolution continuum image at 254.6 GHz with a beam size of 0743 x (/22. Right: lower-angular resolution image at
220.8 GHz with a beam size of 1"’ 1x0”66. The synthesized beam is shown in the lower left corner of each image, and the cross indicates the position
of the phase center (RA 13:16:11.52, Dec +28:12:17.7). The weak source HerBS-89b, about 670 to the east, is detected at both frequencies; the
position of the source is indicated with an arrow and further details are provided in Sect. 3.1.1.

28°12'18"

Declination

28°12'16"

13"16™11%

Right Ascension

Fig. 2. Zoom-in of the continuum image of HerBS-89a at 254.6 GHz,
obtained with uniform weighting, i.e., enhanced resolution, showing the
details of the dust-continuum emission, in particular the faint extended
emission of the ~170 diameter partial Einstein ring. See caption of
Fig. 1 for further details.

Sloan filter ugriz to be observed simultaneously over a field of
view of 2/8 x 1’4 with a pixel size of 07081 (Dhillon et al. 2018,
and references therein). The HIPERCAM team designed a ded-
icated data reduction tool® that applies standard procedures for
the reduction and calibration of the raw images.

3 http://deneb.astro.warwick.ac.uk/phsaap/hipercam/
docs/html/
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3. NOEMA and VLA results

In this section, we describe the new data obtained on HerBS-
89a, outline the properties derived from the NOEMA 1 mm high-
angular resolution observations for both the continuum and the
molecular emission and absorption lines (Sect. 3.1), and present
the results on the '>?CO(1-0) emission line measured with the
VLA (Sect. 3.2).

3.1. NOEMA results
3.1.1. Continuum emission

Figure 1 presents the two continuum maps of HerBS-89a
obtained by merging the lower and upper side-bands of
each set of observations, resulting in a high-angular reso-
lution image centered at ~254.6 GHz and a lower angular
resolution image at ~220.8 GHz. We reach a sensitivity of
o = 29 and 33ulybeam™! in the two bands, respectively.
Merging the two side-bands of the high-resolution continuum
images improves the S/Ns and resulted, by applying a uni-
form weight, in a final image with beam size of 0743 X
(722, to be compared to the 0”55 x 0”33 achieved by the A-
configuration that was used for these observations with natural
weighting.

Figure 2 presents a zoom-in on this high-resolution contin-
uum image of HerBS-89a. It displays an Einstein ring-like mor-
phology, with a double source linked by weak arc structures,
indicating that HerBS-89a is lensed. The high quality of the
image reveals the details of the morphology of the dust contin-
uum, such as the differences between the northern and south-
ern continuum peaks as well as the weaker emission extending
between them.

For the lower frequency data obtained using the medium-
compact C-configuration of NOEMA, the source is only
marginally resolved. Combining the data from the upper and
lower side-bands resulted in a beam of 1”1 x (766.
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To the east of HerBS-89a, the weak unresolved source
(labeled HerBS-89b), which was already detected in 2 mm con-
tinuum by Neri et al. (2020), is detected in the 1.2 mm contin-
uum emission in both images (Fig. 1), about 6" east of the phase
center of our observations. The detection reported here confirms
the authenticity of this source. However, there is no correspond-
ing source in the SDSS catalog at that position. The faintness of
HerBS-89b precludes the extraction of spectroscopic informa-
tion from the available NOEMA data.

Continuum aperture flux densities have been measured for
each side-band separately. Table 1 summarizes the values, both
for HerBS-89a and the serendipitous source HerBS-89b, which
is seen to be ~40x fainter than HerBS-89a. The effective fre-
quencies of the adopted continuum bands and the statistical
uncertainties on the flux densities are also provided. The latter
should be added in quadrature to the 10% absolute flux calibra-
tion uncertainty (see Sect. 2.1).

3.1.2. Molecular emission and absorption lines

The large bandwidth of the NOEMA receivers allows us to
search in HerBS-89a for redshifted emission and absorption
lines over a wide range in frequency. The complete spectra of
HerBS-89a, integrated over the areas subtended by the lines (see
below) and normalized by the continuum, are displayed in Fig. 3.
Each of the panels covers the frequency range of one sideband
(LSB or USB) of one of the two observational projects dis-
cussed above, namely between 245 and 268 GHz (two upper
panels) and between 209 and 233 GHz (two lower panels).
Two strong molecular emission lines are present, 12C09-8)
and H,O(29;—111), which both display wide profiles similar
to those seen in the '2CO(3-2) and '>CO(5-4) emission lines
(Neri et al. 2020). In addition, the three lines of the ground
state of the molecular ion OH" are all detected in absorp-
tion: the (1;—-0;) line, which is adjacent in frequency to the
12CO(9-8) emission line, and the (1,—0;) and (19—0;) lines,
which are detected for the first time in a high-z galaxy. Blue-
shifted from the strong OH*(1,—0,) absorption line, another
weaker absorption line is detected that is due to HCN(11-10)
(Vrest = 974.487 GHz) and/or NH(1,—0;) (Vresr = 974.471 GHz)
(see Sect. 8.1 for a detailed discussion). Next to the OH*(1¢—0;)
absorption line, another line is seen in emission, which corre-
sponds to 0 — NHy(202—111)(5/2-3/2) (Vrest = 907.433 GHz).
A second NHj line is detected with lower signal-to-noise ratio
(S/N) at higher frequency, the NH;(2,90—111)(5/2-3/2) transi-
tion at vy, = 993.3226 GHz. Finally, the molecular ion CH* is
detected in the ground transition, CH*(1-0); its profile is dom-
inated by an absorption line that has a width similar to those of
the OH* absorption lines and at the same red-shifted velocity; in
addition, a weak and broad (~850km s~!) emission component
is likely present, of which the extreme red and blue wings are
detected at low S/N at either side of the absorption line.

Also identified in Fig. 3 are the positions of red-shifted
molecular lines that fall within the observed frequency range
but remained undetected in HerBS-89a, including: SH*(2—-1)
(ret = 893.152GHz), 0 — NH2(202—111)(3/2-1/2) (Vrex =
902.210GHz), H,0"(312—303) (Vrest = 982.955GHz), and
0 = H30™(05 = 1) (Vrest = 984.708 GHz), most of which are seen
in the spectrum of the local merger Arp220 (Rangwala et al.
2011).

Figure 4 shows the angular extents of the eight molecular
emission and absorption lines detected with NOEMA in HerBS-
89a, each compared to the continuum extracted in the respective
sideband to which it belongs. The >?CO(9-8) and H,0(2p,—1;)

emission lines are detected in both lensed components of HerBS-
89a, but are slightly shifted in position with respect to each
other, with the water line being well centered on the continuum
emission peaks. In order to recover more information on the
distribution of the molecular emission lines, we combined the
12C0(9-8) and H,OQ2p—111) velocity averaged images, under
the assumption that they are probing roughly the same reservoir
of high density and temperature molecular gas in HerBS-89a.
The increased S/N of the combined image (see upper right panel
in Fig. 4) reveals the molecular emission to the west, joining the
southern and northern peaks, and resembling the image of the
dust continuum emission.

The two strong OH* absorption lines detected in our higher
angular resolution data, namely the (1,-0;) and (1,—0;) transi-
tions, also coincide with the southern and northern peaks of the
continuum emission. The combined OH*(1;—0;) and (1,—0)
map, integrated between —400 and +400kms~! from the line
center in order to avoid contamination by neighboring lines
(right panel in the second row of Fig. 4), further highlights this
spatial coincidence.

The faint absorption lines of our lower angular resolution
data are detected mainly toward the southern component of
HerBS-89a; the CH* absorption seems to be more extended
than the OH* absorption. The image of the HCN(11-10) and/or
NH(1,-0;) absorption line shows two peaks exactly centered on
the dust continuum emission peaks with no indication of emis-
sion extending further out. Finally, the NH»(2p,—111)(5/2-3/2)
emission line peaks westward of the continuum peak, as
expected for red-shifted gas (see below).

In Fig. 5, we show the integrated spectra of all the individual
molecular emission and absorption lines detected in HerBS-89a,
including the 12C0O(3-2) and 2CO(5-4) emission lines reported
in Neri et al. (2020). In the following, we discuss the properties
of each of these molecular lines.

For the two low-J CO emission lines, Neri et al. (2020) fitted
each of the double-peaked line profiles with two Gaussian com-
ponents, with identical widths (FWHM = 631kms™') and cen-
tral velocities shifted by +289 kms~! from the nominal line fre-
quency at the redshift of HerBS-89a (z = 2.9497) (Table 2). We
adopt here the same approach for the 2CO(9-8), H,O(202—111)
and NH»(29,—111)(5/2-3/2) emission lines, fixing their compo-
nent velocities to the values found for '>CO(5—4) and (3—-2). We
also force the two Gaussian components (of each line) to have
the same width (see Table 2). For the NH,(250—111)(5/2-3/2)
emission line, the detection has too low S/N to enable a reason-
able fit and we therefore here report only upper limits to its line
flux.

As mentioned above, the CH"(1-0) line seems to display
weak emission features on both sides of the absorption line. The
fit to the profile shows the overlapping deep absorption feature
and the less-well defined, broad component seen in emission.

The OH*(1,-0;) absorption line displays strong, red-shifted
absorption, whose profile is well reproduced by a narrow and
deep absorption line, red-shifted by ~100kms~'. Next to this
OH™ absorption line, the broad weak absorption line, which cor-
responds to HCN(11-10) and/or NH(1,—0;), is centered at zero
velocity and has a width of ~800km s~'. As shown in Fig. 4, this
broad absorption line is very concentrated spatially, peaking on
the northern and southern peaks of the dust continuum emission.

The OH*(1p—0;) and NH;(202—11;)(5/2-3/2) lines are
close to each other in frequency (i.e., 230.18 and 229.74 GHz,
corresponding to a velocity difference of AV ~ 150kms™!). In
the observed spectrum (Fig. 5) there is an apparent shift for both
species to the red by ~250km s~ with respect to their nominal
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Fig. 3. Spectra of HerBS-89a in the frequency ranges between 245 and 268 GHz and between 209 and 233 GHz. The spectra have been normalized
by the continuum, which was modeled with a linear function (see text). The velocity channels were binned to 40 kms™' for the 245-268 GHz data
and 60 km s~ for the 209—233 GHz data, reaching rms of 0.6 and 0.4 mJy per channel, respectively. The rest-frame and observed frequencies are
given on the upper and lower horizontal axes, respectively. All the detected molecular emission and absorption lines are identified (with the arrows
positioned at the line frequencies). In addition, the redshifted positions of molecular lines (at z = 2.9497) that fall within the observed frequency
range, but were not detected, are indicated (in italics): o — H3;0%(0;—17), H;0*(312—3¢3), SH*(2-1), and 0 — NH,(20,—1,,1)(3/2-1/2).

frequencies. For the OH*(17—0;) absorption, this shift is larger NH; (amidogen) is a photodissociation product of NH; (ammo-
than for the two other OH* transitions, and in the case of NH,, nia), it should probe the dense gas traced in the high-J CO or
the profile seems to be inconsistent with those seen for other water lines, and therefore display a similar double Gaussian pro-
molecular emission lines tracing dense gas (CO and H,0). Since file. However, we only see the red-shifted component of the
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Fig. 4. Images of the molecular emission and absorption lines detected in HerBS-89a, compared to the underlying continuum (natural weighting;
shown as contours with 100 spacing) extracted in the respective side-band where each molecular line was detected (for each image the continuum
has been subtracted from the line emission). The three upper rows display the high-angular resolution data, whereas the botfom row shows the
lower-angular resolution images. Upper right panel: combined '2CO(9—8) and H,O(2p,—1;,) image that enhances the low-level line emission, in
particular along the western arc of the partial Einstein ring. Right panel in the second row: combined map of OH* ((1,—-0;) and (1,—0,)) absorption
lines. The synthesized beam is shown in the lower left corner of each of the images.

double-peaked line profile, most likely because the blue-shifted
part of the NH, emission line has been entirely suppressed by the
OH* absorption line. We have therefore fitted simultaneously the
overlapping OH" absorption and NH, emission lines using three
Gaussian profiles, namely: (i) two components for NH,, where
the velocities are derived from the '>CO(5-4) and '2CO(3-2)
emission lines and the ratio of the blue and red peaks similar
to that of the double Gaussian profile of the >CO(5-4) emis-

sion line; (ii) one Gaussian for the OH™ absorption line whose
width and the center velocity are derived from the narrow and
deep OH*(1,—0,) absorption line. The fit shown in Fig. 5 repro-
duces very well the observed spectrum including the velocity
shift described above.

Table 2 summarizes the results of the spectral line fitting. For
each molecular line, the main properties of the best Gaussian fits
are listed, including the central velocity and frequency, the full
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Table 2. Summary of molecular emission and absorption line properties in HerBS-89a, obtained by the line fitting.

Molecule  Transition Viest Vobs \% FWHM Line Ly
- [GHz] [GHz] [km s™!] [km s™!] [Jy kms™'] [10'Kkm s 'pc?]
Emission lines
2co 1-0 115.271  29.186 -57.6+119.5 1443 +293 0.64 +£0.13 25.76 +5.23
3-2 345796  87.549 0.0 1102 + 83 4.00 +0.60 17.75 +2.66
5-4 576.268 145.902 0.0 1028 + 107 8.40 +0.80 13.42+1.28
9-— 1036.912  262.530 0.0 1168 +94 1.78 £0.21 0.88+0.10
H,O 200 — 111 987.927 250.127 0.0 1128 + 174 1.59 +0.37 0.86 +0.20
NH, 200 =111 @ 907.433  229.747 0.0 972 +237% 0.64 +0.27® 0.41+0.17
250-211 P 993.322  251.493 0.0 <0.33
Absorption lines
OH" 1, -0 1033.118 261.546 +102.2+13.0 447 +32 -.96+0.14
1,-0; 971.804 246.026  +91.6+20.1 558 £51 -3.08£0.28
1o -0 909.159 230.132 +267.6+32.2 349 + 121 —-0.28 £ 0.15%
CH* 1-0 835.137 211.419 +137.6+12.6 354 +108%*)  —0.39 +0.09¢*
HCN 11-10® 974.487 246.724 0.0 523+239 -0.63 £0.28
NH 1, - O(li) 974.471 246.720 0.0 523 +239 -0.63+0.28

Notes. The data for the '>?CO(3-2) and '2CO(5—4) emission lines are from Neri et al. (2020). The fitting of each line is shown in Fig. 5. When
one parameter is quoted without uncertainty, its value was fixed during the fitting procedure. The observed line luminosities uLj, = have been
derived using the standard relation given by Solomon & Vanden Bout (2005) — see Sect. 6.2 and Eq. (6). > Combination of the two Gaussian
components. “*Only the visible red component. “*Net absorption only. "The two NH, transitions are (2g5—1;;) (5/2—3/2) and (250—21)
(5/2-3/2), respectively. In the case of the latter transition, we provide a 30~ upper limit. PIn the case of the absorption line observed at 246.72 GHz,
we here provide the derived properties for HCN and NH separately, noting that both molecules likely do contribute to the observed absorption (see

Sect. 8.1).
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Fig. 5. Spectra of the molecular emission and absorption lines detected in HerBS-89a reported in this study, together with the '?CO(5-4) and
12CO(3-2) spectra from Neri et al. (2020). Each molecular line is identified in the lower corner of each panel (labeled in black) and, in the case of
a line overlap, as '>2CO(9-8)/OH*(1,-0;), OH*(1,—0,)/HCN(11-10) and OH*(1¢9—0;)/0 — NH,(20,—1,1)(5/2-3/2), the second molecular line is
labeled in red. The spectra are displayed with the continuum subtracted and, in each panel, the molecular line (labeled in black) is plotted relative
to the zero velocity corresponding to its rest frequency. Fits to the emission and absorption molecular lines are shown as solid lines, and, when
multi-component and/or multiple lines have been fitted, they are displayed individually as dashed lines (see text for details).
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Fig. 6. Maps of the optical depth of the OH*(1,-0,) and OH*(1,-0;) absorption lines, evaluated as F,/F .., = —e™ ™ at the central frequency vy

of each line.

width at half maximum (FWHM), the integrated intensity, and
the intrinsic frequency. All the uncertainties are propagated into
the derived quantities.

3.1.3. Optical depths and column densities of lines seen in
absorption

The optical depth of an absorption line (7,) can be evaluated
from the observed spectrum normalized by the continuum as fol-
lows
~ S cont __ S y

1-e™ = VST, (1)
where S, is the flux density of the spectrum and S °™ that of the
continuum only. The optical depth is evaluated at the central fre-
quency v of the line. Table 3 reports the values of 7(v) obtained
from the integrated spectra shown in Fig. 3, that is, averaged over
the angles covered by the lines on the sky. In the case of the two
strongest absorption lines (the OH*(1;—0;) and (1,—0;) transi-
tions), maps of the opacity are displayed in Fig. 6.

Using Eq. (1) and the continuum-normalized spectra, we
compute “optical depth spectra” that describe the variation of 7,
along the absorption lines, as a function of frequency or velocity.
The column density N, of the absorption line is derived by inte-
grating over the velocity range of the line along the line of sight
(e.g., Comito et al. 2003; see also Indriolo et al. 2015, 2018):

83 g1
N = LdV. 2
! C3 Aulgu fT ( )

The quantity f 7,dV and the speed of light ¢ can be expressed

in units of [cms~'], and the transition frequency v in [Hz] (see
Table 2 for the corresponding frequencies of each line), so that
M, is directly computed in units of [cm~2]. The quantities g; and
gu are the lower and upper state statistical weights, and Ay is the
spontaneous emission coefficient. We compute the column den-
sity for the strongest of the hyperfine transitions for the specific
rotational AJ, and we assume that nearly all molecules are in the
ground rotational state. The values of the statistical weights and
the emission coefficients are taken from the Cologne Database
for Molecular Spectroscopy (CDMS; Miiller et al. 2005).

Table 3 summarizes the results for the absorption lines
observed in HerBS-89a, i.e, the three OHT transitions,

Table 3. Optical depths and column densities for the molecular absorp-
tion lines.

Line 7(vo) AV f‘rvd\/ N
[kms™!] [kms™]  [10"cm™2)
OH*(1;-0;) 0.62+0.14 —280to +530 191.4+17.2 11.2+1.0
OH*(1,—-0;) 0.61 £0.16 —400to +600 306.0+23.9 9.6+0.8
OH*(1p—0;) 0.24+0.09 -33t0+560 53.8+15.1 7.2+2.0
CH*(1-0)  036+0.13 —145t0+500 91.4+228 26+0.7
HCN(11-10) 024 £0.12 —570to +430 66.1 + 183 0.38 0.1
NH(I1,-0;) 0.24+0.12 —570to +430 66.1+183 6.7+1.9

Notes. The frequency v, corresponds to the deepest dip of each lines. In
the case of the absorption line observed at 246.72 GHz, we provide two
possible column densities obtained assuming that the line is a transition
of either HCN or NH separately, although we note that both lines likely
contribute at the same time (see Sect. 8.1).

CH*(1-0) and the absorption line observed at 246.72 GHz that
is due to HCN(11-10) and/or NH(1,—-0y), listing the velocity
integration ranges, the integrated optical depths, and the column
densities. Uncertainties are computed from the dispersions of the
spectra, via standard error propagation.

3.1.4. Velocity fields

Detailed views on the dynamics of HerBS-89a are presented
in Fig. 7, which displays the velocity fields of all the molecu-
lar emission and absorption lines detected in this source. The
emission lines of >2CO(9—8) and H,0(29;—1;;) show similar,
regular east-west velocity gradients, from blue to red along the
southern arc, and reversed in the northern peak, as expected
from gravitational lensing (see Sect. 5). The combined image
of the '2CO(9-8) and H,0(2¢;—11;) emission lines reveals
further details, in particular the velocity distribution along the
western arc. The velocity field of these dense gas tracers is con-
sistent with the presence of kinematically distinct components
that could indicate a merger system, or with a single rotating
disk-like structure (see Sect. 7). The main peaks of the three OH*
and one CH* absorption lines are seen to be red-shifted across
most of the continuum (Fig. 7). Finally, the red-shifted compo-
nent of the NH,(29,—11)(5/2—-3/2) emission line is clearly seen
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Fig. 7. Velocity field maps (shown in colors) in each of the molecular emission and absorption lines detected in HerBS-89a superimposed on the
continuum at the individual frequencies of each molecular line (in contours of 100~ spacing). The velocity maps were obtained above 3¢ thresholds
in the zero-th moment map of the molecular lines. As in Fig. 4, the three top rows display the high-angular resolution data, whereas the lower row
shows the lower-angular resolution images. Upper right panel: combined '>?CO(9-8) and H,O(20,—1;,) image that reveals the kinematics along
the western arm of the partial Einstein ring. Right panel in the second row: combined velocity field of the two OH+ absorption lines ((1,—0;) and
(1,—0;)). The synthesized beam is shown in the lower left corner of each of the images.

west of the continuum peak, as expected from the velocity field
revealed in the higher angular resolution data for the 2CO(9-8)

and H,O(2¢,—1;) emission lines.

3.2. VLA results: The '>CO(1-0) emission line

Figure 5 shows the VLA '>CO(1 — 0) emission line spectrum,
resampled to a velocity resolution of ~120kms™! to highlight
the key properties of the line profile. Because of the limited S/Ns,
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we fit the observed line with a single Gaussian profile. The posi-
tion of the '>CO(1-0) emission line is consistent with the nom-

inal redshift of HerBS-89a. Its FWHM is AV ~ 1400kms™!,
comparable to those of the three high-J CO emission lines, and
the observed total line intensity is 7, = 0.64 + 0.13Jykms™!

(Table 2).

The emission line map, which is shown in Fig. 8, was
obtained by integrating the VLA data cube between —800 and
+500kms™! relative to the frequency of '>CO(1-0) at 7 =
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Fig. 8. '>2CO(1-0) emission in HerBS-89a. The lo sensitivity is
32.1 uJybeam™" and the beam size (shown in the lower left corner) is
1724 x 0779 (PA —62.3°, E of N). The emission is resolved in the east-
west direction. Contours are in 1o steps starting from the 30 level.

2.9497. The '>CO(1-0) line emission is slightly resolved and
displays an east-west extension, similar to what is observed in
the other CO lines for which the emission has been resolved (i.e.,
the '2CO(9-8) and (5—4) lines). It is noteworthy that, contrary
to what is seen in the '>CO(9-8) and dust continuum emission,
the northern component in '>CO(1-0) appears slightly stronger
than the southern component; however, the difference is ata <lo
level. If confirmed, this inconsistency may be the result of differ-
ential magnification and indicate that the molecular gas reservoir
traced in CO (1-0) is more extended than that traced by the high-
J CO and water transitions (see Sect. 5 for a detailed discussion).

Due to the limited sensitivity of the VLA data, the under-
lying continuum of HerBS-89a was not detected. We measure
an rms of ~15.4 and ~20.1 uJybeam™! in the continuum maps
at 29 GHz (band width 0.74 GHz) and 38 GHz (band width
0.93 GHz) in the observed frame, with beam sizes of 1723 x (0”79
and 0796 x 0”59, respectively.

4. The foreground lensing galaxy

In this section, we derive the characteristics of the foreground
lensing galaxy from the near-infrared HST image and the GTC
photometry, supplemented by NOEMA data.

4.1. Imaging results (HST)

Figure 9 displays the HST wide-J filter F110W image (at
1.15 ym) toward HerBS-89a compared to the 1.2 mm dust con-
tinuum emission. The HST image reveals a galaxy along the line
of sight to HerBS-89a, which lies close to its northern com-
ponent but is offset by ~0”2 southwest from the northern dust
continuum peak. The lensed galaxy itself remains undetected in
the HST image. The near-infrared emission of the foreground
lensing galaxy is resolved in the HST image. It is dominated by
a bright bulge-like structure. It also displays a weak emission
that extends in the east-west direction and that could resemble
a disk. A bright spot to the northwest of the spheroidal compo-
nent seems to wrap around the northern peak of the dust con-
tinuum, and could be a small satellite galaxy. From the HST
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Fig. 9. View of the foreground lensing galaxy in the HST WFC3 F110W
filter (1.15 um) image, with the 254.6 GHz dust continuum measured
with NOEMA superposed as red contours.

data, the foreground galaxy has an estimated flux density of
~4.36 +0.88uly at 1.15 um.

4.2. Photometric redshift (GTC)

The foreground lensing galaxy is also detected in our GTC
OSIRIS r-band imaging with a magnitude r =24.5+0.3 AB mag.
The deeper imaging with HIPERCAM detects the foreground
galaxy in the griz bands, while in the u band the object remains
undetected. The target lies very close to a bright (r = 19.5)
point-like object, 3”3 to the east, and the photometric measure-
ment needs to take properly into account the wings of the bright
neighbor.

The HIPERCAM maps were calibrated on SDSS DR12 stars
present in the field. The code GALFIT (Peng et al. 2002) was
used to subtract the profile of the bright point-like nearby object
using a model PSF. Aperture photometry was performed on the
residual image to measure the emission of the target lensing
galaxy. Uncertainties were derived measuring the noise level
in an annulus around the object, thus taking into account the
presence of the nearby source. Finally, systematic zero-point
uncertainties were propagated in the estimate of the magnitude
uncertainties. Table 4 lists the derived magnitudes and the 30 u
band upper limit in the AB system (Oke & Gunn 1983).

The foreground galaxy is also detected by WISE
(Wright et al. 2010) at 3.4 and 4.6 um. However, the WISE pho-
tometry likely includes contributions from the lensing galaxy,
the lensed HerBS-89a galaxy, and the nearby bright point-like
source. Because of the broad WISE beam (6”1 at 3.4 um), it is
impossible to disentangle the different components. Therefore
only the GTC and HST data points have been retained in this
analysis.

At r = 24.5 it is far from easy to obtain an optical spectro-
scopic redshift, but thanks to the sensitivity of HIPERCAM and
the capability to observe simultaneously the five ugriz bands,
together with the HST F110W imaging results, it is possible to
derive a photometric redshift.
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Table 4. Optical photometry of the foreground lensing galaxy.

Band A mag  Flux density Instrument
[pm]  [AB] [1Jy]

u 036 >25.0 <0.36 GTC HiPERCAM

g 0.48 26.0+0.3 0.15+0.05 ’

r 0.64 245+03 0.63+0.06 GTC OSIRIS

r 0.63 24.6+0.2 0.53+0.11 GTC HiPERCAM

i 0.77 23.8+0.2 1.10+0.22 ’

z 091 23.1+0.2 2.09+0.42 7

F110W 1.15 223+0.2 4.36+0.88 HST WEFC3

W1 335 194+0.1 63.1+6.1 WISE

w2 460 192+02 759+153 7

Notes. Due to the contamination of a nearby point-like source, the
WISE data were not considered in the derivation of the photometric red-
shift of the foreground lensing galaxy (see Sect. 4.2). The upper limit to
the u-band flux density is given at a 30 level.

1000 F——————
t Lensing galaxy

100 * I

S, [mdy]

0.01 L ool L L ool
Aops [1m]

Fig. 10. Best derivation of the photometric redshift of the fore-
ground lensing galaxy, using the Le PHARE code (Ilbert et al. 2006;
Arnouts et al. 1999). The filled triangle shows the HST F110W flux
density and the filled circles represent the GTC measurements (see text).
The WISE data (open circles) have not been included in the fit. The
curve shows the best fit model, a Sb spiral template (Polletta et al. 2007;
Tlbert et al. 2009). The inset displays the distribution of y? as a function
of redshift; the dotted horizontal lines correspond to the 1, 2, 30 levels,
defined as x2, + 1, 2.71, 6.63. The best photometric redshift for the
foreground galaxy is Zpno = 0.9j8§ where the errors are 30-.

To get the best possible result, and test systematics due
to the chosen method, we applied various photometric redshift
codes EAZY (Brammer et al. 2008), Hyper-z (Bolzonella et al.
2000), Le PHARE (Arnouts et al. 1999; Ilbert et al. 2006), and
MAGPHYS-z (da Cunha et al. 2008; Battisti et al. 2019) to the
ugriz and F110W data, adopting different template libraries
(Coleman et al. 1980; Bolzonella et al. 2000; Berta et al. 2003,
2013; Babbedge et al. 2004; Polletta et al. 2007; Brammer et al.
2008; Ilbert et al. 2009; da Cunha et al. 2015). Since it best
accounts for the upper limits, the final choice is the Le PHARE
code.

The best photometric redshift of the foreground lensing
galaxy thus obtained is zphot = 0.9, with a 99% confidence inter-
val of 0.4 < Zphoze < 1.2. The best fit solution is obtained
with a SB spiral template from the COSMOS library (Ilbert et al.
2009), originally belonging to the SWIRE library (Polletta et al.
2007). Figure 10 shows the best fit model together with the
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Fig. 11. Spectrum between 139.29 and 147.04 GHz toward HerBS-
89a, from Neri et al. (2020), showing the '2CO(5—4) emission line of
HerBS-89a (at 145.902 GHz) and the weaker, narrow (~200kms™)
emission line at 143.74 GHz, possibly belonging to the foreground lens-
ing galaxy (see Sect. 4.3 for further details).

x? distribution. The photometric redshift is best constrained by
the r—i color, tracing the D4000 break?®. The lack of rest-frame
near-infrared coverage and the upper limit in the u band restrict
the accuracy of the photo-z measurement. Deeper data and a
wider wavelength coverage would be necessary to improve its
precision.

In addition, various attempts were made using templates that
include emission lines (e.g., Babbedge et al. 2004), with the aim
to verify if the r and F110W bands could be contaminated by
lines at z ~ 0.7, namely [O11] (13727) and Ha (16563). However,
none produced a better fit to the data.

4.3. Spectroscopic redshift NOEMA)

An independent indication of the redshift of the lensing fore-
ground can possibly be derived from the 2 mm spectral scan that
was obtained to derive the spectroscopic resdhift of HerBS-89a
in Neri et al. (2020). In the frequency range 139.3-147.0 GHz,
where the '2CO(5-4) emission line of HerBS-89a was detected,
a weaker narrow (~200kms~') emission line is seen at
143.74 GHz, close to the center position of HerBS-89a (see
Fig. 11). The narrowness of this emission line excludes the pos-
sibility that it could be related to HerBS-89a. If it traces instead
the foreground lensing galaxy, the line could correspond to a
12CO emission line, either detected in the J = 2—1 transition, in
which case zjeps = 0.604, or in the J = 3-2 transition for which
Ziens = 1.406. The former is consistent within the 20~ uncertain-
ties with the photometric redshift derived from the GTC and
HST data. A search for the counterpart of this emission line
(at 1 mm) could allow us to verify the above identification, and
eventually derive a precise spectroscopic redshift of the fore-
ground galaxy gravitationally amplifying HerBS-89a.

5. Lens modeling

In order to recover the source-plane morphology and the intrin-
sic properties of HerBS-89a, we derive a lens model from
the high-angular resolution NOEMA continuum data as shown
in Fig. 2 (with initial lens parameters informed by HST

4 The 4000 A discontinuity is defined as the ratio between the aver-
age flux density between 4050 and 4250 A and that between 3750 and
3950 A (Bruzual 1983).


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039743&pdf_id=10
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039743&pdf_id=11

S. Berta et al.: Close-up view of a z=2.95 star-forming galaxy

Data Lensed model (PSF—conv)

L B e e L s e e e e e e e LA S s
28°12"19" |- = ==

28°12'18"

28°1217"

28°12'19"

28°12'18"

28°1217"

28°12'19"

28°12'18"

28°12'17"

Declination

28°12'19"

28°12'18"

28°12'17"

Residuals Lensed model Model (source plane)
L L L L B B L R S
4 28°12'18.0 ; ﬁ
- -
s | 28012175 ; -
254.5 GHz ]
| P I | ' ' ' ' | '
1 S DEEES
- 28°12'18.0 } ﬁ‘ {
1 | 28°121175 ; 5
CO(9—8) ]
| P | ' ' | '
1 ety 1 U —
' 28°12'18:0 } ﬁ. 4
B | 28°12117'5 ; B
CO(1—-0) ]
| | | 4 4 | 4
\ \ \ ———
28°12'18!0 ; ﬁ ;
e B

28°12'17\5 = =l

28°12'19"

28°12'18"

Hzo(zozj1 11)]

— —+—t
+ 4 28°1218.0 |- m
* .

50157 al | 2812175 -
4
[ OH'(1,-0y)
P T T A S NN | | | | | | |
28°12'19" |- 4+ 4+ + - r
28°12'18'0 |- = -
. . f
28°12'18" |- AL 41 41 i
28°1217" |- <+ ‘ 1 1 | 2812175 i

L OH+<,‘2701>:
Lo | PR S T T S R R

T IR L
13"16M11% 1% 13"16M11% 1% 13"16™11%

1175

13"16M11% 115 13"16M11%5 11%50

Right Ascension

Fig. 12. Lens modeling results for the 1.2 mm dust continuum emission and spectral lines in HerBS-89a (identified in the right most panels). In
each row, from left to right: observed image (with the synthesized beam shown in the lower left corner) and critical curve (red line); reconstructed
model image convolved with the PSF; residuals; reconstructed model image at full angular resolution; and (separated and with a different angular
scale) reconstructed source-plane image and caustic. The residuals are within +2.50, showing that the model agrees well with the data. The cross
shows the coordinates of the phase center of NOEMA observations (RA 13:16:11.52 and Dec +28:12:17.7 in J2000). The OH" absorption lines
have been inverted to allow for a positive normalization of the Sérsic profile reconstruction.

observations) and proceed to apply it to the molecular line data.
We perform the lens modeling and source reconstruction using
the lensmodel package (Keeton 2001) with the pixsrc exten-
sion (Tagore & Keeton 2014; Tagore & Jackson 2016). For the
sake of computational efficiency, all modeling has been done
in the sky plane, although we recognize that fitting directly to

visibility data can prevent specific choices in the interferomet-
ric imaging process (e.g., related to uv weighting and decon-
volution) from having undue impact on a model. Although the
quality of our NOEMA observations is excellent, the limited
number of resolution elements across the source prevents us
from leveraging the full power of the nonparametric approach of
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Table 5. Results of lens modeling: parameters of the best fit model for
the foreground lens.

Parameter Value Uncertainties

lo Systematic
Ref. point (RA) 13:16:09.79 - -
Ref. point (Dec)  28:12:18.17 - -
Position ARA -070612 0.0005
Position ADec —070989 0.0008
Einstein radius b 074832 0.0006 0.0483
Ellipticity e 0.177 0.002 0.018
Position angle 6. 32°4 0.4 32

Notes. The position angle’s orientation is measured east of north.

Tagore & Keeton (2014), instead limiting us to the use of para-
metric (Sérsic profile) components in reconstructing the sources.

Because we are not using regularization to guide the recon-
struction of nonparametric sources, correlations in the noise
introduced by the finite uv sampling do not require special han-
dling a la Riechers et al. (2008). In all cases, we convolve the
lensed model images (fourth column of Fig. 12) with the appro-
priate (two-dimensional Gaussian) synthesized beams to gener-
ate the reconstructed model images (second column of Fig. 12)
that are directly compared to the data.

The foreground deflector is assumed to have a singular
isothermal elliptical mass distribution (SIEMD) described by
five parameters: Einstein radius (b), RA, Dec, ellipticity (e)’, and
ellipticity position angle (6.; measured east of north). Table 5
lists the best fit values of these parameters and their uncertain-
ties as determined from a Markov chain Monte Carlo (MCMC)
exploration of parameter space. The position of the lens is
given relative to the reference position RA =13:16:09.79 and
Dec =28:12:18.17. Because of the very high S/N of the contin-
uum data, we use the lens model derived from the continuum
data when reconstructing the spectral line data.

The left panels of Fig. 12 include the critical curve (i.e., the
locus of infinite magnification in the image plane; red lines). In
the case of a SIEMD with no external shear, this curve is also
an iso-density contour of the deflector’s mass distribution whose
position and geometry can be compared to the HST image of the
lensing galaxy (Fig. 9). The corresponding source-plane caustic
is plotted in the right panels of Fig. 12.

The continuum and (almost) all of the spectral line zeroth
moment maps are fit well by single Sérsic components in the
source plane (see Table 6 and Fig. 12 for fitting results, and
below for more discussion of the line data). The profile is
parametrized in terms of its position, normalization Iy, ellipticity
e, position angle 6, scale radius Ry, and Sérsic index n:

r 1/n
I(r) =1y exp|— (R_) . 3

S

Using the estimated photometric redshift of the foreground
galaxy and its uncertainty (see Sect. 4.2), we estimate that the
deflector mass enclosed within the Einstein radius is Mje,s =
9.8%33 x 10'° M, (where the upper and lower bounds are at 30).

Statistical uncertainties in the lens and continuum source
model were evaluated with two MCMC cycles. The first fixed the
source model and determined the uncertainties of the lens param-
eters; the second fixed the lens model to its optimal parameters

> Ellipticity is defined as e = 1 — g, where g is the axis ratio.
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and let the source parameters vary. This approach was chosen
for computing speed and for ease of comparison between con-
tinuum and line results (because the latter assume the lens model
derived from the continuum data, i.e., the lens model is fixed in
this case). However, it should be noted that the MCMC approach
underestimates the lens+source errors. Appendix A presents the
conditional posterior distributions of the lens and source model
parameters.

To these statistical uncertainties, we add fiducial system-
atic uncertainties of 10% associated with the choices of lensing
potential, source brightness profile, interpolation errors, etc. The
only exceptions are the source model positional errors, for which
we adopt systematic uncertainties given by

VHPBW ;s HPBW 5 o, 1 (4)
2 Iline \/ﬁ’

in terms of the synthesized beam dimensions HPBW,;, and
HPBW ,...x, the S/N of the observed detection o/}, and the
magnification u (see, e.g., Downes et al. 1999). For the lens
model, we estimate systematic positional errors as the astromet-
ric errors from the continuum imaging. Because we expect sys-
tematic errors to dominate and because of computational con-
straints, we do not perform MCMC on the line spectral source
parameters.

As mentioned above, nearly all of the spectral line data
are fit well by single Sérsic components; the exception is the
H,O(2p;—1;1) zeroth-moment map, which shows faint (~5c,
compared to the ~100 peak) emission to the west and northwest
that motivated some exploration of a two-component model. We
adopt here a single-component fit for this line, due to numeri-
cal instability in the two-component fit, but there are some sys-
tematic features in the residuals associated with the peak of the
emission. The results are listed in Table 6, along with the cor-
responding magnification factors y, for the high resolution data
and for '2CO(1-0). Because of the lower resolutions and S/Ns,
we do not model the spectral lines and continuum that were mea-
sured at lower frequencies (from 209 to 232 GHz).

The magnification factor u for the continuum and line data
was computed using samples from the lens and source parameter
MCMC runs. We estimate a magnification of 5.05 +0.03(+0.51)
for the 254.6 GHz dust continuum emission, where the term in
parentheses represents the 10% systematic uncertainty.

In the case of the '>CO(1-0) line, we infer a lensing mag-
nification 4 = 5.0, with a large systematic uncertainty mainly
due to possible different choices in how the zeroth-moment map
is derived (also reflecting the limited S/N of the current data
set). Deeper and higher angular resolution observations of the
12CO(1-0) emission would be helpful to better constrain the
amplification factor as well as to study in greater detail the mor-
phology (extent and kinematics) of the cold gas reservoir of
HerBS-89a.

6. Global properties of HerBS-89a: Dust and
molecular gas

In this section, we derive the intrinsic properties of HerBS-89a
from the new millimeter, centimeter, and optical/near-infrared
data presented in Sect. 3, and the lensing model described in
Sect. 5. The discussion is organized as follows: the analysis of
the continuum spectral energy distribution and the derivation
of the molecular gas mass and dust-to-gas ratio are described
in Sects. 6.1 and 6.2; the CO line excitation is investigated in
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Table 6. Results of lens modeling: parameters of reconstructed source-plane emission (and absorption) in HerBS-89a.

Tracer Iy ARA ADec O Ry n u
[Jybeam™'] [mas] [deg] [mas]  [pc]
Continuum @ 0.16+0.01 -19+02 -277.8+04 0.522+0.007 -974+04 12+1 95+8 1.82+0.04 5.05+0.03
SYSt. unc. (0.02) 9.5) 9.5) (0.052) 9.7) (1.0) (10.0) (0.18) 0.51)
CO(9-8) 0.30 -9.6 -254.5 0.408 -92.8 0.4 3.0 3.21 5.23
SYSL. unc. (0.03) (11.2) (11.2) 0.041) (9.3) 0.1) (1.0) (0.32) (0.52)
CO(1-0) 0.010 15.35 -248.3 0.189 87.8 0.8 5.9 4.08 5.0
SYSL. unc. (0.001) (45.0) (45.0) (0.019) (8.8) 0.1) (0.6) 0.41) (1.0)
H,OQRp—111) 0.008 -19.1 -312.4 0.559 -79.7 50.0 396.0 1.50 3.87
syst, unc. (0.001) (22.5) (22.5) (0.056) (8.0) 5.0) (40.0 (0.15) (0.39)
OH*(1,-0y) 0.044 -3.3 -287.1 0.045 -23.9 26.0 206.0 0.861 4.69
Syst. unc. (0.004) (7.0) (7.0) (0.005) 2.4) 3.0) (24.0) (0.086) 0.47)
OH*(1,-0¢) 0.042 -2.7 -314.1 0.271 -68.6 29.0 230.0 1.113 4.24
SYSt. unc. (0.004) 9.4 9.4) 0.027) (6.9) 3.0) (4.0 (0.111) (0.42)

Notes. “The dust continuum emission is measured at 254.5 GHz, and the uncertainties are +1c-. For each parameter, the systematic uncertainties
are tabulated separately in parentheses on a second line (see Sect. 5). In the heading of the table, e stands for the ellipticity, 6. for the position angle

(measured east of north), R for the scale radius, n for the Sérsic index, and u for the amplification factor. Surface brightness units of Jy beam

are inherited from the surface brightness units of the data. Strong covariance between R, and 7 (see, e.g., Fig. A.1) means that the '>2CO(9-8) and
12CO(1-0) data are formally compatible with (larger) R, and (smaller) n like those recovered for the other reconstructions.

Sect. 6.3, and the properties of the water emission line are exam-
ined in Sect. 6.4.

6.1. Continuum spectral energy distribution

The new NOEMA continuum measurements (see Table 1),
combined with the data from Neri et al. (2020) and Herschel
and SCUBA-2 photometry (Bakx et al. 2018, 2020), provide an
exquisite sampling of the far-infrared (FIR) and sub-mm spec-
tral energy distribution (SED) of HerBS-89a. A total of 16 broad
band measurements cover the range from 250 um to 3 mm in the
observed frame, 12 of which are spread along the Rayleigh-Jeans
tail.

Figure 13 shows the continuum data available for HerBS-89a
as well as the continuum measurements extracted for the nearby
source HerBS-89b. The latter source shows an increase of flux
at wavelengths above ~2 mm with respect to the dust emission,
which could be due to non-thermal processes and rules out the
possibility that HerBS-89b is a third lensed image of HerBS-89a.

Following and extending the work by Neri et al. (2020) and
Berta et al. (2016), we model the SED of HerBS-89a using
three different approaches: (i) the Draine & Li (2007, hereafter
DLO07) dust model; (ii) a single-temperature modified black body
(MBB) in the optically-thin approximation; and (iii) an MBB
model in its general form.

In the case of the DLO7 modeling, interstellar dust is
described as a mixture of carbonaceous and amorphous silicate
grains, whose size distributions are chosen to reproduce differ-
ent observed extinction laws. We defer to Draine & Li (2001,
2007), Li & Draine (2001), and Berta et al. (2016) for a detailed
description of the model and its implementation. Despite the
richness of the long-wavelength data, the SED is still lacking
measurements in the mid-infrared, so that the fine details of the
DLO07 model, for example, the possible contribution of the poly-
cyclic aromatics hydrocarbons (PAHs), are not constrained. The
dust mass estimate is nevertheless robust, because it is domi-
nated by the colder dust components.

For the optically thin MBB case, the emergent luminosity
from a given dust mass Mgy is described as:

L, ~ Mausiky By (Taust), (5)

where B, (T4us) is the Planck function, Tgyg is the dust temper-
ature, and k, = ko (v/v)’ is the mass absorption coefficient of
dust at rest frequency v.

The general form of the MBB differs from the optically thin
approximation by the factor (1 —e™™), with 7, = 79 /v,
instead of the v* term. Here vy is the frequency at which t =
79 = 1.0 (see Berta et al. 2016). Therefore, the general form of
the MBB tends to produce best fit solutions with higher dust tem-
perature than the optically thin case. In the optically thin approx-
imation, three free parameters are at play: 7', § and the model
normalization. In the general form, vy is also a free parameter.

The MBB fits are limited to the data with rest-frame wave-
length At > 50 um, thus avoiding biases toward warmer tem-
peratures. The effects of the cosmic microwave background
(CMB) have been taken into account, following the prescription
of da Cunha et al. (2013). A correction similar to that derived for
the MBB has also been applied to the DLO7 model.

Berta et al. (2016) and Bianchi (2013) present thorough dis-
cussions of the proper use of «, and 5. Appendix B summarizes
the current «,, panorama. Following the choice often found in the
literature, we adopt the Draine (2003) «, and apply the correc-
tion prescribed by Draine et al. (2014): x, = 0.047m?kg™! at
850 um. The same correction is also applied to the dust masses
derived with the DLO7 approach.

The best fit models are shown in Fig. 13, and the results are
listed in Table 7. We include all the values obtained with our
fits using the continuum flux densities not corrected for the lens
magnification, as well as our preferred source-plane values for
the infrared luminosity and the dust mass based on the DLO7 fit
corrected for gravitational magnification (see Sect. 5). The CMB
effect produces a steepening of the millimetric slope by ~+0.15,
comparable to the uncertainty on 3. At the redshift z = 2.95 and
for the dust temperature of HerBS-89a, the effect is milder than
what found at z = 3.6—5.8 by Jin et al. (2019).

Finally, the VLA 30 upper limits for HerBS-89a that are
shown in Fig. 13 have been computed over an area equiva-
lent to the NOEMA 263.3 GHz continuum (see Table 1). For
comparison, a power-law spectrum S, o V% is plotted,
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Fig. 13. Spectral energy distribution. Top panel: observed SED of
HerBS-89a (filled symbols) and 89b (open symbols). The HerBS-
89a data are fit with three different dust models: DLO7 (blue lines),
optically-thin MBB (green lines); MBB in general form (red lines).
The dotted lines represent the models as they are, and the dashed lines
include the correction for the effects of CMB (see text for details). The
light-blue continuous lines represent the synchrotron emission with a
spectral index @ = —0.8, normalized on the basis of the radio-FIR cor-
relation subject to the redshift evolution found by Magnelli et al. (2015,
upper line) and Delhaize et al. (2017, lower line). The data include
SPIRE flux densities (black dots; from Bakx et al. 2018); SCUBA-2
photometry (blue dot; from Bakx et al. 2020); the NOEMA derived con-
tinuum flux densities at 1 mm continuum (green dots) from this work
and 2 and 3 mm (red dots) from Neri et al. (2020); and 30 upper limits
at 29 and 38 GHz (10 and 7.8 mm, respectively) are derived from the
VLA data (arrows). The data for HerBS-89b are taken from this paper
for 1 mm and Neri et al. (2020) for 2 mm flux densities. Bottom panel:
HerBS-89a NOEMA spectra (Neri et al. 2020, and this work) compared
to the general form MBB model with CMB correction.

representing a synchrotron emission (e.g., Ibaretal. 2010;
Thomson et al. 2014), normalized on the basis of the radio-far-
infrared correlation (Magnelli et al. 2015; Delhaize et al. 2017).

6.2. Molecular gas mass and gas-to-dust ratio

The observed '>CO(1-0) emission line intensity can be trans-
lated into a luminosity (in K km s~! pc?), from which an estimate
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Table 7. Properties of HerBS-89a derived from the dust continuum
spectrum.

Quantity Value Units
DLO07 model

“Lpyo7(8 — 1000 pm) (2.89+0.25) 10" L,

pUMpLo7 (dust) (1.30+0.07) 10! M,
Optically thin MBB

TvigB tin (dust) 28.0+1.3 K

BMBB, thin 2.01+0.11 -

uLnBB in(50 — 1000 um)  (1.94 +0.08) 10" L,

UMNBB thin (dust) (1.11 +£0.06) 1010 Mg
MBB in general form

TMBB gen (dust) 49.2+2.7 K

,BMBB, gen 2.24+0.13 —

Y0, MBB, gen 1214 + 121 GHz

Ao, MBB, gen 247 +24 um

ULMBB gen(50 — 1000 um)  (2.00+0.08) 10 Ly

HUM\iBB gen (dust) (6.06+0.71) 10° M,

De-magnified values from DLO7
Lir(8 — 1000 pm) (4.6+04)102 Ly
Mayst (2.6+0.2) 10° M,

Notes. The MBB results include the correction for the CMB effect on T
and B. The last two rows are based on the DLO7 model and have been
corrected for the gravitational lens magnification.

of the molecular gas mass can be made, using the following rela-
tion (Solomon & Vanden Bout 2005):

2

’ 7 DL
L = 325X 107 S1ineAV X

-
(1 + Z) Vresl

6)

where SyineAV = ILipe is the integrated line flux in units of
Jykm s71: Vyes is the line rest frequency in GHz; and Dy, is the
luminosity distance in Mpc.

The line luminosity, expressed in units of L, can be derived

as:

Liine =32x 1072 L. @)
We define the molecular and total gas masses as

Mot = My, + Mye, 3

Mgys = Mol + M, 9)

where My is the mass of helium, My, is the mass of molecular
hydrogen and My; the mass of atomic hydrogen. Hereafter, we
assume that Mo > My and thus that Mg ~ M.

The molecular hydrogen gas mass is computed from the
12CO(1-0) luminosity applying a conversion factor a.co in units
of Mgy (Kkms™!' pc?)~!:
Mol = aco Léjo(p())o (10)

In the Milky Way and nearby star-forming galaxies with
near-solar metallicity, the empirical conversion factor aco is
amyw = 4.4 £ 0.9, already including a contribution due to
helium (see, e.g., Magnellietal. 2012; Bolatto et al. 2013;
Carilli & Walter 2013; Tacconi et al. 2020). For extreme local
starbursts, there is good evidence from dynamical arguments
that @cq is 0.8—1.5 (e.g., Downes & Solomon 1998; Daddi et al.
2010; Genzel et al. 2010), as has also been suggested that for
DSFGs for which aco = 0.8 (Carilli & Walter 2013). Applying a
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1.36x correction factor to account for the helium contribution,
the latter value becomes aco = 1.09. Dunne et al. (2021) used
the far-infrared continuum of a small but statistically complete
sample of 12 low redshift galaxies together with CO and CI mea-
surements to determine the CO — H, conversion factor aco. In
another paper, Dunne et al. (in prep.) combined this sample with
others measurements found in the literature for a total of more
than 70 far-infrared and sub-mm selected galaxies with CO and
CI detection and 230 with CO only. In these studies, a value of
kgso = 0.065 m? kg~! is adopted (in agreement with the results by
Planck Collaboration XXI 2011, see Appendix B for details) and
it is found that a value acg = 3 is consistent with the behavior of
the three gas tracers in a diverse population of galaxies, ranging
from high-z powerful star-forming galaxies to local disks.

For the computation of the molecular gas mass of HerBS-
89a, we here adopt aco = 3.0 My (Kkm s~ pc?)~!, and we mul-
tiply it by the usual factor 1.36 to account for the helium con-
tribution. Possible consequences of using a different value are
discussed at the end of this section.

The resulting line luminosity and molecular gas mass, cor-
rected for lensing magnification, are thus

an
12)

Leog_g) = (5.15 £ 1.05) X 10" K kms™' pc?,
Mo = (21 + 04) X 1011 M@_

The molecular gas mass derived from the '>CO(1-0) emis-
sion line and the SED-based estimate of the dust mass (see
Sect. 6.1) provide the basis for deriving the average gas-to-dust
ratio (6gpr) in HerBS-89a:

OGDR = -, (13)

where the assumption is made that the two estimates are repre-
sentative for the whole galaxy, and that My, > My;.

The data lead to a value of dgpr between 80 and 174, depend-
ing on whether the DLO7 or the MBB (general form) dust mass
estimate is used, with an uncertainty of +21 based on error prop-
agation. Interestingly, this value is consistent within the errors
with those seen in typical star-forming galaxies of solar metallic-
ity, near the so-called “Main Sequence of star formation” (MS),
for which dgpr ~ 100 (e.g., Leroy et al. 2011; Magdis et al.
2012; Rémy-Ruyer et al. 2014). This result is nevertheless sub-
ject to the adopted value for aco.

The total molecular gas mass (M) and SFR relate to each
other via the so-called depletion timescale (in years):

M, mol

ol = o 14
e T SFR (4

where the rate of star formation is computed as SFR = 1.09 x
10719 Lg_ 1000 4m with the infrared luminosity expressed in units
of Ly (Kennicutt 1998a, after modification for a Chabrier 2003
IMF).

Assuming that the observed infrared luminosity is entirely
associated with the ongoing star formation activity of HerBS-
89a, we derive an intrinsic star formation rate SFR = 614 +
59 My yr~' and a depletion timescale Taept = (3.4 = 1.0) X
108 years. For its current formation rate, HerBS-89a would
exhaust its molecular gas reservoir in only 340 million years, not
considering any mass return to the interstellar medium or further
gas inflow (see Sect. 9).

The value for M,,, was derived from the '2CO(1-0) lumi-
nosity using aco = 3.0 X 1.36, a value that is close to the Milky
Way value ayw = 4.4 Mo (Kkms™! pc?)~!, commonly used for

MS galaxies, rather than asg = 1.09, often associated to star-
bursts or outliers in the main sequence. This choice leads to
ocpr and 7gep values that would position HerBS-89a close to
or on the MS star-forming galaxies on the integrated Kennicutt-
Schmidt relation of star formation (e.g., Lada 2015; Liu et al.
2019), which suggests that HerBS-89a is dominated by a “secu-
lar” star-forming mode.

However, despite the evolution of the MS normalization
(increasing as a function of redshift, e.g., Elbaz et al. 2011;
Whitaker et al. 2014; Schreiber et al. 2015), and because of the
bending of the MS at the high stellar mass end, even at z = 3, a
SFR ~ 600 M, yr~' would hardly be associated with a galaxy on
the main sequence. It is therefore more likely that HerBS-89a is
located in between the MS and the starbursts region. Using asg,
the gas-to-dust ratio and the depletion time scale of HerBS-89a
would both decrease by a factor of 3.74, yielding dgpr =~ 22—-47
and 1gep1 = 9.1 £2.7 X 107 yr. Realistically, the actual value of
aco, on which these results depend, is likely between the two
above mentioned extremes.

Further insights into the position of HerBS-89a with respect
to the MS would require the knowledge of its stellar mass M*.
Detecting HerBS-89a and distinguishing it from its deflector
seem out of reach for currently existing optical/NIR facilities,
but the James Webb Space Telescope (JWST) could provide the
needed sensitivity.

6.3. '2CO spectral line energy distribution

Together with the measurements reported in Neri et al. (2020),
we have detected in total four '>CO emission lines in HerBS-
89a, namely the J = 1-0, 3—-2, 5—4 and 9-8 transitions. The
12CO Spectral Line Energy Distribution (SLED) of HerBS-89a,
normalized to the J = 1-0 transition after correcting for the lens
magnification (see Table 6), is shown in Fig. 14. The velocity-
integrated fluxes of the '2CO lines increase monotonically with
rotational quantum number up to J=5-4, with a turnover
around that transition, before decreasing at higher J values,
with the J =9-8 emission line about a factor of § times weaker
than the J=5—4 line. The peak of the CO SLED for HerBS-
89a should therefore occur around the J=5-4 and J=6-5
transitions. This result makes HerBS-89a comparable to other
starburst galaxies as shown in Fig. 14, where various SLEDs of
several individual DSFGs and one quasar (the Cloverleaf) are
displayed together with the center of M 82 and the Milky Way
disk. In addition, the average SLEDs of three samples are shown:
The (mostly) unlensed sample of 32 DSFGs selected at 850 um,
at 1.2 < z < 4.1 from Bothwell et al. (2013), the sample of 22
(mostly lensed) high-z (2.0 < z < 5.7) DSFGs selected from the
SPT survey (Spilker et al. 2014), and the sample of 78 “main
sequence” star-forming galaxies from Valentino et al. (2020).
The CO SLED of HerBS-89a most closely resembles that of the
Cosmic Eyelash, which has a similar peak around J,, ~ 5-6
and a falloff’ toward higher Jy,. It is also remarkably similar
to the CO SLED of the starburst GN20 (Carilli et al. 2010),
up to Jyp, = 6; however, recent observations by Cortzen et al.
(2020, and in prep.) report an increase of the GN20 CO SLED at
Jop = 7.

’ To investigate the CO line excitation further and constrain
the physical conditions of the molecular gas in HerBS-89a, we
model the CO line fluxes using a Large Velocity Gradient (LVG)
statistical equilibrium method (following the approach described
in Yang et al. 2017, and references therein). The free parameters
are the kinetic temperature of the molecular gas (7ki,), the vol-
ume density (ny,), the column density of CO per unit velocity
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Fig. 14. '2CO Spectral Line Energy Distribution (SLED) for HerBS-89a (red dots), compared to other well-studied local and high-z galaxies (or
samples of galaxies). The CO SLEDs are normalized to the J = 1-0 transition, after correcting for the magnification, and the line fluxes of HerBS-
89a have been corrected for amplification (see Sect. 5 and Table 6) before normalizing. The three samples of galaxies are from Bothwell et al.
(2013) including 32 DSFGs at 1.2 < z < 4.1, Spilker et al. (2014), including 22 SPT-selected DFSGs at 2.0 < z < 5.7, and Valentino et al. (2020),
including 78 “main sequence” star-forming galaxies. References to individual sources are: Cosmic Eyelash (Swinbank et al. 2011; Danielson et al.
2011); Cloverleaf (Barvainis et al. 1997; Weil3 et al. 2003; Bradford et al. 2009; Riechers et al. 2011); GN20 (Carilli et al. 2010; Cortzen et al.
2020, and in prep.); M 82 (Weif} et al. 2005); and the Milky Way disk (Fixsen et al. 1999).

gradient (Nco/dV), and the solid angle (Q,p,) of the source. The
CO SLED only depends on Tin, ny, and Nco/dV. A Bayesian
approach is used to fit the line fluxes generated from the model
and the code emcee is adopted to perform a MCMC calculation.
The resulting single component fit to the CO SLED of HerBS-
89a is shown in Fig. 15. The SLED peaks around J,, =6-5,
and, from the single excitation component fitting, the molecu-
lar gas density is found to be log;(ny,/cm™) = 2.797072 the

-0.54°
kinetic temperature Ty, = 174”_’%37 K and the CO column den-

sity 10g,o(Ncoyav/(cm™ kms™")) = 17.59*)-33, where the errors
are 30 '

A second fit including an additional, colder and more
extended component is shown in the lower panel of Fig. 15.
Because of the paucity of available data points, the cold com-

ponent is poorly constrained, with log,,(nn,) = 2.30:1):(5)? cm~3,

Txin = 20*2°K, and log,o(Ncojav) = 15.63%)1scm > kms™",

where the errors are 30~. The warm component is in broad agree-
ment with the previous single component fitting results.

6.4. The para- H-O(2p2—111) emission line

Water is one of the most abundant molecules after H, and
CO in the gaseous interstellar medium (ISM). It serves as a
unique diagnostic for probing the physical conditions of the
ISM in both local (e.g., Gonzélez-Alfonso et al. 2014) and high-
redshift galaxies (e.g., Omont et al. 2013; Riechers et al. 2013;
Yang et al. 2016, 2020, and references therein). In particular,
since the Eypper > 200K levels of H,O are primarily excited
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through absorption of far-infrared photons from dust emission in
warm dense regions, it is a useful diagnostic of the far-infrared
radiation field independent of gas conditions. In addition, sub-
millimeter water lines are the second strongest molecular emit-
ter after the CO lines (e.g., Yang et al. 2013). The detection of
the para-H,O(2¢p—1;1) emission line (viex = 987.9268 GHz)
in HerBS-89a is an illustration thereof: the line width is broad
(AV ~ 1100kms~") and comparable to those of the mid/high-J
CO lines, consistent with the finding that the J = 2 H,O lines
are spatially co-located with the CO lines (e.g., Omont et al.
2013; Yang et al. 2016). The observed line flux is bright, with
In,o = 1.59 £ 0.37Jykms~!, and comparable to the line flux
of the '>CO(9-8) emission line (Table 2). The CO and H,O
lines have morphologies and velocity fields that are broadly
comparable (see Figs. 4 and 7) indicating that they both trace
the same warm high-density gas in HerBS-89a. Using Egs. (6)
and (7), we derive an intrinsic line luminosity (corrected for lens-
ing magnification) of Ly,00y,-1,,) = (6.4 + 1.5) X 107 Lg, yield-
ing a ratio Ly,00,-1,)/Lir = (1.12 £ 0.36) X 1075, in terms
of the 8 to 1000 um Lig (Table 7). HerBS-89a lies on the cor-
relation between Lir and Ly,o, that is Li,00-1,,) & Li?**1°
derived by Yang et al. (2016), as shown in Fig. 16. This result
is in line with the fact that far-infrared pumping is the dom-
inant mechanism for the excitation of the submillimeter H,O
emission that originates in very dense, heavily obscured star-
formation dominated regions (see, e.g., Gonzalez-Alfonso et al.
2014; Yang et al. 2016). The steeper-than-linear growth is likely
the result of an increase of the optical depth in the dust contin-
uum (at ~100 um) with increasing infrared luminosity. Finally,
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Fig. 15. Large Velocity Gradient (LVG) model fit to the '2CO SLED of
HerBS-89a (after correcting for lens magnification). Top panel: data are
shown as black dots and the solid curve shows the best fit from the single
component (MCMC) model corresponding to the maximum posterior
possibility (see Sect. 6.3 for details). Bottom panel: two-components
fit, including an additional cold and extended component (darker, dot-
dashed line).

the ratio of Ly,00y,-1,)/Lir also indicates that an AGN com-
ponent, if present in HerBS-89a, is not contributing much to
the infrared luminosity, in contrast to a system like Mrk 231 or
APM 08279+5455 where the AGN is dominant (and references
therein Yang et al. 2016).

7. Molecular gas kinematics

In an ideal situation, analysis of spectral line data cubes like
those presented here for HerBS-89a can enable detailed analyses
of source-plane kinematics. The lens model derived in Sect. 4
can in principle be applied to the emission in a particular line
across many independent velocity channels, allowing them to
be reconstructed in the source plane, used to compute moment
maps, and fits to dynamical models (e.g., Sharon et al. 2019).
In practice, although the quality of our NOEMA observations is
excellent, the S/N and the number of resolution elements (i.e.,
synthesized beams) across the observed size of HerBS-89a are
not high enough to fully achieve this goal. Several factors are at
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Fig. 16. Correlation between Lig and Ly,0(,-1,,) for local (black sym-
bols) and high-redshift (blue symbols) galaxies. HerBS-89a is labeled
with a red star and is located along the tight relationship between the
infrared and water luminosity (shown as a light blue line). Figure is
adapted from Yang et al. (2016) and references therein.

play here. First, as noted in Sect. 5 above, the combination of S/N
and effective resolution limits us to the use of parametric (Sérsic
profile) sources in reconstructing individual channels. Second,
reconstruction of a given source-plane channel map tends to (a)
favor sources that are very (sometimes implausibly) compact as
aresult of the use of a constrained emission profile, and (b) cou-
ple with the noise fluctuations in that channel in such a way that
introduces uncertainties on the centroids of the reconstructed
sources. Finally, comparison of a delensed source-plane recon-
struction with an observed channel map necessarily involves the
convolution of the former to the (coarser) resolution of the lat-
ter, meaning that many possible source-plane reconstructions are
formally compatible with the observed data.

To provide a transparent (and possibly cautionary) picture of
what properties can be derived from the current data, we show
in Figs. 17 and 18 (as well as in Figs. A.3 and A.4) some of
the results of our lens modeling efforts. Our main focus is the
12C0O(9-8) line, which has higher S/N than the H,O(2p,—11)
line and is therefore more promising as a kinematic probe. In
order to improve the S/N, we rebin the 40 km s~! data to a reso-
lution of 120 kms~!, yielding a total of seven independent veloc-
ity channels that are suitable for modeling, although they do not
span the line’s full velocity width. Each of these channels is
independently reconstructed with a Sérsic profile in the source
plane; these reconstructions are shown in the rightmost column
of Fig. A.3, and are represented with the colored ellipses cen-
tered on dots in the left panel of Fig. 17 superposed on the dust
continuum Sérsic profile in the source plane. The modest (gen-
erally <2.50 in the vicinity of the line emission) level of the
data—model residuals in the third column of Fig. A.3 indicates
that these reconstructions are formally acceptable, although the
five channels blue-ward of 168 kms~! have scale radii that are
notably smaller than those of the two most highly redshifted
channels. The centroids of all seven channels fall within the
envelope defined by the reconstructed dust continuum emis-
sion, and in turn by the reconstruction of the 2CO(9-8) zeroth
moment map (second row of Fig. 12), giving confidence that
the overall spatial extent of the warmest and densest material
in HerBS-89a is understood.

The center panel of Fig. 17 presents a source-plane
zeroth moment map constructed by summing the source-plane
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Fig. 17. Source plane reconstruction split by spectral channels. Left panel: positions (colored thick dots) and shapes (ellipses) of the reconstructed
profiles of the individual '>?CO(9-8) channels, over-plotted on the map of the dust continuum emission in the source plane. The ellipses are plotted
at 1/20th of the peak flux of each reconstructed channel map. Central panel: zeroth moment map of the '>?CO(9—8) emission line derived from the
reconstruction of the seven individual channels shown in the left panel. The contours show the dust continuum emission, starting at 1/20 of the
peak flux in steps of 1/20th (see also Fig. A.3). Right panel: zeroth moment map obtained splitting the 2CO(9-8) in two halves, corresponding to

the velocity ranges from —312 to 168 kms~' and from 168 to 528 km s~

right corner marks the phase center of the NOEMA observations.

reconstructions of the individual channel maps. This map seems
to indicate an arc-like shaped morphology and the possibility
of two separate components. However, we have here entered a
regime in which the three limiting factors noted above are highly
salient: because of the compactness of reconstructed Sérsic-
profile sources in most of the velocity channels, the moment
map derived from them suggests that we have reliable infor-
mation about the internal source structure on much finer scales
than is actually the case. It is also worth noting that when the
moment map derived from the reconstructed channel maps is
lensed forward into the image plane, it provides a poorer match
to the observed '2CO(9-8) moment map than does the single
Sérsic-component reconstruction in the second row of Fig. 12.
This apparent paradox occurs because small noise fluctuations
in the observed channel maps have unavoidably affected the
source centroids, shapes, and orientations of the corresponding
source-plane reconstructions. Similar inconsistencies have been
seen by other authors who have separately delensed both chan-
nel maps and integrated moment maps (e.g., Dong et al. 2019).
Use of prior information on the expected relationships between
emitting regions in adjacent velocity channels (e.g., Rizzo et al.
2018; Young et al., in prep.) would be one way to mitigate this
tendency, but we have not used such an approach here.

Figure 17 provides a further illustration of the degree to
which small noise fluctuations in the observed channel maps
can perturb the centroids of the source-plane reconstructions.
Initially inspired by the apparent bent morphology (and nomi-
nal associated velocity gradients; see below) in the central panel
of Fig. 17, we constructed new, roughly half-line moment maps
from the bluest four and reddest three of our seven 120kms™!
channels, and reconstructed these using the lens model opti-
mized in Sect. 5. The sum of these two reconstructions (i.e.,
another zeroth moment map) is presented in the right panel
of Fig. 17. The apparent double morphology might at first
right suggest a pre-coalescence merging system; however, the
‘doubleness’ of the morphology stems at least in part from
the general compactness of our Sérsic profile reconstructions.
Moreover, notable aspects of the internal source structure (e.g.,
the distinct southeastern offset of the reconstructed —312 to
—-192kms~! channel map) in the center panel do not translate to
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, and reconstructing them separately. In all panels, the cross at the lower

the reconstructions used to derive the right panel. This level of
inconsistency raises the question of whether detailed information
on the intrinsic or the internal source structure (as distinct from
the overall extent of emission) can be robustly recovered from
this dataset, and suggests that the apparent small-scale structure
in the resulting zeroth-moment maps has to be interpreted with
caution.

With the above discussion as preamble, we turn now to
Fig. 18, which shows source-plane velocity fields derived from
the seven-channel (120kms~' resolution) reconstructions of
Fig. A3 in two different ways. The left panel presents an
intensity-weighted first moment map calculated in the usual way.
We find that the dominant velocity gradient is in an east-west
direction, roughly consistent with the east-west elongation of
the reconstructed dust continuum emission. The comparison of
the center and right panels in Fig. 17 discussed above suggests
that the perturbation from an “exactly” aligned east-west veloc-
ity gradient due to the most highly blue-shifted emission may
not be robust.

Assuming a single rotationally supported disk, the radial pro-
file of the dynamical mass of the system is given by

RV2 (R

Moyn(R) = f Gsin®i

where i is the inclination angle of the rotating disk with respect to
the line of sight, and Vs is the observed velocity as a function of
radius. Although the inclination could be derived from the ellip-
ticity of the light profile, as i = arccos (1 — e), since the velocity
gradient does not fully correspond to the continuum Sérsic pro-
file in the source plane, we opt to keep the sin(i) term explicit in
our computations. The constant f is a dimensionless scale factor
that depends on the structure of the galaxy and has value f ~ 1.0
for a thin disk embedded in a massive spheroid (Lequeux 1983).

Along the major axis of the continuum profile (red line in
the top-left panel of Fig. 18), we extract the velocity curve V(R)
shown in the middle-left panel. The corresponding bottom-left
panel presents the radial dynamical mass profile, which leads to
an estimate of Mgy, sin?i ~ 5.1 x 10" M, within R = 1.25 kpc.

In contrast, the top-right panel of Fig. 18 presents a first
moment map in which masking has been used to highlight the
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Fig. 18. Kinematic and dynamical analysis of the '2CO(9—8) emission line in the source plane of HerBS-89a. Top panels: left: first moment map,
compared to the Sérsic profile of the dust continuum emission. The contours start from 1/20 of the peak intensity with steps of 1/20th. The red
line marks the continuum major axis. The reference position is defined where the rest-velocity (V = 0kms™") and is denoted with a star. From this
position we calculate the radial distance. The cross at the lower right corner marks the phase center of the NOEMA observations. Right: based on
Figs. A.3 and 17, two possible components are identified; the first moment maps of the two components are here shown, after shifting the velocity
scale by +289km ™! for clarity. The axes of the two components are shown as green and orange lines. The dashed line marks the contour of the
velocity field shown in the top-left panel. Middle panels: velocity curves extracted along the axes marked in the fop panels. Colors match those
of the respective axes, with magenta points extracted from the top left moment map and the green and orange points extracted from the top right
moment map. In the two right-most panels, the data are shown both before (small symbols) and after (large symbols) shifting by +289kms~!.
The amplitude of the error bars is shown in the left-most panel. Bottom panels: dynamical mass profile as a function of radius, as derived from the
velocity curves.

two regions of strongest integrated emission (compare also to
Figs. 17 and A.3). These two regions velocity scales have been
artificially offset by +289kms~!, corresponding to the separa-
tion between the two peaks in the integrated CO spectrum (see
Fig. 5) in order to better present them as “candidate” rotating
disks. Velocity curves extracted along the axes of these two pos-
sible structures (green and orange lines) are shown in the middle
row of Fig. 18, both before (small symbols) and after (large sym-
bols) applying the +289 km s~ shift.

The individual dynamical masses of these components,
assuming rotational support as above, would be My, sin?i ~
2.6x10'% M, within R = 0.85 kpc for the eastern component and
Myyn sin?i ~ 2.2 x 1010 M, within R = 0.40 kpc for the western
component, again under the assumption that f = 1.0 in Eq. (15).
The bottom panels of Fig. 18 show the dynamical mass radial dis-
tributions, limited to the extension of the first-moment maps.

Assuming a baryon fraction fparyon (€.g., Tacconi et al. 2020),
and supposing that at high redshift the gas content of a galaxy
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is dominated by its molecular component and the atomic gas
mass My can be neglected (see, e.g., Tacconi et al. 2018), the
dynamical mass could yield an estimate of the stellar mass
M* = foaryonMayn—Mmoi—Mp and of the molecular gas fraction
Fimol = Mot/ (foaryon Mayn—Mimo1), thereby solving the question of
whether or not the galaxy lies on the MS. However, the dynam-
ical mass profiles derived for HerBS-89a do not extend to large
enough radii to allow for a determination of the total mass.

For the sake of completeness, we also performed the recon-
structions of multiple velocity channels across the H;O(20,—111)
emission line, adopting the same approach as above, using a
coarser velocity re-binning to boost the S/Ns (see Appendix A).
As already suggested by the slightly different observed and
reconstructed source-plane zeroth moment maps (see Fig. 12),
the individual ">CO(9-8) and H,O(2¢,—11;) velocity channels
reconstruct to slightly different locations in the source plane (see
Figs. A.3 and A.4). However, a first moment map derived from
the reconstructed H,O(29,—1;;) channel maps shows a veloc-
ity gradient similar to the one shown in the top left panel of
Fig. A.3 for the '2CO(9-8) emission line, albeit at a slightly dif-
ferent position angle, suggesting once more that this aspect of
the system’s kinematics has been robustly recovered. Due to the
higher S/N of the 12C0O(9-8) emission line, we have limited the
kinematic modeling to this line, rather than adventuring further
in the realm of water.

To summarize, given the uncertainties discussed above,
ambiguity remains as to whether the broad, double-peaked spec-
tral lines in HerBS-89a reflect a single rotating disk or a pair of
galaxies on their way to merging, as in the case of previous stud-
ies of high-z lensed starburst galaxies (e.g., Genzel et al. 2003;
Ivison et al. 2010; Sharon et al. 2015). On balance, we favor the
latter scenario, which would provide a natural explanation of
the very large widths of the '>CO emission lines in this sys-
tem. Observations with higher S/N and angular resolution that
can support a more detailed lens model will be needed to resolve
the one vs. two sources question in a definitive way for this sys-
tem, shed further light on the properties of this galaxy, unveil the
finer details of its structure and kinematics, and fully recover the
secrets of its starburst nature.

8. Molecular lines other than CO and water

In the following subsections, we present and discuss the vari-
ous molecular absorption and emission lines other than CO and
H,O that have been detected in the spectrum of HerBS-89a. The
individual molecular lines are described starting with the very
dense molecular gas tracers, namely: HCN and/or NH, and NH,
(Sect. 8.1), followed by the two molecular ions, OH* and CH",
which probe the low density molecular gas with low H; fractions
(Sect. 8.2).

8.1. Very dense gas tracers: NH., and HCN and/or NH

NH,. Amidogen (NH;) is a molecule that is an impor-
tant reactant intermediate in the production and destruc-
tion of N-bearing molecules, in particular as a photodis-
sociation product of ammonia (NHj3). It is an asymmetri-
cal molecule with a *B; ground electronic state character-
ized by a complex rotational spectrum (similar to H,O").
It was first detected in the interstellar medium (in SgrB2)
by van Dishoeck et al. (1993) and Goicoechea et al. (2004).
NH, was later detected in the Herschel SPIRE-FTS spec-
tra of Mrk231 and Arp220 (Gonzélez-Alfonso etal. 2018;
Rangwala et al. 2011), where the NH;(2¢,—111)(5/2-3/2) emis-
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sion line is seen next to the OH"(1¢p—0;) absorption line, and,
possibly, the NH»(29,—111)(3/2—1/2) emission line as well.

In the case of HerBS-89a, two emission lines of NH, are
detected. The first is the NH»(20,—111)(5/2—3/2) emission line,
which overlaps with the OH*(19—0;) absorption line, such that
only the red-shifted part of the NH, emission line is apparent
in the spectrum. However, the nearby NH»(20,—111)(3/2-1/2)
remains undetected, which is in line with the expected ratio of
~2 between the (5/3-3/2) and (3/2—1/2) transitions. The sec-
ond detected transition NH»(2,90—21)(5/2-3/2) is weaker but
uncontaminated by nearby lines.

As the data are of low S/N, a detailed study of NH,, first
reported here in a high-z galaxy, remains out of reach. How-
ever, from the velocity-integrated emission map of the high-
angular resolution data of the NH,(2,90—211)(5/2—-3/2) emission
line (Fig. 4), it is clear that the NH; emission closely resembles
the distributions of the '2CO(9—8) and water emission lines, with
the southern peak being stronger, in accordance with the fact that
this molecule also traces the high-density gas. Dedicated future
observations can further explore the properties of this molecule
in HerBS-89a or in other high-z galaxies to study the properties
of their dense gas reservoirs.

HCN(11-10) and/or NH. The absorption feature observed
at 246.72GHz in HerBS-89a may be due to redshifted
HCN(11-10) and/or NH(1,—0;). With the current data, there is
no way to distinguish between these molecular species, hence we
briefly describe each molecule separately. The absorption feature
is relatively weak and detected at alow S/Ns. As shown in Fig. 4,
it is spatially well centered on both dust continuum emission
peaks. This is the first detection of a high-J HCN line and/or NH
in a high-z galaxy. Clearly, detecting other transitions of HCN
and NH in HerBS-89a will help to determine the relative con-
tributions of each of these species to the observed 246.72 GHz
absorption feature.

— HCN is known to be a reliable tracer of dense molecular
gas (ny, 2 3 x 10*cm™), with critical densities 100 to 1000
times higher than of CO. Although HCN emission lines are typ-
ically one to two orders of magnitude fainter than CO emission
lines, HCN has been observed in its low-J transitions in local
starburst galaxies, revealing a tight correlation between the HCN
luminosity and the star formation rate (e.g., Gao & Solomon
2004; Zhang et al. 2014). Emission lines of low-J HCN have
also been detected in a few high-z galaxies (Weil} et al. 2007,
Riechers et al. 2010; Oteo et al. 2017; Cafiameras et al. 2021,
and references therein), and HCN is seen in the stacked rest-
frame 220-770GHz spectrum of 22 high-z DSFGs selected
from the SPT survey (Spilker et al. 2014).

Between J=5-4 and 11-10, HCN flips from emis-
sion to absorption as shown in the case of Arp220 where
Rangwala et al. (2011) detect the J=12—-11 to 17-16 transi-
tions in absorption®. These transitions of HCN have critical den-
sities around 10°~10'°cm™3 and probe very dense (ng, ~ 3 X
10% cm™3) gas. The high-J lines of HCN are thought to be pop-
ulated by radiative pumping of infrared photons (rather than by
collisional excitation) in an intense high-temperature (>350 K)
radiation field Rangwala et al. (2011).

In HerBS-89a, the optical depth of the 246.72 GHz line is esti-
mated to be 7(vg) ~ 0.24 + 0.12 yielding, in the case of HCN,
a column density of (0.38 + 0.1) x 10'*cm™2 (Table 3). Future
observations of both high-J HCN lines (in absorption) and low-
J lines (in emission) in HerBS-89a would allow us to confirm if

® The HCN(11-10) transition was not discussed in Rangwala et al.
(2011).



S. Berta et al.: Close-up view of a z=2.95 star-forming galaxy

this absorption line is indeed due (or partly due) to HCN, and,
once verified, allow us to probe and constrain the properties of the
reservoir of extremely dense gas in this high-z starburst galaxy.

— NH (imidogen) is a molecular radical that is linked (as
for NH,) to the formation and destruction of NHj. It was first
detected in the diffuse interstellar medium (Meyer & Roth 1991)
and later in the dense molecular gas of SgrB2 (Cernicharo et al.
2000; Goicoechea et al. 2004). The Herschel SPIRE-FTS spec-
tra of Mrk231 and Arp220 (Gonzélez-Alfonso etal. 2018;
Rangwala et al. 2011) show the presence of NH with various
transitions detected. NH has a spectrum similar to that of OH",
since these molecules are isoelectronic. Many of the transitions
of NH overlap with OH* transitions, in particular NH(1,—1¢)
with OH*(1¢p—0,), with similar column densities derived for
OH* and NH in Mrk 231 (Gonzilez-Alfonso et al. 2018). In the
case of HerBS-89a, attributing all of the 246.72 GHz absorp-
tion line to NH implies a column density of (6.7 + 1.9) X
10" ¢cm2, which is also comparable to the column density of
OH* (Table 3). Together with NH,, the likely detection of NH in
HerBS-89a opens up the possibility of exploring the chemistry
of N-bearing molecules in a high-z galaxy by measuring other
transitions of NH and searching for NH3, and exploring whether
(as is the case in SgrB2) the derived column densities are com-
patible with grain-surface chemistry and sputtering by shocks
(see, e.g., Goicoechea et al. 2004).

8.2. Low density gas tracers: OH* and CH*

OH"*. The molecular ion OH* is a reliable and powerful tracer
of molecular outflows in DSFGs as has been demonstrated with
the Herschel SPIRE-FTS studies in Arp220 (Rangwala et al.
2011) and Mrk 231 (Gonzélez-Alfonso et al. 2018), and in high-
z galaxies with NOEMA in HLFS 3 (Riechers et al. 2013) and
ALMA (Indriolo et al. 2018, who reported OH*(1,;—0;) absorp-
tion line in two lensed sources, i.e., the Cosmic Eyelash and
SDP.17). As discussed in Indriolo et al. (2018), OH* absorption
is thought to arise in the extended cool, diffuse, low H, fraction
gas that surrounds galaxies. OH" has been found to be useful in
constraining the cosmic-ray ionization rate of atomic hydrogen,
{n,, particularly in gas with a low H; fraction. The three ground
state lines of OH* (all are split into hyperfine components, which
are blended due to the broad line widths measured in galax-
ies) are generally observed in absorption. In a few cases, they
can be seen in emission as a red wing, as observed in Mrk 231
or Arp220, or as recently reported for the OH*(1,-0;) line
in the z = 6.03 quasar SDSS231038+1855 by Li et al. (2020)
and the hot dust-obscured galaxy W0410—-0913 at z = 3.63 by
Stanley et al. (2021), where they can provide a measurement of
the local density (e.g., Rangwala et al. 2011).

In HerBS-89a, all three OH* ground-state 1;—0; lines (J =
0, 1,2) are seen in absorption (Fig. 5 middle panel). The (1,-0,)
and (1,—0;) transitions are the strongest, while the (19—0;) tran-
sition is nearly five times weaker (Table 2). None of the OH*
lines in HerBS-89a show any indication of emission above the
continuum as in Mrk231 or Arp220 (Gonzilez-Alfonso et al.
2018; Rangwala et al. 2011). All three lines have comparable
line widths with AV ~ 500kms~! and the inferred OH* col-
umn density is Nog+ ~ 10" cm=2 (Table 3), comparable to the
value derived for the Cosmic Eyelash (Indriolo et al. 2018). The
OH™* spectra show clear indications of red-shifted gas, with all
three transitions peaking in opacity at ~+100kms~! relative to
the systemic velocity, including the (1p—0;) transition after the
contamination of the NH, emission line is accounted for (see
Sect. 3.1.2).

CH*. The methylidyne cation, CH*, has been shown to be
a sensitive tracer of feedback mechanisms in high-z DSFGs
(Falgarone et al. 2017), who report the detection of CH*(1-0)
in six lensed galaxies at redshifts z =~ 2.5, including the Cos-
mic Eyelash and SDP.177. The CH*(1-0) line is found both in
emission and absorption, providing critical information on the
mechanisms of mechanical energy dissipation and/or strong UV
irradiation in these high-z galaxies. Due to its high critical den-
sity for excitation (~10” cm™ for the J = 1-0 transition), the
CH* line is seen in emission in dense (>10° cm™) gas, probing
shocked regions powered by galactic winds, and in absorption,
in large (>10kpc) reservoirs of turbulent, cold (~100K), low-
density (~100 cm™?) gas (see, e.g., Falgarone et al. 2017).

In HerBS-89a, the CH* (1-0) is detected in absorption with a
width of ~400km s~!, comparable to that of the OH™ lines, and
is also red-shifted to ~+100kms~"' (Fig. 5). The inferred CH*
column density is estimated to be Ncy+ ~ 10'* em™2 (Sect. 8),
similar to what has been derived in the case of the Cosmic Eye-
lash (Falgarone et al. 2017).

The low S/N, tentative detection of CH* emission could
indicate that in HerBS-89a there is also dense gas (>10° cm™)
with a significant velocity dispersion (the line has a full width
at zero intensity of x1000kms~! and is centered at the sys-
temic velocity), as was reported for three of the sources stud-
ied by Falgarone et al. (2017). However, higher quality data are
required to probe this dense gas component in greater detail.

9. Inflowing gas

In HerBS-89a, the three OH* ground-state 1,—0; lines (J =
0,1,2) and the CH"(1-0) line are all seen in absorption and
red-shifted with respect to the systemic velocity (defined by the
CO emission lines) by ~+100kms~!. As shown in the velocity
maps of these absorption lines, the red-shifted gas is distributed
over the southern and northern dust continuum peaks (in the
image plane), uniformly covering the distribution of the blue-
and red-shifted gas traced in the '?CO(9-8) and water emission
lines (Fig. 4). The kinematics of the absorbing gas in HerBS-89a
indicate that this red-shifted gas is therefore not kinematically
related to the dense molecular gas. We argue here that we are
in fact tracing, in both OH* and CH*, low density gas that is
flowing into the central regions of HerBS-89a.

The number of high-z sources for which measurements of
absorption by molecular ions such as CH* or OH* are avail-
able is still low; however, it is noteworthy that the majority
of the sources for which observations of these species have
been made do show blue-shifted absorption lines, indicating
vigorous outflow activity. Out of the five high-z lensed galax-
ies where CH"(1-0) has been found in absorption, only one
source® shows a red-shifted line, namely the Cosmic Eyelash
(Falgarone et al. 2017); for this source, the CH*(1-0) absorp-
tion line is shifted by AV ~ +150kms~! with respect to
the systemic velocity as defined by the CO emission lines. A
similar velocity shift in the Cosmic Eyelash is also observed
in the OH'(1,-0;) and H,O%(1;;—0¢9) absorption lines

7 The first detection of CH* was made in the far-infrared spectrum of
the planetary nebula NGC 7027 through rotational lines from J = 2—1
to 65 seen in emission Cernicharo et al. (1997).

8 In the case of the galaxy G09v1.40 reported in Falgarone et al.
(2017), adopting the precise redshift of z = 2.0924 +£0.0001 (Yang et al.
2017) shifts the CH*(1-0) absorption line to ~—200 km s~ with respect
to the systemic velocity of the source as defined by the CO emission
lines; the CH*(1-0) absorption line is therefore blue-shifted in this sys-
tem — see also Butler et al. (in prep.).
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(Indriolo et al. 2018). Recently, Butler et al. (in prep.) report
OH*(1,-0;) absorption lines toward ten gravitationally lensed
Herschel-selected high-z galaxies; for all of them, the line is
invariably seen in absorption and blue-shifted with respect to the
systemic velocity, with the exception of one source where the
absorption line peaks at the systemic velocity. Together, the cur-
rently available observations of OH* (and CH*) have established
that these molecular ions are robust tracers of molecular gas out-
flows in high-z galaxies, confirming the results of observations
of OH" or OH in local ultra-luminous galaxies (e.g., Lu et al.
2017; Gonzalez-Alfonso et al. 2017, and references therein). In
addition, recent studies of absorption lines in high-z lensed
DSFGs in the OH 119 um doublet, in SPT-2319-55 at z = 5.29
(Spilker et al. 2018) and the quasar ULASJ131911+095051 at
z = 6.13 (Herrera-Camus et al. 2020), and in the H,O(330—321)
and (4,3—414) transitions in SPT-0346-52 at z = 5.656
(Jones et al. 2019), have revealed blue-shifted lines tracing pow-
erful outflows (with rates of ~200—-500 M yr™").

In contrast to the above trends, the detection of red-shifted
molecular absorption lines in high-z systems seems much less
common. Only two cases are known, namely the Cosmic Eye-
lash (Falgarone et al. 2017; Indriolo et al. 2018) and HerBS-89a
(here described), out of the total of 18 high-z sources observed
to date for which CH*(1-0) and/or OH*(1,-0,) (or other tracers
such as OH, H,O or H,O") have been seen in absorption.

Direct observational evidence of inflow is indeed scarce. Sig-
natures of infalling gas are notoriously difficult to observe: the
accreting material may have low metallicity, low density, and/or
a small covering factor (less than 10% at z ~ 1.5; see, e.g.,
Fumagalli et al. 2011), and it might be ionized or obscured by
outflows. The need for a good alignment of an accretion struc-
ture with a background continuum source along the line of sight
lowers the chance of detection even further.

The findings here described for molecular absorption lines
in high-z galaxies are in line with the scarcity of infall evidence
gathered from previous studies. Using optical spectroscopy,
Rubin et al. (2012) report evidence of cool, metal-enriched gas
accretion onto galaxies at z ~ 0.5. Wiseman et al. (2017) found
a rare case of inflow of metal-poor gas from the intergalactic
medium onto a z = 3.35 galaxy. More recently, Ao et al. (2020)
report evidence of infalling gas in a Lyman-a blob at z = 2.3, and
Daddi et al. (2020) presented observations revealing cold gas fil-
aments accreting toward the center of a massive group galaxy
at z = 2.91. In the local Universe, a few examples of inflow
activity have been found through Herschel spectroscopic obser-
vations of compact luminous infrared galaxies. These include
NGC 4418 and Zw 049.057, where reversed P-Cygni profiles,
a clear signature of infall, were revealed in the [OI] 63 um
fine-structure lines (Gonzalez-Alfonso et al. 2012; Falstad et al.
2015); Arp 299 where the absorption of the ground state of OH
at 119 um is found red-shifted by ~+175kms~!, suggesting a
low excitation inflow in this source (Falstad et al. 2017); Circi-
nus, which shows an unambiguous OH 119 ym inverted P-Cygni
profile (Stone et al. 2016); and IRAS 10091+4704, the starburst-
dominated system at z = 0.24, were a clear inverted P-Cygni
OH profile indicates the presence of a fast inflow of molecular
gas with a rate of ~100 Mg yr~' (Herrera-Camus et al. 2020).

Theoretically, gas flowing into less massive (M < 10'2 M)
galaxies should be dynamically and thermally cold, while
more massive halos receive most of their baryons as hot-
ter (T > 10°K) gas (e.g., Dekel & Woo 2003; Keres et al.
2005). Thus cold, dense, metal-poor circum-galactic gas is
often interpreted as direct evidence of accretion. Metal-poor
Lyman-limit systems have been used as tracers of accretion
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Fig. 19. Schematic of the simplified geometry of the inflow.

in observations (e.g., Lehner et al. 2013) and simulations (e.g.,
Fumagalli et al. 2011).

Inflow and outflow rates of galaxies are constrained by cos-
mological simulations (e.g., Keres et al. 2005) and analytic mod-
els based on the mass assembly history of dark matter halos
(Bouché et al. 2010; Lilly et al. 2013). Erb (2008) reproduces
the gas mass fraction and metallicity distribution of galaxies
with a simple chemical model involving gas inflow and outflow.
Inverting their reasoning, Yabe et al. (2015) constrain gas inflow
and outflow rates based on the observed stellar masses, gas mass
fractions, and metallicities of star-forming galaxies at z ~ 1.4.

Taken together, the above evidence strongly indicates that
galaxies possess large reservoirs of circum-galactic gas eligible
for accretion (Tumlinson et al. 2017). Nevertheless, evidence for
fuel does not necessarily imply the presence of fueling.

We can describe the gas flow as a cylindrical channel that
brings the gas onto the galaxy (see Fig. 19 for a schematic repre-
sentation). Given the distance di,g0w Of the infalling clouds from
the galaxy (i.e., given the line-of-sight distance that the gas has
yet to travel), and assuming that the accreting gas travels at a
constant speed Viyaow, the mass inflow rate can be computed as
follows:

Aobs

dM: V.
X = N(XOmy =2 “obs .
dt Sin @ dinfiow COS @

(16)

Here X denotes either the OH* or CH* molecular ion; M is
the column density of the inflowing gas; myx is the mass of
the molecular ion; Aqps is the de-magnified projected area cov-
ered by the inflowing gas in the sky; ¢ is the angle between the
line of sight and the inflow direction; and Vs is the measured
red-shifted velocity of the line. With these definitions, the term
Vobs/ cos ¢ represents the de-projected inflow velocity Vinow,
and the cross-sectional area of the cylinder perpendicular to the
flow is given by Aisfiow = Aobs/ Sin ¢.

The N;(OH*) value measured from the high angular res-
olution spectra for OH*(1;-0;) and (1,-0;) is (9.6—-11.2 x
10" em™2 (Table 3). The mass of the OH* molecular ion is
mops = 2.824 x 1072 g. The observed projected area can
be computed from the Sérsic radius R, of the OH' source
plane reconstruction (0.21-0.23 kpc; Table 6) yielding Agps =
0.13—0.17 kpc?. The observed velocity of the flow is 100 kms~!.
The distance that the inflowing gas travels from the observed
position to the center of the galaxy is one of the most uncer-
tain quantities in Eq. (16). Typical distances found in the liter-
ature are on the order of one to a few kpc. Using the positions
of lines and continuum in the source plane (Table 6), we can
only compute the distances projected on the sky as between ~0.1
and ~0.3 kpc, which are of the same order than the systematic
positional uncertainty computed via Eq. (4) (~0.08 kpc). Assum-
ing a geometry similar to that of OH*, because no source plane
reconstruction has been attempted for the low angular resolution
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NOEMA data, a similar reasoning can be applied to the CH*
line. Based on these values and estimates and using Eq. (16), we
find

dMoy+

% singcos¢ ~ 1.8-8.8 x 107 My yr™!, a7
and

dMcy+

%sin¢cos¢~0.4—l.6x 1076 Mg yr!, (18)

modulo the angle ¢ between the flow direction and the line of
sight, which is unknown.

In order to transform these results into the total inflow rate,
we assume that the gas mass is dominated by hydrogen, and we
adopt as abundances relative to hydrogen the quantities fog+ =
5.7% 1078 (computed as the Galactic average value from Table 5
of Indriolo et al. 2015) and fey+ = 7.6 X 107 (Godard et al.
2014; Indriolo et al. 2018). By dividing Eq. (16) by fx and mul-
tiplying by the ratio my/myx of the molecular ion’s mass rela-
tive to H, we derive mass inflow rates of Mipaow singcos¢ ~
3-14 My yr~! from OH*, and ~6-24 M, yr~! from CH*.

In the so-called “bathtub” or “gas regulator” model
(Bouché et al. 2010; Lilly et al. 2013; Sdnchez Almeida et al.
2014; Peng & Maiolino 2014; Dekel & Mandelker 2014;
Somerville & Davé 2015, among many others), the evolution of
the gas content of a galaxy can be formulated as follows:

Mgas =0 —(1 _R+(/l_77rec)) EMgas +7, 19
where @ is the inflow rate; SFR = €My, as per the Schmidt-
Kennicutt star formation law (Schmidt 1959; Kennicutt 1998b);
R is the fraction of mass of newly formed stars quickly returned
to the ISM through stellar winds and supernovae; ¥ = ASFR is
the outflow rate, linked to the SFR by the mass loading factor
A; finally, 1. is the fraction of gas ejected by outflows falling
back onto the galaxy. Additional factors, for example due to
AGN feedback, possible mergers or other external causes, are
here summarized by the term Y.

Different scenarios can be at play in the case of HerBS-
89a. In the least likely scenario, we might be witnessing a flow
channeling gas from the intergalactic medium onto the galaxy,
described by the term ® of Eq. (19). While such flow would
in principle consist of pristine gas, the detected OH* and CH*
transitions testify to the presence of enriched material. To pro-
duce these molecular ions, first of all, as the reaction rates go
with n?, pockets of dense gas should be present; second, the most
important formation channel for OH* (and CH") requires high
temperatures, which could be produced in an accretion shock in
the infalling gas as it enters the halo of the galaxy, although this
scenario remains speculative.

Yabe et al. (2015) use a simple analytic model of galaxy
chemical evolution to constrain the inflow (and outflow) rates
of three samples of star forming galaxies at z = 0, 1.4 and
2.2 (Erb et al. 2006; Peeples & Shankar 2011, and their work).
They show that the average gas inflow rate of the samples is
2 to 3x their SFRs. Turning into physical units, Minfiow 1S
few solar masses per year at 7 = 0 growing to ~100 Mg yr~!
at z = 2.2. Model predictions reproduce these values for dark
matter halos masses of Mpy ~ 2 x 102 M, (e.g., Bouché et al.
2010; Yabe et al. 2015). If the SFR is fed by the inflow, then it is
naturally proportional to the inflow rate. The detailed process of
gas accretion and its relation to the fuel of SFR is more complex
and still poorly understood. The gas fraction and SFR efficiency
(i.e., the reciprocal of T4ep) come into play. How they relate to

Mingow 18 yet to be fully investigated by observations, because of
the rare occurrence of direct inflow measurements.

In this frame, HerBS-89a would require a very high inflow
rate to sustain its large measured star formation rate. Although
the angle between the line of sight and the inflow is unknown,
the values derived above seem too low to support this scenario.

Alternatively, the flow could be part of a galactic fountain,
in which a fraction of the gas expelled by the starburst winds
falls back onto the galaxy (the term neMgy,s in Eq. (19)). In
this case, an outflow should also be detected, as described by
—A€eMg,. No evidence of any outflow feature was found in the
spectra of HerBS-89a, neither in the form of blue-shifted emis-
sion (e.g., inverted P-Cygni profile) nor through absorption com-
ponents of the detected lines. Nevertheless, it is worth noting that
the absorption lines of OH* here reported are not isolated, and
have emission or absorption lines of other molecular species on
their blue sides, perhaps preventing the identification of a blue-
shifted component. Moreover — despite the superb quality of the
NOEMA spectra — the S/N reached in the spectra of the main
emission lines is not high enough to detect any faint, very broad
wings, that could indicate the presence of an outflow.

Finally, if HerBS-89a is in fact a merging pair or a multiple
source (see Sect. 7), a third possibility is that the red-shifted OH*
and CH™ lines originate in a stream of matter between the two
components. This case belongs to the term Y in Eq. (19), and
would naturally explain the enriched composition of the flow.
One possibility is that HerBS-89a is similar to a scaled-up ver-
sion of the merger in the local Antennae galaxy (NGC 4038/9),
in which an off-nuclear high concentration of dust and gas and a
powerful starburst are found in the region between the two galax-
ies: a “Hyper-Antennae”.

With the data in hand, it is however not possible to dis-
tinguish between these different scenarios and draw a defini-
tive conclusion. Also in this case, higher angular resolution and
deeper sensitivity observations of HerBS-89a will be required to
shed further light on the nature of the mass inflow observed in
this system.

10. Summary and concluding remarks

We report new millimeter NOEMA and VLA observations of
the lensed starburst galaxy HerBS-89a at z = 2.95 that are com-
plemented with near-infrared and optical data (obtained with the
HST and GTC) that reveal the foreground lensing galaxy. The
ability to process large instantaneous bandwidths with NOEMA
enables an in-depth exploration of a sizeable part of the 1 mm
spectrum of HerBS-89a, covering in total 121 GHz in the rest-
frame, leading to the detection of transitions of molecular ions
and molecular species that have not been previously observed
in a high-z galaxy. In addition to the strong emission lines of
2C0(9-8) and H,O(2¢,—11;), we detect the three OH* ground-
state 1;—0; lines (J = 0, 1,2) and the CH*(1-0) line, all four
seen in absorption and red-shifted with respect to the systemic
velocity of HerBS-89a, two transitions of NH; in emission, and
HCN(11-10) and/or NH(1,—-0,) lines, seen in absorption. mod-
eling the lensing of HerBS-89a, we reconstructed the dust con-
tinuum emission and the molecular emission lines in the source
plane deriving the morphology and the kinematics of this high-z
galaxy.
The main conclusions of this paper are as follows:

— The high-angular resolution (0”3) images of HerBS-89a in
dust continuum and the emission lines of '2CO(9-8) and
H,0(2¢p;—1;;) show two distinct components — one to the
north and a brighter slightly more extended component to the
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south, which are linked by an arc-like 1”70 diameter structure

reminiscent of an Einstein ring. HerBS-89a is gravitationally

amplified by a foreground massive galaxy at Zpnot = 0.9f8:§,
with an estimated deflector mass of Mieys = 9.8735x10'0 M.
Using lens modeling, we have reconstructed the source-plane
morphologies of HerBS-89a in dust continuum and molecu-
lar line emission. The magnification factor is estimated to be
p ~ 5 for the dust continuum and ¢ ~ 4-5 for the emission
lines.

— HerBS-89a is a high-z dusty star forming galaxy. From the
12C0O(1-0) measurements, we derive a mass for the molec-
ular gas reservoir of My, = (2.1 + 0.4) x 10" Mg. mod-
eling the available CO lines (J = 1-0, 3-2, 5—4 and 9-8)
with an LVG approach indicates that the molecular gas in
HerBS-89a has an average density of ny, ~ 500cm™ and a
kinetic temperature Ty, ~ 200 K. Using the fine sampling
of the dust continuum flux densities observed from 250 um
to 3.4mm (or 63 to 860 um in the rest-frame), we derive an
infrared luminosity of Lig = (4.6 + 0.4) x 10> Ly, and a
dust mass of Mgy = (2.6 £ 0.2) x 10° M, yielding a dust-
to-gas ratio dgpr ~ 80. The star formation rate is estimated
to be SFR = 614 + 59 M, yr~' and the depletion timescale
Tepl = (3.4 £ 1.0) X 108 years.

— Lens modeling suggests that the warmest and densest mate-
rial in HerBS-89a (i.e., as traced by dust, 12C0O(9-8), and
H,O(2p0;—1;1) emission) is distributed across a region a few
kpc across. We cannot distinguish definitively between a
single-disk and a two-component description of this distri-
bution on the basis of existing observations, but dynamical
and molecular gas mass estimates are consistent in either sce-
nario, and the two-component scenario in particular provides
a natural explanation for the very large observed CO velocity
widths.

— A series of molecular emission and absorption lines are
detected in HerBS-89a that trace very dense gas (up to ny, ~
10°-10'°cm™). NH; is seen in emission and detected in two
transitions, while an absorption feature at 246.72 GHz cor-
responds to HCN(11-10), NH(1,—1¢) or a combination of
both. Future observations of additional transitions of these
species (particularly HCN and NH) would be needed to fur-
ther explore the densest regions of HerBS-89a.

— The three fundamental transitions of OH* and CH*(1-0) are
all seen in absorption and all red-shifted by ~+100kms~!
with respect to the systemic velocity of HerBS-89a. The
molecular ions OH* and CH* both trace low-density (ny, ~
100 cm™3) gas. The fact that the velocity red-shifted absorp-
tion lines cover substantially the distribution of the CO and
water emission lines in the image (and source) planes indi-
cates that this low-density gas must be kinematically unre-
lated to the dense gas. We here argue that we are tracing a
rare case of inflow of low-density gas, indicating that HerBS-
89a is accreting matter from its surroundings. Based on the
available data, we have estimated that the mass inflow rate
is on the order of ~10-20 My yr~!. Various scenarios are
possible to account for the observations including inflowing
gas from the intergalactic medium, a galactic fountain or a
stream of matter between the two merging components.

The results here described highlight the importance of process-
ing large instantaneous bandwidth in the study of high-z galax-
ies, as such observations allow us to efficiently measure multiple
lines and explore in an unbiased way the entire available fre-
quency range for the presence of molecular species. In the case
of HerBS-89a, we were able to probe this system from the very
highest to the lowest molecular gas densities with high-quality
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spectral data in the 830—1060 GHz rest-frame frequency range,
which includes key molecular ionic transitions tracing feedback
mechanisms. The findings here reported show that it is possi-
ble to unravel the complex physics at play within this starburst
(likely to be a merger) system in the early Universe from the
kinematics of its inner most regions to the low-density inflowing
molecular gas. They provide the foundation for future follow-up
observations to further study the nature of HerBS-89a and bet-
ter constrain its morphology and kinematics, which will need
higher-angular resolution and higher S/N data, as well as for
future studies of larger samples of high-z galaxies, with prop-
erties akin to those of HerBS-89a, selected from on-going large
redshift surveys.
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Appendix A: Details of lens model

The statistical uncertainties on the lens model parameters, for
both the foreground lens object and the HerBS-89a lensed source
were computed via two MCMC run, focusing on the lens and
the source, respectively (see Sect. 5). Figures A.1 and A.2 show
the posterior distribution of the lens and source parameters, as
obtained with MCMC.

In order to perform the kinematic analysis described in
Sect. 7, we apply the lens model to high resolution emission line

Lens model posterior distribution

data preserving the velocity information by fitting Sérsic profiles
to channel images in the data cubes. To obtain a sufficient S/Ns,
we bin the 40 kms~! channels of >?CO(9-8) and H,O by a fac-
tor of 3 and 6, respectively. Despite this rebinning, the S/Ns for
some of the channels is still very low.

Figures A.3 and A.4 present the results of this channel by
channel modeling, for the '2CO(9—-8) and H,O(20,—11;) emis-
sion lines, respectively.
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source, as obtained by the lens modeling
and MCMC runs (see Sect. 5 for details).
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Fig. A.3. Lens modeling of the '2CO(9-8) spectral channels. The velocity ranges covered by each channel are marked in the right-hand panels.
From left to right: observed image (with the synthesized beam shown in the lower left corner) and critical curve (red line); reconstructed model
image convolved with the PSF; residuals, reconstructed model image at full angular resolution; and, separated and with a different angular scale,
reconstructed source-plane images and caustic curve. The cross shows the central coordinate RA 13:16:11.52 and Dec +28:12:17.7 (J2000).
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Fig. A.4. Lens modeling of the H,O(29,—1,;) spectral channels. The velocity ranges covered by each channel are marked in the right-hand panels.
See Fig. A.3 for further details.
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Appendix B: Review of «, values

Although the use of the MBB model and Eq. (5) to derive
dust masses is common and well-established in the literature,
the actual value of «, is far from being well defined. More-
over, it is not granted that a universal value shared by all
galaxies does exist; evidence rather points to the opposite. We
here review the current status on «, taking into account recent
studies.

The common preference found in the literature is to adopt
the «, values tabulated by Li & Draine (2001) or its updated
version by Draine (2003). At 850 um, the reference value is
kgso = 0.038m’kg~! with a dependence on frequency ~v>*7
at A = 100 and 600 um (Berta et al. 2016). To reconcile with
a small conflict between the dust to hydrogen mass ratio pre-
dicted by their model and the elemental abundances in the
solar neighborhood ISM, Draine et al. (2014) re-normalized
their dust properties such that «gso = 0.047 and k599 =
0.116 m?>kg~!. Hensley & Draine (2021) discuss more recent
finding, that could lead to further possible corrections toward
larger «,. A larger value kgsp = 0.072 m?> kg~! come also from the
THEMIS dust model (Jones et al. 2013, 2017), which is in agree-
ment with the measured all sky extinction from SDSS quasars
(Planck Collaboration Int. XXIX 2016).

The tabulated «, values mentioned above are theoretical (see,
e.g., Weingartner & Draine 2001) and an alternative path is to
adopt an empirical value of «,, measured at a reference frequency
and then scale it to any other frequency using the power law
with index 8 as usual. Studying a sample of 22 local galaxies
with known metallicities and available sub-mm data, James et al.
(2002) derived kgso = 0.07 + 0.02m? kg~".

Using Herschel observations of local galaxies M99 and
M 100, Eales et al. (2010b) derive a value of «, ~ 0.06 m? kg™!
at 350 um, corresponding to kgso = 0.01 m*>kg™' adopting a
dust emissivity index S = 2. From early solar-neighborhood
Planck results, a value kgso = 0.066 m? kg™! is derived’, roughly
twice the commonly adopted value by Draine (2003). Recently,
Clark et al. (2016) assembled a sample of 22 galaxies from the
Herschel Reference Survey (Boselli et al. 2010) and derived a

value of «sg9 = 0.0Slfg:ggg m?kg~! at 500 um, corresponding to

Kkgso = 0.018*00%3. Significant variations of «, at sub-galactic
scales are shown by Clark et al. (2019).

Such very low values of «, obtained for external galaxies are
nevertheless subject to several caveats related to the derivation
method, and thus need to be taken with caution. To mention a
few: the sight-lines intercept a range of media, and possibly mul-
tiple temperature dust components; the assumptions made about
dust-to-metals ratios need solid metallicity measurements and
might depend on the adopted calibration; a variable Xco brings
further uncertainties. For further discussions, see for example
Priestley & Whitworth (2020).

Finally, Clark et al. (2016, 2019) present a thorough com-
pilation of the values of «, found in the literature to date, and
remarkably collect values spanning a range of more that three
orders of magnitude (at their reference 500 um wavelength; see
the respective Fig. 1 in the above mentioned papers).

With these results in mind, it is clear that a proper comparison
of dust masses to literature values must take into account the differ-
ent assumptions underlying the SED modeling. In order to follow
a popular choice in this field, we here adopted the Draine (2003)
Ky, applying the correction prescribed by Draine et al. (2014) to
dust masses (as derived with both the MBB and DLO7 modeling).

9 Planck Collaboration XXI ~ (2011)  measure  Trso/Ny =
0.92 x 10> cm? for the solar neighborhood. Using the
relation T, = ko (v/vo)f RpguuNy  (Bianchietal. 2019;

Planck Collaboration Int. XXVIII 2015), this leads to kg0 =
0.066m>kg™'. Here 8 = 1.8 and a dust to hydrogen mass ratio
Rpg = 0.0091 (Draine et al. 2014) were adopted. The quantity uy is the
mass of the hydrogen atom. It is worth to note the strong dependence
of x, on B and Rpg: different choices lead to significantly different
values of kgso. Typical alternatives to the values mentioned above are,
for example, 8 = 2 (often found in the literature) and Rpg = 0.0074
(Jones et al. 2017). See Bianchi et al. (2019) for an in depth description.
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