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ABSTRACT

Context. While the formation mechanisms of intensely starbursting galaxies at high redshift remain unknown, one possible mech-
anism for producing these intense rates of star formation is via mergers and interactions. However, detecting these at high redshift
remains a challenge. Observations of high-redshift gravitationally lensed galaxies provide a way to study the interstellar medium and
environment of these extreme starbursts in detail.
Aims. We aim to use high angular resolution observations of dust continuum, CO(6−5), H2O(211 − 202), and H2O+(202 − 111) emis-
sion to constrain the ongoing processes in the z = 3.63 gravitationally lensed submillimeter galaxy H-ATLAS J083051.0+013224
(G09v1.97).
Methods. We used the sophisticated lens modeling software PyAutoLens to perform both parametric and nonparametric source
modeling. We created a demagnified source plane CO(6−5) emission line cube and performed the kinematic modeling using
3DBarolo. Additionally, we investigated the properties of the continuum and molecular line emission in the source plane.
Results. We find that the regions of CO(6−5) and H2O(211 − 202) emission are closely matched in the source plane, but that the dust
continuum emission is more compact. We find that our lens modeling results do not require more than one source, contrary to what
has been found in previous studies. Instead, we find that G09v1.97 resembles a rotating disk with Vmax/σ̄ = 2.8 ± 0.4, along with
evidence of residual emission indicative of noncircular motions such as outflows, tidal tails, or an additional background galaxy.
Conclusions. We suggest that the origin of the noncircular motions might be associated with a biconical outflow or a tidal tail from
an interaction; alternatively, this might indicate the possible presence of an additional galaxy. We calculated the dynamical mass,
gas mass, star formation rate, and depletion time for G09v1.97, along with a high star formation rate and low gas depletion time. In
combination, this suggests that G09v1.97 has recently undergone an interaction, triggering intense star formation, while also being in
the process of settling into a disk.

Key words. galaxies: evolution – galaxies: high-redshift – galaxies: ISM – galaxies: kinematics and dynamics – galaxies: starburst

1. Introduction

Some of the brightest and most strongly star-forming galax-
ies at high redshift are heavily dust-obscured galaxies (submil-
limeter galaxies, SMGs; Smail et al. 1997; Barger et al. 1998;
Hughes et al. 1998; Dudzevičiūtė et al. 2020) and dusty star-
forming galaxies (DSFGs; see reviews from Blain et al. 2002;
Casey et al. 2014, and references therein). These galaxies have

? Corresponding author: kiana.kade@chalmers.se

prodigious star formation rates (SFRs), prompting questions
about the underlying formation mechanisms and the drivers
behind such intense star formation. Overall, SMGs can reach
total infrared (IR) luminosities of ∼1013 L� and, in certain cases,
they can maintain “maximum starbursts” of >1000 M� yr−1 (e.g.,
Barger et al. 2014; Simpson et al. 2015; Riechers et al. 2013).
Consequently, these galaxies represent a crucial stage in the
growth of massive galaxies, making them key to understanding
the evolution of massive, high-redshift galaxies.
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One process that is thought to lead to such intense
SFRs and IR luminosities is mergers and/or interactions
between high-redshift galaxies, where the molecular gas
fuels the nuclear regions, triggering intense star formation
(e.g., Mihos & Hernquist 1994; Hopkins et al. 2006; Engel et al.
2010). This is consistent with both simulations and obser-
vations of the high-redshift universe, which have shown the
importance and high prevalence of mergers and interactions
(e.g., Kereš et al. 2005; Hopkins et al. 2008; Genzel et al. 2010).
However, some simulations suggest that these dusty star-
burst galaxies may form through more secular processes (e.g.,
Dekel et al. 2009; Davé et al. 2010). This is supported by
observations of massive high-redshift galaxies that show no
signs of merger or interaction activity, and only well-ordered
rotation instead (e.g., Tacconi et al. 2013; Hodge et al. 2016;
Jiménez-Andrade et al. 2018; Smit et al. 2018; Lelli et al. 2021;
Roman-Oliveira et al. 2023). Although this phase represents a
critical stage in galaxy growth, the formation mechanisms of
these galaxies still remain uncertain.

One of the primary reasons for this lack of understand-
ing is the difficulty inherent in observing high-redshift galax-
ies. Resolving the environment of high-redshift galaxies remains
challenging, even for telescopes like the Atacama Large Mil-
limeter Array (ALMA). SMGs have been shown to have an
average redshift of ≈2.5 for those discovered at 870 µm (e.g.,
Chapman et al. 2005; Danielson et al. 2017), where an angu-
lar resolution of 1′′ corresponds to ≈8.2 kpc. Even at an angu-
lar resolution of 0.1′′, the physical scales probed within the
galaxy would be at ≈800 pc scales. At this resolution, it is pos-
sible to begin to resolve the regions of denser and warmer gas
(e.g., Tacconi et al. 2008; Riechers 2013; Spilker et al. 2015;
Swinbank et al. 2015; Dye et al. 2015; Rybak et al. 2020, 2023),
but surpassing this limit is challenging. Gravitational lensing cir-
cumvents the need for extremely high angular resolution obser-
vations. This phenomenon can, in effect, improve the angular
resolution of observations by 1/

√
µ, where µ is the lensing mag-

nification factor (under the assumption that the magnification is
static across the image), meaning that details within the inter-
stellar medium (ISM) and environment can, in some cases, be
resolved in the source plane.

To gain a better understanding of the processes governing
SMGs, DSFGs, and other high-redshift galaxies with intense
star formation rates, it is paramount to understand the internal
ongoing processes in the ISM in detail, as well as the influence
of the surrounding environment (i.e., mergers and interactions).
In recent years, studies of the ISM of gravitationally lensed
galaxies have shed considerable light on these processes (e.g.,
Amvrosiadis et al. 2025; Cañameras et al. 2018, 2021; Dye et al.
2022; Kade et al. 2023, 2024; Rybak et al. 2015, 2020, 2023;
Spilker et al. 2022; Yang et al. 2019, 2023).

The strongly lensed SMG H-ATLAS J083051.0+013224
(hereafter, G09v1.97) at z = 3.63 is an ideal laboratory for
studying the properties of high-redshift sub-millimeter galax-
ies. First reported in Bussmann et al. (2013), G09v1.97 is excep-
tionally bright in the IR with a lensing magnification factor of
µ ∼ 6−10 and it has been studied in detail in a number of
previous works (e.g., Bussmann et al. 2013; Yang et al. 2019;
Maresca et al. 2022). G09v1.97 has an intrinsic IR luminosity of
∼1013 L�, and an SFR of >1000 M� yr−1, placing it among the
most intense starbursts known to date. Yang et al. (2019) per-
formed an in-depth study of G09v1.97 using ALMA data at an
angular resolution of 0′′.2−0′′.4 and based on a parametric lens-
ing model, they concluded that the source was composed of two
merging and/or interacting galaxies.

The current paper utilizes very high angular-resolution
ALMA observations (≈0′′.1) of G09v1.97, achieving scales of
a few hundred parsecs in the source plane, to study the ISM
using the emission from the dust, CO(6−5), H2O(211−202), here-
after H2O and H2O+(202 − 111), hereafter H2O+. We present a
nonparametric source plane reconstruction of the dust contin-
uum emission and detected molecular line emission. Addition-
ally, we discuss the implications of our findings as a result of
the kinematic modeling we carried out. In Sect. 2, we describe
the observations and data reduction steps. The results of the con-
tinuum and line analysis, lens modeling, and kinematic model-
ing are reported in Sect. 3. Section 4 provides a discussion of
these results. Finally, our conclusions are presented in Sect. 5.
Throughout this paper, we adopt a flat ΛCDM cosmology with
H0 = 70 km s−1 Mpc−1, ΩΛ = 0.7, and Ωm = 0.3. At z = 3.63,
0′′.1 corresponds to ≈740 pc in the image plane.

2. Observations and data reduction

G09v1.97 was observed in band 4 with ALMA as part of project
ID 2018.1.01710.S (P.I. Yang). All calibrations and image pro-
cessing were performed in the Common Astronomy Software
Application package (CASA; McMullin et al. 2007). The band
4 observations were taken on 14-July-2019 using 41 anten-
nas. The observations were performed using baselines between
138.5 m, and 8547.6 m, resulting in an angular resolution of
≈0′′.1 (using natural weighting). The on-source integration time
was 47.2 minutes, with a total overhead time of 62.19 minutes.
The overhead time includes the pointing, focusing, phase, flux
density, and bandpass calibrations. J0825+0309 was used as the
phase calibrator, J0725−0054 was used as the bandpass calibra-
tor, and J0725−0054 was used as the flux calibrator. We report
a conservative estimate of 10% to represent the uncertainty in
the absolute flux calibration (noting that the fiducial value for
band 4 is ∼5%)1. The weather conditions during the observations
were good, with a mean precipitable water vapor of 0.8 mm and
a phase root mean square (RMS) of 0.239◦.

The data were calibrated using the ALMA interferomet-
ric pipeline (Hunter et al. 2023), including a calibration of the
phase, bandpass, flux, and gain. The pipeline-reduced data were
checked to ensure quality. The images produced by the pipeline
data reduction of the calibrated data were inspected visually to
ensure data quality and identify line-free channels to be used in
continuum subtraction. Continuum subtraction was performed
using the CASA task uvcontsub using a polynomial fit of order
1. Imaging of the calibrated data was performed in CASA using
the tclean task, cleaning in the region of expected emission
using the mask encompassing the region of emission for the deep
continuum and CO(6−5) emission images reported in Yang et al.
(2019). Continuum images were created using the line-free chan-
nels and natural weighting. They were cleaned down to a 1σ
level, where σ = 0.02 mJy/beam, at vsky = 154.5 GHz, corre-
sponding to continuum emission at 1.94 mm. Similarly, spectral
cubes were created from the continuum subtracted measurement
set using natural weighting and were cleaned down to a 1σ level.
The native spectral resolution of the observations was ≈7.8 MHz.
To ensure a sufficient per-channel signal-to-noise ratio (S/N),
we used a channel width of 20 km/s when cleaning the spectral
cubes. We provide the details of the beam size, channel width,
and image RMS in Table 1.

1 https://almascience.eso.org/documents-and-tools/
cycle10/alma-technical-handbook
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Table 1. Details of the observations.

Line Spectral windowa Date of obs.b νspw,central
c Channel widthd Synthesized beame RMS f

[yyyy mm dd] [GHz] [km s−1] [′′×′′] [mJy/beam]

CO(6−5) 0 2019-07-14 149.28 20 0.11 × 0.085 0.19
H2O(211 − 202) 2 2019-07-14 162.36 20 0.11 × 0.081 0.50
gH2O+(202 − 111) 1 Combined 160.28 29 0.34 × 0.31 0.13

Notes. The observational phase center for the observations detailed in the table was (J2000) RA 08:30:51.156, Dec +01:32:24.35. These are the
same coordinates as the observations used in Yang et al. (2019). (a)Spectral window and observed lines therein. (b)Date of ALMA observation.
(c)Central frequency of the spectral window containing the specific line. (d)Channel width of the calibrated and imaged data for the specific line.
(e)Synthesized beam of the spectral window using natural weighting. ( f )Per-channel RMS of the spectral window. (g)The combined H2O+ lines are
the hyperfine structure H2O+(202 − 111)5/2−3/2 lines at 160.28 GHz.

Fig. 1. Continuum image of G09v1.97, imaged using a natural weight-
ing scheme. The contours are shown at −3, −2, 3, 4, 5, 6, 7, 8, 9,
10σ levels (σ = 0.02 mJy/beam). The black region shows the region
from which the continuum emission was extracted. The synthesized
beam is shown in the bottom- left of the image and corresponds to
0.11′′ × 0.084′′.

To be able to study the fainter H2O+ emission line,
we combined the data presented above with lower-spatial-
resolution observations (C36-5 configuration with baseline
range 0.02−1.5 km) used in Yang et al. (2019, project ID:
2015.1.01320.S, P.I.: Omont). As the frequency setups for the
two observational data sets differed, we searched for a common
range of frequencies and then re-gridded the individual data sets
to the common frequency range and a common spectral reso-
lution of 15.625 MHz. Afterward, the individual data sets were
combined to produce combined clean images. As a last step, and
to correct for the intrinsic beam size differences in the combined
data sets, we used the tp2vistweak step from the Total Power
to Visibilities tool (TP2VIS, Koda et al. 2011, 2019). Images
from the combined data were cleaned and imaged using the
CASA task tclean using Briggs weighting with a robust factor
of 0.5 to keep a reasonable balance between the S/N and angular
resolution, while also maintaining an angular resolution as close
to the higher resolution data as possible. We note that due to the

significantly lower angular resolution of the combined dataset, it
is only used to study the fainter H2O+ emission.

3. Results

3.1. Continuum emission

We detected strong continuum emission towards G09v1.97 at
a ≈22σ level. We extracted the continuum from the region of
expected emission from Yang et al. (2019), shown in Fig. 1. We
find a 1.940 mm continuum flux of 7.00±0.32 mJy. This value is
lower than that found by Yang et al. (2019) of 8.8±0.5 mJy, sug-
gesting the possibility that some continuum emission has been
resolved out in the high-resolution observations utilized in this
paper. However, the extent of this discrepancy (20 ± 6%) is not
large and, therefore, we did not consider it to have a significant
impact on later results.

3.2. Line emission

We detected CO(6−5), with a rest frequency of 691.4731 GHz,
and H2O(211 − 202), with a rest frequency of 752.0331 GHz, in
the high-resolution data. We did not detect H2O+(202−111)5/2−3/2
(rest frequency of 742.1531 GHz) in the high-resolution data
and, thus, we used the combined dataset (as described in Sect. 2)
for the analysis of the H2O+ line.

We performed a regional spectral extraction within the
expected region of emission described in Yang et al. (2019). We
used the same region of extraction for all species to enable con-
sistent comparisons between them (region shown in black in
Fig. 1). We did not detect any significant emission outside the
region. We calculated the RMS for each species using a simple
sampling method in which the RMS is sampled from distinct,
emission-free regions of the cubes. We created moment-0 and
moment-1 maps from the same region used to extract the spec-
tra. For clarity, we removed flux at lower than 3σ levels in the
moment-1 maps. The spectra for the H2O and CO(6−5), as well
as the moment-0 and moment-1 maps, were created from the nat-
urally weighted data to match images produced during the lens
modeling, as described in Sect. 3.3. The H2O+ emission spec-
trum, moment-0, and moment-1 maps were created from Briggs-
weighted images using a robust factor of 0.5 (see Sect. 2).

The integrated flux densities and line luminosities were cal-
culated following Solomon et al. (1997) and expressed as

Lline = (1.04 × 10−3) Iobs νrest D2
L (1 + z)−1[L�], (1)

where Lline [L�] gives the luminosity of the emission line and Iobs
is the velocity integrated flux density defined as Iobs = Sline∆V
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Fig. 2. Spectra of the detected molecular line species in G09v1.97. Top-
left: CO(6−5) spectrum. Top-right: H2O spectrum. Bottom: H2O+ spec-
trum. Note: the H2O+ emission was not detected in the high-resolution
data and, thus, the spectrum was taken from the combined data (as
described in Sects. 2 and 3.2), resulting in a different spectral res-
olution than for the CO(6−5) and H2O emission. The spectrum for
each molecule was extracted from a region corresponding to the region
shown in Fig. 1. For each molecule, the spectrum is shown in the top
panel, and the residuals from the Gaussian fits are shown in the lower
panel. Single Gaussian profiles are shown in red, while double Gaussian
profiles are shown in blue; similarly, in the lower panel, the residuals
from fitting using a single Gaussian profile are shown in red and in
blue for fits using two Gaussian profiles. It is clear that double Gaussian
profiles offer a better fit of the spectra for all detected molecular line
species. The dashed gray line in the top panel and the gray region in
the lower panel represent the per-channel RMS. The top axis in the
top panel for each spectrum shows the corresponding redshift. Note:
the red residuals in the bottom panel are shown as slightly narrower
(i.e., appearing to have a smaller channel width) than the blue, which is
purely for clarity purposes.

[Jy km/s], where Sline [mJy] is the observed flux density and ∆V
[km/s] is the full width at half maximum (FWHM) of the emis-
sion line, νrest [GHz] is the rest-frame frequency of the line, DL
is the luminosity distance [Mpc], and z is the redshift. Line prop-
erties for the emission lines detected towards G09v1.97 are pro-
vided in Table 2.

3.2.1. CO(6–5) emission

The spectrum of the CO(6−5) emission exhibits the same char-
acteristic profiles as reported in Yang et al. (2019), with peaks
in both the red (>0 km/s) and blue (<0 km/s) regions of the
spectrum. The spectrum was fit with a double Gaussian profile
to account for the asymmetric line shape. The ratio of the fit-
ted peaks of the two emission lines from the Gaussian fitting
is approximately peakred/peakblue ≈ 4.5 for CO(6−5). The flux
of the CO(6−5) emission line was compared between the high-
resolution ALMA dataset and the combined dataset, with no
obvious difference observed (see Fig. A.1). This suggests that
despite the very high resolution of the new CO(6−5) observa-
tions, no significant emission was resolved out.

A clear velocity gradient is seen in the moment-1 maps of the
CO(6−5) data in the brightest regions of emission in the north
and south of the image (see Fig. 3). This is further investigated
later in the paper following lens modeling (see Sect. 3.4). We
present the spectrum in Fig. 2 and the moment maps in Fig. 3.

3.2.2. H2O emission

The spectrum of the H2O emission also exhibits the same char-
acteristic shape as previously reported (Yang et al. 2019) and
closely matches the line profile of the CO(6−5) emission with
the two peaks in the red and blue regions of the spectrum. We
compare the normalized CO and H2O spectra in Fig. 4 to illus-
trate the similarity of the emission line profiles. Similarly to the
approach taken for the CO(6−5) emission, we fit the spectrum
with a double Gaussian profile to account for the asymmetric
line shape. In comparison to the CO(6−5) spectrum, the peak
in the blue part of the spectrum has significantly stronger flux.
The ratio of the fitted peaks of the two emission lines from the
Gaussian fitting is peakred/peakblue ≈ 2.3 for H2O. This is ∼1.5×
smaller than the same ratio for the CO(6−5) emission, suggest-
ing that the peak of the H2O emission in the red portion of the
spectrum is lower, compared to its counterpart in the blue portion
of the spectrum. This is further discussed in Sect. 4.1.

By contrast to the CO(6−5) emission, the velocity gradi-
ent in the image-plane moment-1 map of the H2O emission is
much less prominent. This is likely due to the lower S/N of the
H2O emission, in line with results reported in Yang et al. (2019),
where similar velocity structures have been seen from a lower
resolution data of CO(6−5) and the H2O data. Given the S/N of
the CO data, we focus on the CO(6−5) emission when discussing
the kinematics of G09v1.97. We present the spectrum in Fig. 2
and the moment maps in Fig. 3.

3.2.3. H2O+ emission

The spectrum of the H2O+ emission is at a sufficiently low S/N
so as to be undetectable in the new, high-resolution observa-
tions. Instead, we used the combined data to improve on both
the angular resolution and the S/N of the H2O+ emission. As
in Yang et al. (2019), we found a similar line profile to that of
the CO(6−5) and H2O emission with characteristic peaks in the
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Table 2. Line properties from our observations.

Line νrest
a Sv,peak

b FWHMpeak
c Imol

d Lmol
e

[GHz] [mJy] [Jy km s−1] [km s−1] [109 L�]

CO(6−5) 691.47 8.3 ± 1.3 340 ± 103 12.7 ± 1.3 2.1 ± 0.21
38.8 ± 1.7 235 ± 16

H2O 752.03 9.0 ± 1.5 470 ± 124 9.8 ± 1.7 1.8 ± 0.3
21.2 ± 2.1 235 ± 31

H2O+ 742.15 3.8 ± 0.3 241 ± 26 1.1 ± 0.2 0.20 ± 0.03
0.53 ± 0.34 235 ± 182

Notes. None of the properties below are corrected for lensing magnification. (a)Rest-frequency of the observed line. (b)Specific intensity of the
two peaks comprising the double Gaussian fit. (c)FWHM of the two components comprising the double Gaussian fit. (d)Intensity of the entire line.
(e)Luminosity of the entire line.

red and blue regions of the spectrum, indicating that their spa-
tial origins are comparable (Fig. 4). We show the normalized
spectral comparison in Fig. 4. As with the CO(6−5) and H2O
emission, we fit the spectrum using a double Gaussian profile
to account for the asymmetric line shape. The ratio of the fit-
ted peaks of the two emission lines from the Gaussian fitting is
peakred/peakblue ≈ 7 for H2O+. This is about three times higher
than the same ratio for the CO(6−5) emission and about five
times than the same ratio for the H2O. However, it should be
noted that the S/N of the blue component in the H2O+ spectrum
is primarily below the noise level of the spectrum and, therefore,
it is difficult to draw firm conclusions about the nature of this
emission and the spectral shape.

Similarly to the H2O emission, we do not detect a clear
velocity gradient in the image-plane moment-1 map of the H2O+

emission. This is not surprising given the low S/N of the H2O+

emission and the low angular resolution of the images. Since
the line profile of H2O+ is similar to that of the CO(6−5), we
would expect to see an overall comparable kinematic structure.
We present the spectrum in Fig. 2 and the moment maps in Fig. 3.

3.3. Lens modeling

Advanced lens modeling software, such as the publicly avail-
able Python-based code PyAutoLens (Nightingale 2016;
Nightingale et al. 2018, 2021), allows for robust source-plane
reconstructions of lensed galaxies. PyAutoLens has been
used in a number of recent studies of high-redshift galaxies
to determine the source-plane properties of the studied galax-
ies (Maresca et al. 2022; Zhang et al. 2023; Amvrosiadis et al.
2025). In this work, we utilized PyAutoLens to reconstruct
the source plane emission of G09v1.97. PyAutoLens is capa-
ble of handling interferometric data and performing recon-
structions directly on the visibilities, thereby minimizing the
effect of correlated noise in interferometric images. Addition-
ally, PyAutoLens can create source plane pixelizations from
interferometric data, which eliminates the need to make assump-
tions on the background galaxy’s morphology. This approach is
particularly advantageous for G09v1.97 as it does not require
a priori assumptions to be made about whether the galaxy
is a rotating disk or a merger. In its current form, inten-
sity values from PyAutoLens fits performed on interfero-
metric visibilities are in arbitrary units. While this does not
impact our analysis, it is discussed in later sections when rel-
evant. We also note that images produced by PyAutoLens
are dirty images using approximately a natural weighting
scheme.

3.3.1. Parametric source modeling

The SMG G09v1.97 is lensed by two galaxies with spectro-
scopic redshifts of z = 0.636 and z = 1.002, visible at optical
wavelengths (Yang et al. 2019). We modeled these two galax-
ies as single isothermal ellipsoid (SIE) mass distributions. These
mass profiles are characterized by their (x, y) offset from the
phase center of the observations in arcseconds, Einstein radius,
axis ratio (q), and position angle (PA). During the lens modeling,
the redshifts of the lens galaxies were fixed, while we allowed
all other parameters to vary, assuming uniform priors. The (x, y)
offset and Einstein radius were allowed to vary around previ-
ously reported values from Yang et al. (2019) and Maresca et al.
(2022). Although lens models have been successfully created for
G09v1.97 using various lens modeling codes (e.g., Yang et al.
2019; Maresca et al. 2022), including PyAutoLens, discrepan-
cies between different tools and observations necessitated allow-
ing the parameters describing the lens mass models to vary rather
than directly adopting values from previous works.

We modeled the source as a single Sérsic profile using a lin-
ear light profile, allowing the intensity parameters to be solved
via linear algebra. This minimizes the degeneracy between
parameters such as the intensity and the effective radius of the
source. This model was parameterized by its (x, y) offset from
the observation phase center, axis ratio (q), position angle (PA),
effective radius, and Sérsic index. We note that the paramet-
ric modeling performed directly on the cleaned images reported
in Yang et al. (2019) required multiple Sérsic source profiles to
provide a good lens model. In this work, we do not find that
we require more than a single source profile to obtain good lens
models for each of the emission types, as described below.

We first modeled the dust continuum emission to obtain an
optimized lens model and proceeded to use it to reconstruct
the molecular line emission. We allowed all Sérsic parame-
ters, including centroid coordinates, to vary in the fit to account
for possible morphological differences between emission types.
However, we note that the values found for different emission
types are fairly consistent and are all within errors of each other.
Further discussion regarding the extent of the different emission
regions is reserved until Sect. 3.3.2 where the nonparametric
source modeling is free from a priori assumptions.

We calculated the parametric modeling magnification errors
through sampling the posterior distribution of the maximum like-
lihood solution for the lens mass model fit from the continuum
data. We performed the sampling 1000 times for each emission
type, obtained magnification factors for each of these samples,
and calculated the standard deviation of the magnification factors
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Fig. 3. Moment-0 and moment-1 maps of the molecular line emission detected towards G09v1.97. Top: CO(6−5). Middle: H2O. Bottom: H2O+.
The contours are shown at −3, −2, 3, 4, 5, 6, 7, 8, 9, 10σ levels for the CO(6−5) and H2O emission and at −3, −2, 3, 4, 5σ levels for the H2O+

emission. The synthesized beam is shown in the bottom- left of every image, beam sizes can be found in Table 1 for each line. Note: the angular
resolution is significantly lower for the H2O+ emission as it was imaged from the combined dataset as described in Sect. 2. A clear velocity gradient
is visible in the moment-1 map of the CO(6−5) emission.

from each sample, thus obtaining the magnification factor error.
This approach is further utilized and described in Sect. 3.3.2.

Dust continuum emission. We began by modeling the dust con-
tinuum emission using a parametric model for both lenses and the
source to optimize the lens mass model. This optimized model is

then extended to parametric models of the molecular line emis-
sion and nonparametric source modeling. The two lenses and the
source profile were fitted as described above, with the best-fit lens
mass model results provided in Table 3 and the best-fit source
parameters in Table 4. The best-fit lens model yields a very good
fit to the data, as shown in Fig. 5. Through this methodology, we
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Fig. 4. Comparison of the normalized CO(6−5), H2O, and H2O+ emis-
sion. Note: the noise appears significantly higher in the H2O+ emission
due to the line’s lower S/N value. The line profiles of all three emission
lines are very similar.

obtain a lensing magnification factor of µcontinuum = 10.55± 0.26.
This is in very good agreement with the magnification factor found
by Yang et al. (2019) of µ = 10.2−10.5.

CO(6–5) emission. To verify that our optimized lens mass
model works well for the molecular line emission, we mod-
eled the CO(6−5) emission using the continuum-optimized lens
model (i.e., the lens model was fixed with parameters given in
Table 3) and a single Sérsic profile for the source. The lens model
derived from the dust continuum emission provided an excellent
fit to the CO(6−5) emission, indicating that the lens model is
optimal. We provide best-fit source parameters for the CO(6−5)
emission in Table 4. We show the CO(6−5) image, model, and
residual in Fig. 5. Through this methodology, we obtain a lensing
magnification factor of µCO(6−5) = 9.72 ± 0.27.

We found a slight residual in both the northern and south-
ern images of the source; see Fig. 5. These residuals are small,
≤3σ. We attempted to improve the model by including a second
source, also described by a Sérsic profile and as motivated by
Yang et al. (2019). However, the inclusion of this second source
did not improve the residuals, and we discarded this model. We
suggest that this residual is mainly due to the ‘clumpy’ nature of
the CO(6−5) emission. Indeed, smoother image-plane emission
in the dust continuum does not exhibit this residual emission.
Therefore, we suggest that this residual is primarily due to lim-
itations in the lens modeling itself, primarily the inability of a
single, smooth (by definition) Sérsic profile to provide a fully
realistic model of a galaxy. This is evident in the smoothness of
the dirty model images from PyAutoLens; see Fig. 5. We sug-
gest that nonparametric modeling would likely provide a better
fit to the data and is explored in Sect. 3.3.2.

H2O emission. Similarly to the CO(6−5) emission, we mod-
eled the H2O emission using the continuum-optimized lens
model and a single Sérsic profile for the source. We provide the
best-fit source parameters in Table 4. We show the H2O image,
model, and residual in Fig. 5. Through this methodology, we
obtain a lensing magnification factor of µH2O = 11.60 ± 0.41.

Similarly to the CO(6−5) emission, we find a slight residual
in the northern image of the source; see Fig. 5, at a ≈2σ level. We
suggest the same explanation for this residual as for the CO(6−5)

model and explore nonparametric models of the H2O emission
in Sect. 3.3.2.

H2O+ emission. Similarly to both the CO(6−5) and H2O emis-
sion, we modeled the H2O+ emission using the continuum-
optimized lens model with a single Sérsic profile to describe the
source. We show the H2O+ image, model, and residual in Fig. 5.
Through this methodology, we obtained a lensing magnification
factor of µH2O+ = 14.86 ± 0.48.

We note that the four different emission types have different
magnification factors. The magnification factors reported here
are the average across the source and are, therefore, dependent
on the spatial extent of the source. Given that we did not impose
constraints on the different emission types, the differential lens-
ing between different emission types is to be expected2. A simi-
lar effect has been found in previous studies in which lens mod-
eling was performed on both different line emission and dust
continuum emission at different wavelengths (e.g., Giulietti et al.
2023; Perrotta et al. 2023).

3.3.2. Nonparametric source modeling

Previous studies of G09v1.97 have not included nonparametric
source modeling results for molecular or atomic line emission.
In this work, we use the optimized lens mass model derived from
the dust continuum emission (described in Sect. 3.3.1) to create
a pixelized reconstruction using a magnification weighted adap-
tive Voronoi pixel mesh. This approach has two main benefits: it
imposes no constraints on the source morphology (apart from a
regularization coefficient; see below) and maintains regions with
higher magnification and, therefore, higher angular resolution.
The reconstruction employs a regularization coefficient that cor-
responds to the smoothness of the image and attempts to bal-
ance between overfitting and oversmoothing (Nightingale et al.
2018). We used a constant regularization scheme parameter-
ized by the regularization coefficient. This method has been
employed in numerous recent studies to reconstruct high-redshift
galaxies observed with ALMA and the James Webb Space Tele-
scope (Maresca et al. 2022; Giulietti et al. 2023; Zhang et al.
2023; Perrotta et al. 2023; Amvrosiadis et al. 2025).

We used this methodology to create pixelized reconstruc-
tions of the dust continuum emission, CO(6−5), H2O, and H2O+

emission using a Voronoi mesh covering a circular region of
radius 1.5 arcsec (11 kpc) in the image plane around G09v1.97.
We show the images, models, and residuals for all modeled emis-
sion in Fig. 6. We find that the nonparametric source models
provide a similarly good fit to the data as the parametric source
models. We find small residuals at the same spatial regions as in
the parametric models for the CO(6−5) and H2O emission. How-
ever, these residuals are found at lower significance (≈2σ levels)
in the nonparametric models, suggesting that the nonparamet-
ric models provided an improved fit to the emission. Further,
the discrepancies in the morphology between the parametric and
nonparametric source plane models suggest that the parametric
modeling should be viewed with caution as this is a likely indica-
tion that the emission contains structures not well represented by
parametric models. We find that the nonparametric source plane
morphology of the different emission types is very similar, with
no indications of complex morphologies indicative of multiple
sources. This provides further verification that there appears to
be a single background source, not multiple sources, as found in
2 The large spatial scale of the H2O+ emission is also expected due to
the significantly lower angular resolution of those observations.
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Table 3. Best-fit lens parameters, optimized from parametric models of the dust continuum emission.

Lens name za xoff
b yoff

c qd PAe Einstein radius
[′′] [′′] [degrees] [′′]

Lens SE 0.626 −0.21+0.02
−0.02 −0.08+0.02

−0.02 0.51+0.04
−0.04 18.97+4.03

−3.78 0.44+0.01
−0.01

Lens NW 1.002 0.14+0.02
−0.02 0.38+0.02

−0.02 0.77+0.05
−0.06 −73.53+7.12

−6.08 0.48+0.01
−0.01

Notes. (a)Spectroscopic redshift of the lens. (b) x-position of the lens defined in offset from the observational phase center. (c)y-position of the lens
defined in offset from the observational phase center. (d)Minor-to-major axis ratio of the lens. (e)Lens position angle, defined by PyAutoLens as
counter-clockwise from the x-axis.

Fig. 5. Parametric lens and source modeling results for the detected emission towards G09v1.97. First row: Dust continuum. Second row: CO(6−5).
Third row: H2O. Fourth row: H2O+ emission. The first column shows the dirty image as produced by PyAutoLens with contours shown at 3, 4,
5, 6, 7, 8, 9, 10σ levels, where 1σ is the rms of a blank region of the image. Note: this is not a cleaned image and structures may look slightly
different than those shown in cleaned images. The second column shows the dirty model image as produced by PyAutoLenswith contours shown
at 3, 4, 5, 6, 7, 8, 9, 10σ levels. The third column shows the dirty residual image produced by PyAutoLens with contours shown at the −3, −2,
2, 3, 4, 5σ levels. The fourth column shows the image plane emission parametric model of the data produced by PyAutoLens. The white line
represents the critical line. The fifth column shows the source plane emission parametric model of the data produced by PyAutoLens. The white
line shows the caustic line. All images are centered around the ALMA phase center for each image. Note: the H2O+ emission is of significantly
lower angular resolution as the lensing model was created using the combined data, as described in Sect. 2.

Yang et al. (2019). We discuss the emission morphologies and
extents further in Sect. 4.1.

Finally, we created source plane error maps for each of the
emission sources. The source plane errors have two contribu-
tions: (i) the uncertainties on the lens mass model (σl) and
(ii) the uncertainties on the source-plane pixelized reconstruc-

tion (σdata). The total source plane error map is then given by

σ =

√
σ2

l + σ2
data. Here we describe how each contribution is

determined.
We estimated the lens mass model errors (σl) by creating

source plane pixelized emission maps for the CO(6−5) emission
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Fig. 6. Nonparametric source modeling results for the detected emission towards G09v1.97. First row: Dust continuum. Second row: CO(6−5).
Third row: H2O. Fourth row: H2O+ emission. The first column shows the dirty image as produced by PyAutoLens with contours shown at 3, 4,
5, 6, 7, 8, 9, 10σ levels where 1σ is the rms of a blank region of the image. Note: this is not a cleaned image, and structures may look slightly
different than those shown in cleaned images. The second column shows the dirty model image as produced by PyAutoLenswith contours shown
at 3, 4, 5, 6, 7, 8, 9, 10σ levels. The third column shows the dirty residual image produced by PyAutoLens with contours shown at −3, −2, 2,
3, 4, 5σ levels. The fourth column shows the image plane emission nonparametric model of the data produced by PyAutoLens. The black line
shows the critical line. The fifth column shows the source plane emission nonparametric model of the data produced by PyAutoLens. The black
lines show the caustic line. All images are centered around the ALMA phase center for each image. Note: the H2O+ emission is of significantly
lower angular resolution as the lensing model was created using the combined data, as described in Sect. 2.

using lens mass models sampled from the posterior distribu-
tion of each of the lens parameters. We assume that the error
on the lens mass model will not be significantly different for
different emission types, and therefore only perform this sam-
pling on the CO(6−5) emission3. Given that the formal statisti-
cal uncertainties in the lens mass model are small (see Table 3),
we do not expect the contribution from (σl) to be significant.
The reported errors on the parameters are comparable to those
reported in Table 4 of Maresca et al. (2022), despite differences
in the source modeling assumptions used in their analysis. Such
small formal uncertainties are common in group-scale strong
lenses like G09v1.97, particularly when adopting simple mass
models, such as a singular isothermal ellipsoid (SIE), as they are

3 Note: this is also due to time limitations from the pixelization pro-
cess. Using the CO(6−5) was the most logical choice given that the
source plane error maps are of most interest in regard to the CO(6−5)
source plane kinematics.

prone to model misspecification. We sampled the posterior of the
maximum-likelihood solution for the lens mass model (fit from
the continuum data) 1000 times, thereby creating 1000 different
samples of the CO(6−5) emission in the source plane. We then
created the σl map by calculating the standard deviation of the
brightness in each pixel across the 1000 samples. This approach
is valid only if the lens model parameters form Gaussian distri-
butions over the 1000 samples. We confirmed that this assump-
tion holds.

We estimated the source-plane pixelized reconstruction error
(σdata) by using PyAutoLens’s infrastructure. To estimate the
uncertainty in our nonparametric source-plane reconstructions,
we started by estimating the RMS noise for each pixel in the
source plane. Assuming a fixed lens mass model, the RMS error
in each pixel is derived from the diagonal elements of the covari-
ance matrix, following Eq. (10) of Warren & Dye (2003). In our
case, this matrix is computed directly from the interferometric
visibilities in the uv-plane and corresponding visibility errors
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Table 4. Best-fit parametric source modeling results for continuum and detected molecular line species.

Line xoff
a yoff

b qc PAd Effective radius Sérsic index µparametric
e µpixel

f

[′′] [′′] [degrees] [′′]

Continuum 0.04+0.01
−0.01 0.05+0.01

−0.01 0.38+0.04
−0.04 −80.93+3.06

−3.09 0.08+0.02
−0.01 2.12+0.67

−0.45 10.55 ± 0.36 9.83 ± 0.26

CO(6−5) 0.01+0.49
−0.51 0.02+0.48

−0.51 0.48+0.48
−0.50 −0.29+89.57

−89.98 0.51+0.49
−0.50 2.86+2.13

−2.06 9.72 ± 0.27 12.23 ± 0.38

H2O 0.03+0.01
−0.01 0.06+0.02

−0.02 0.46+0.19
−0.28 −68.06+19.23

−21.20 0.17+0.64
−0.11 3.23+1.77

−2.39 11.60 ± 0.41 10.23 ± 0.33

H2O+ 0.040+0.002
−0.002 0.084+0.005

−0.005 0.35+0.02
−0.02 −83.76+1.52

−1.55 0.094+0.003
−0.003 0.80+0.024

−0.0029 14.86 ± 0.48 13.39 ± 0.32

Notes. (a) x-position of the source defined in offset from the observational phase center. (b) x-position of the source defined in offset from the obser-
vational phase center. (c)Minor-to-major axis ratio of the source. (d)Position angle of the source, defined by PyAutoLens as counter-clockwise
from the x-axis. (e)Magnification factor of the emission calculated through the ratio of the image plane to source plane emission in the parametric
regime. ( f )Magnification factor of the emission calculated through the ratio of the image plane to source plane emission in the pixelized regime.

extracted using CASA’s STATWT task, as described in Eq. (8)
of Enia et al. (2018). This approach gives us an RMS noise value
for each Voronoi pixel in the source plane, which was then inter-
polated onto a regular square grid using the same method applied
in the source reconstruction.

We show the total error map (σ =

√
σ2

l + σ2
data) for each

emission source in Fig. B.3. We have normalized the error maps
by the maximum value in the intensity map, so the error maps
can be effectively interpreted as a percentage error in each pixel.
As expected, the contribution from the lens mass model errors
(σl) are small and generally do not provide a meaningful con-
tribution to the total error. The errors for both the continuum
and H2O+ emission are, as expected due to the larger volume of
data used for fitting, smaller than for the other emission types.
Figure B.3 also provides signal-to-noise maps (i.e., intensity
divided by intensity error) for clarity, in particular for later analy-
ses performed in the paper. Generally, the emission in the source
plane is at S/N' 3 meaning that the errors are generally modest.
However, the outer regions of emission can be at significantly
lower S/N. This is further discussed in Sect. 4.2.

Similarly to the parametric models, we calculated the mag-
nification factor from the pixelized regime. The pixelization
magnification factor error comes from sampling the maximum-
likelihood lens model 100 times, and creating pixelized image
and source plane emission maps for each sample where the mag-
nification error is the standard deviation of the magnification fac-
tor across these 100 samples. We note that we only performed the
posterior sampling 100 times due to time constraints when per-
forming the reconstructions. Generally, the parametric vs. pix-
elized model magnification factors are similar, within ≈2σ, with
the exception of the CO(6−5) emission where the magnifica-
tion factor is stronger in the pixelized regime. We do not further
investigate the magnification factor discrepancies from the two
modeling regimes. For the purposes of this paper, we use the
average of the magnification factors where relevant for magnifi-
cation correction of physical properties.

3.3.3. Spectral cube reconstructions

We used the PyAutoLens’s nonparametric source modeling
capabilities to create a source plane demagnified emission cube
of the CO(6−5) emission. We limited this analysis to the
CO(6−5) due to the very high per-channel S/N necessary to cre-
ate robust demagnified cubes. Indeed, as the main goal of this
analysis was to perform kinematic modeling on the demagnified
cubes, the CO(6−5) emission was of primary interest.

To create demagnified source-plane emission cubes, we
divided the emission line into bins of equivalent size and non-
parametrically modeled the emission in each bin. We used a
spectral resolution of ≈50 km/s, allowing for a reasonable bal-
ance between maintaining S/N in each bin while maintaining
a high spectral resolution. The images for each bin were then
interpolated onto a square pixel grid, a built-in capability of
PyAutoLens, and combined to form a spectral cube. The inter-
polation to a square pixel grid resulted in the loss of nonstatic
pixel size across the image, necessitating the adoption of a beam
size for future kinematic modeling. We assumed a standard beam
size of five pixels per source-plane beam, where the source-plane
beam was defined as θmaj/

√
µ × θmin/

√
µ, with µ given by the

parametrically modeled CO(6−5) emission (see Table 4). Thus,
the static angular resolution achieved in the source plane was
approximately 0′′.035 × 0′′.027 (≈260 × 200 pc) for the recon-
structed CO(6−5) spectral cube.

The CO(6−5) reconstructed source plane cube was used to
create moment-0 and moment-1 maps for the CO(6−5) emis-
sion, shown in Fig. B.2. These can be compared with moment-0
and moment-1 maps made on the nonstatic images, which utilize
a Voronoi mesh. We computed moment-0 and moment-1 maps
for the Voronoi pixels and visually verified that the interpola-
tion to square pixels did not significantly affect the moment-0
or moment-1 maps. Therefore, for the remainder of the analysis,
we use the reconstructed source plane cube with a static beam
unless otherwise stated.

Similarly to the parametric modeling and the nonparamet-
ric models of the dust continuum and molecular line emission,
we find no evidence of two sources in the moment-0 maps
(Fig. B.2), contrary to the findings of Yang et al. (2019). Com-
bined with the smooth velocity gradient seen in the moment-1
map (Fig. B.2), this indicates a single, rotating disk. This inter-
pretation is further investigated in Sects. 3.4 and 4.2.

We show the error maps for the CO(6−5) emission line using
the same method as described in Sect. 3.3.2. In this case, the
σdata is a moment-0 map created from an error cube for the
CO(6−5) using the visibility errors in each channel. We show
the CO(6−5) source plane moment-0, total error moment-0, and
S/N maps in Fig. B.3. We find that inner regions of the image
are at ≥5 whereas the outer regions of the emission are at ≈2.
This highlights the difficulty associated with creating source
plane emission cubes of lensed sources as it is very important
to have very high quality data with high signal to noise in each
channel. Although the data used in this paper is very good, the
results drawn from the source plane cube need to be interpreted
carefully.
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3.4. Kinematic modeling

To investigate the velocity gradient seen in the CO(6−5) data
in both image plane and source plane moment-1 maps (see
Figs. 3 and B.2), we use the kinematic modeling tool 3DBarolo
(Di Teodoro & Fraternali 2015). We perform all kinematic mod-
eling on the CO(6−5) source plane demagnified cube (see
Sect. 3.3.3), assuming a static beam in the source plane. As
mentioned in Sect. 3.3, the brightness value of the source plane
cube is arbitrary. This does not affect the kinematic modeling
as the primary point of interest is the velocity associated with
each channel, which is largely not affected by the lens modeling.
In this section, we describe the methodology used to model the
CO(6−5) emission and report our results from this modeling.

3.4.1. Modeling with 3DBarolo

We used 3DBarolo to model the kinematics of the
CO(6−5) emission in the source plane. 3DBarolo is a
commonly used kinematic modeling tool that has been used
across a wide redshift range (e.g., Di Teodoro & Fraternali
2015; Mancera Piña et al. 2019; Di Teodoro & Peek 2021;
Mancera Piña et al. 2022; Roman-Oliveira et al. 2023;
Gray et al. 2023; Amvrosiadis et al. 2025; Rowland et al.
2024). Rather than employing a parametric approach, this tool
fits a user-specific number of tilted rings to the input emission
line cube and returns the best-fit model for the rings through a
Monte Carlo evaluation methodology. 3DBarolo attempts to
then correct for any beam-smearing effects by convolving the
modeled rings to the resolution of the data.

We used 3DBarolo’s Smooth & Search algorithm to
mask the data. This algorithm first smooths the data, performs
a 3σ cut to the data to mask values at <3σ, and then searches for
sources in the smoothed and masked data. We used a radial sepa-
ration of 0.0138′′ for the individual rings, calculated by θmaj/2.5
where θmaj is the major axis of the source-plane static beam,
resulting in 11 rings. We used a 2D Gaussian fitting to find the
(x, y) center of the moment-0 emission and employed this value
as the center while fitting the tilted rings. Hence, the free param-
eters in our model were the rotation velocity (Vrot), the dispersion
(σ), the systemic velocity (Vsys), the inclination (i) of each ring,
and the position angle (PA) of each ring.

We first ran the fitting procedure with both position angle
and inclination free (together with the rotation velocity and dis-
persion). We then took the averages of the position angle and
the inclination, respectively, and fixed those values to refit the
disk. The ability of 3DBarolo to adjust each ring individually
allows for potential nonphysical adjustments to nonaxisymmet-
ric motions and structures. By fixing the position angle and incli-
nation, we ensure that the final fit most closely resembles a disk,
and the residuals retain the ability to reveal the presence of non-
axisymmetric structures such as outflows, tidal tails, and so on.
For the fitting of this particular galaxy, the variation of the posi-
tion angle and inclination was small. The inclination (i), at 50◦,
did not vary at all, and the position angle varied from ≈1 to ≈19◦,
resulting in an average of (6.7 ± 1.7)◦.

3.4.2. Modeling results

We show the velocity maps from the final model from
3DBarolo Fig. 7 and the generated PV-diagrams in Fig. 8.
The PV diagram and rotational velocity along the major axis
show a clear S-shape, which is a characteristic of rotation. Addi-
tionally, the minor axis PV-diagram exhibits a diamond shape,

Table 5. Best-fit parametric from 3DBarolo fitting.

Parameter Value

PAkin
a 6.7

i◦b 50
Vsys

c 109
Vrot,max

d [km/s] 38855
−36

σ̄e [km/s] 138+7
−6

Vrot,max/σ̄
f 2.8 ± 0.4

Notes. (a)The position angle of the disk, measured counterclockwise
from the y-axis. (b)The inclination angle of the disk. (c)Systemic veloc-
ity of the CO(6−5) line. (d)Maximum rotation velocity across all rings.
(e)Average σ value across all rings. ( f )Ratio of the maximum rotational
velocity over the average σ with errors propagated.

which is also characteristic of rotation. However, we note that in
both diagrams, emission in the negative velocities (i.e., the blue
region of the CO(6−5) spectrum) is proportionally weaker. This
is likely due in part to the offset kinematic center of the data with
respect to the model and could be associated with other noncir-
cular motions, discussed below and in Sect. 4.2. We note that
in Fig. 7, we show regions outside the elliptical region used for
the 3DBarolo fitting as semi-transparent. While the mask used
for the 3DBarolo fitting masks regions below 3σ, the regions
outside the elliptical fitting region are at lower S/N (<2) regions
of significance when considering the source plane S/N map in
Fig. B.3. There is a delicate balance to consider when taking
into account the different types of errors in the combined analy-
ses, but we find that this method conveys the most information.
We report the best-fit values from 3DBarolo in Table 5. We cal-
culate the maximum rotational velocity (Vmax), average veloc-
ity dispersion (σ̄), and Vmax/σ̄ for G09v1.97 and report these
values in Table 5. We can interpret σ̄ as a proxy for the over-
all turbulence in the galaxy, and hence Vmax/σ̄ provides a mea-
sure of the ordered motion to the turbulent motions in a galaxy.
We note that we use Vmax, which peaks at the largest probed
radii. We have ensured that Vmax probes regions of the emis-
sion with significant emission, those with S/N≥ 2 when consid-
ering the source plane error and S/N maps, in the galaxy. We
note that CO(6−5) might not trace large distances into the disk
of the galaxy, given the high temperatures and densities neces-
sary to excite mid-J transitions of the CO molecule, in com-
parison to those necessary for CO(1−0), HII, or [C ii], and is
likely to not trace the spatial extent of the bulk colder molecu-
lar gas in G09v1.97 (e.g., Carilli & Walter 2013; Madden et al.
2020). However, the rotation curve of the CO(6−5) emis-
sion does appear to flatten towards the edges of the CO(6−5)
emission; therefore, we assume that using Vrot in the outer-
most ring is the best approximation of Vmax possible with the
current data.

We plot Vrot and σ in each ring with increasing radius in
Fig. 9. Excluding the innermost ring, Vrot rises steadily, and σ
falls with increasing distance from the center of the galaxy, as
expected for a rotating disk. Apart from this innermost ring,
the decrease in σ with increasing radius is expected as the
most turbulent motions mostly occur in the innermost regions
of the galaxy (e.g., Fraternali et al. 2002; Boomsma et al. 2008;
Tamburro et al. 2009; Sharda et al. 2019; Rizzo et al. 2023). The
innermost ring exhibits what appears to be a ‘bump’ in Vrot and
has a correspondingly lowerσ value. This bump was also present
in the fit where all parameters were left free and is significant
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Fig. 7. Fitting results from 3DBarolo with parameters set as described in Sect. 3.4. For all rows, the first column shows the data, the second
the model, and the third the residual (data minus model). The first row shows the moment-0 emission (intensity), the second the velocity field
(rotational velocity, Vrot), and the third the velocity dispersion (σ). The final 3DBarolo ring is shown as the black ellipse and regions outside this
ellipse are made semi-transparent to emphasize the region used for fitting. The major axis is shown in the first two rows by the dashed grey line.
The kinematic center is shown by the green line in the first two columns of the second row. The approximate beam, assuming a static magnification
factor across the image, is shown in the bottom-left of each image.

(i.e., cannot be explained as an error). This elevated Vrot and
lower σ could be indicative of an additional galaxy compo-
nent such as a bar or a bulge (e.g., Amvrosiadis et al. 2025;
Rowland et al. 2024). However, the elevated Vrot at the innermost
ring does not appear as strong in the blue velocity portion major
axis pv-diagram (Fig. 8), so it is possible that this is an asymmet-
ric component in the galaxy, further discussed in Sect. 4.2. The
corresponding increase in σ in the innermost ring is likely due to
the strong emission in the eastern part of the dispersion map and
dispersion residual (Fig. 7) and is likely dominating 3DBarolo’s
fitting procedure for the innermost ring. Given the limitations of
the data and the inherent errors associated with both the lens-
ing analysis and the kinematic modeling, we cannot make any
conclusive statements about the cause of this bump.

The best-fit systemic velocity of the CO(6−5) emission from
the kinematic fitting, Vsys = 109 km/s, corresponds to a redshift
of z = 3.6300017, slightly higher than previously reported. This
offset lies closer to the peak in the red portion of the spectrum,

which occurs at 210 km/s in the image plane; see Fig. 2. This
velocity offset from 0 is further discussed in Sects. 4.1.1 and 4.2.

Figure 7 shows an apparent offset in the kinematic center
between the observed data and the model. We find a slight resid-
ual in the moment-0 map and in approximately the direction of
the minor axis in the moment-1 map; see Fig. 7. Additionally,
there is a residual in the velocity dispersion in the region corre-
sponding to the residual in the moment-1 map. We further dis-
cuss these residuals in Sect. 4.2.

We note that although we assumed a static beam across the
image (see Sect. 3.3.3), as has been done in previous kinematic
studies of lensed galaxies (e.g., Amvrosiadis et al. 2025), the
magnification across the image is not, in fact, static; this is easily
seen in the differing sizes of the Voronoi cells in Fig. 6. In effect,
the beam size should vary across the image, becoming larger in
less magnified regions and vice versa in more magnified regions.
The effect of this variation has been shown in previous studies
(e.g., Dye et al. 2022), but remains difficult to quantify in the
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Fig. 8. PV diagrams from 3DBarolo, upper: major axis, lower: minor
axis. The blue contours show the contours of the data at 2, 3, 4, 5σ lev-
els, and the red contours show the best-fit model to the data. In the major
axis pv diagram, the yellow dots show the best fit rotational velocity in
each of the rings. The right axis (VLOS) shows the velocities centered
around the systemic velocity of the galaxy at the redshift of G09v1.97
(z = 3.63). The left axis (∆VLOS) shows the velocities centered around
the user-set systemic velocity, here 120 km/s (Table 5).

case of G09v1.974. This assumption primarily affects the num-
ber of rings used in the 3DBarolo modeling, which is largely a
user-defined preference.

We performed a simple investigation into the impact of the
assumed static beam on our kinematic modeling results by vary-
ing the ring separation used in the 3DBarolomodeling. We vary
the separation from 0′′.007 (θmaj/5, corresponding to 23 rings) to
0′′.042 (θmaj ∗ 1.2, corresponding to 4 rings) in steps of a factor
of two. We followed the same fitting procedure as described in
Sect. 7. Through this investigation we found that the ring sepa-
ration has a minimal impact on the results obtained for the fit.
Figure C.1 shows the rotation curve and dispersion in each ring
for the different ring separations and clearly shows that the varia-
tion of the number of used rings largely does not affect the shape
of the curves and, thereby, the results of the kinematic modeling.
We note that when using either four or five rings, we did not find
the increase in rotational velocity or a corresponding decrease
in dispersion found towards the center of the galaxy. We suggest
that the feature in the center of the galaxy producing the increase
is seen when using a higher number of rings and smoothed out
if using an insufficient number of rings; however, we acknowl-

4 Note: the Voronoi cells are not a one-to-one mapping of the beam
and therefore, for example, an average of the size of the cells cannot be
directly employed as the beam size.

Fig. 9. Rotational velocity and dispersion as a function of radius for
G09v1.97 for each ring in our 3DBarolo fit. Red shows the rotational
velocity and gray shows the dispersion. The errors are represented by
the shaded regions for both.

edge that with the current data, it is difficult to determine the
nature of this feature. We found that the Vmax/σ̄ varied between
2.6−3.5 with an average value of 3.2± 0.15. Given that the aver-
age value found in this investigation was is within errors of our
initial fit using 11 rings, we conclude that the size of the beam,
and thereby the assumed ring separation, does not largely affect
the results of this work.

4. Discussion

4.1. G09v1.97 in the source plane

4.1.1. Spectral line shapes

Motivated by the clear velocity gradient seen in the source-plane
reconstruction moment-1 map (Fig. B.2), we created channel
maps across the reconstructed cube in 50 km/s bins. We masked
these images to only show emission at locations above 5σ in the
moment-0 map (i.e., emission in the region shown in the masked
Voronoi moment-0 map shown in Fig. B.2); see Fig. 10. These
channel maps clearly indicate a south-north velocity gradient
across the line profile, possibly providing another indication of
rotation. However, this could also be an indication of merger
activity (e.g., Yang et al. 2019).

We investigate the emission line profiles, which are of
particular interest given their asymmetric profiles. Yang et al.
(2019) clearly demonstrated that there is differential magnifica-
tion occurring across the emission line. This is also clear from
the velocity maps (Fig. 10) as the emission in redder veloci-
ties is shifted north towards the caustic line, meaning that the
magnification will be higher in that region of the spectrum. We
investigate this through two different, respective, methodolo-
gies for the H2O and the CO(6−5) emission. In the case of the
CO(6−5) emission, we used the source plane cube as described
in Sect. 3.3.3. Since we did not create a source plane H2O spec-
tral cube, we neede to investigate the emission line profile by
parametrically modeling the red and blue portions of the emis-
sion line, as described below.

We show the approximate source plane spectrum for the
CO(6−5) emission in Fig. 11. Although units in the source
plane reconstructions from PyAutoLens are arbitrary, qualita-
tive investigations between source plane and image plane spec-
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Fig. 10. Source plane channel maps for the CO(6−5) emission from the demagnified source plane emission cube described in Sect. 3.3.3. The
velocities covered by each bin are shown at the top of the image. The background mesh shows the Voronoi mesh pixels prior to interpolation to a
square grid. Black line shows the caustic line. A clear velocity gradient is evident across the emission line.

tra can be performed by normalizing both spectra before com-
parison. We only reconstructed the channels with the bright-
est emission and, therefore, do not have a full spectrum across
all velocities in the source plane. Further, note that both the
image and source plane spectrum are normalized per-channel
sums of the flux inside a region, and therefore, figures depicting
the image-plane CO(6−5) spectrum in units of mJy may appear
slightly different. The region used for the spectral extraction of
the normalized image plane spectrum is the same as used previ-
ously to extract the source plane spectra for H2O and CO(6−5) as
well as for extracting the underlying dust continuum (see Sect. 3)
and is shown in Fig. 1. The region used to extract the source
plane spectrum was the same region used in the 3DBarolomod-
eling, shown by the black ellipse in Figs. 7 and 11. In addi-
tion, we extracted the source plane spectrum from a northern

and southern region G09v1.97, corresponding to above/inside
the caustic line and below the caustic line. We calculated the
RMS in each channel using the same simple sampling method
as described in Sect. 3.2.

We found that the source plane CO(6−5) spectrum from the
3DBarolo region was significantly flatter than the image-plane
spectrum and does not appear to have two clear red and blue
components, as seen in the image plane spectrum. Instead, we
find a profile that is more similar to a double-horned profile,
indicative of rotation, and in good agreement with our results
from 3DBarolo. We investigated the systemic velocity offset
of 109 km/s from the 3DBarolo modeling by fitting the source
plane spectrum with a single Gaussian profile and using two
Gaussian profiles. We find that the systemic velocity in the
source plane spectrum is 68 ± 29 km/s using a single Gaussian
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Fig. 11. Comparison between the approximate image plane spectrum and source plane spectrum of the CO(6−5) emission in G09v1.97. Left:
Source plane moment-0 map of the CO(6−5) emission with the different regions used for the source plane spectral extraction. Right: Normalized
source plane spectrum (in yellow) compared to the normalized image plane spectrum (in grey) extracted from the region used in 3DBarolo
modeling (top), a northern region of the source located inside the caustic line (middle), and a southern region of the source located outside the
caustic line (bottom). Note: the per-channel values are the normalized sum in a specific region as described in Sect. 4.1.1 and not a standard flux.
The error bars are shown for each channel. Single Gaussian profiles are shown in red, while double Gaussian profiles are shown in blue.

profile and that the red component peaks at 186± 18 when using
two Gaussian profiles. This does not fully account for the offset
in the systemic velocity in the 3DBarolomodeling but provides
an indication that the cause of this offset may be the asymmetric
line profile.

We further investigated the two components seen in the
image plane spectrum by considering the spectrum extracted
from the northern and southern regions. It is clear that the red
peak in the spectrum corresponds to emission in the north of
the image and the blue peak in the spectrum to emission in
the south of the image; see Fig. 11. The red region is located
within the caustic lines and therefore subject to higher magnifi-
cation than the blue region, which accounts for the discrepancy
in the peak of the components in the image plane spectrum; see
the bottom- right panels in Fig. 11. However, the source plane
spectrum from the entire source (i.e., encompassed in the region
used for 3DBarolo region) still appears to be brighter in redder
regions of the spectrum. This could be a residual effect of the
lens modeling or an observational effect caused by, for example,
inclination effects. Kohandel et al. (2019) shows that a change in
inclination can have unexpected and asymmetric effects on the
line profile when the source is not an ideal disk. Future observa-
tions and source plane analysis of additional bright, atomic, or
molecular emission lines such as [C ii] could assist in determin-
ing the cause of the asymmetric source plane line profile.

We now consider the line profile of the H2O emission. We
divided the H2O lines into two bins, with each bin covering one
of the two respective peaks in the spectrum of both molecules;
these bins covered the velocity ranges of −300 to 175 km/s, cor-
responding to the peak in the blue region of the spectrum, and

175 to 500 km/s, corresponding to the peak in the red region of
the spectrum. We found that the magnification factor is different
in the red and blue regions of the spectrum with µblue = 8.87 and
µred = 13.97, making the ratio of the emission, as described in
Sect. 3.2.2, peakred/peakblue ≈ 1.5. Both the observed and cor-
rected H2O ratios are lower than those found for the CO(6−5)
emission, while the magnification factor in the blue part of the
spectrum remains approximately constant between the two lines.
This suggests that the majority of the differential lensing is
occurring in redder portions of both spectra.

An alternative explanation for the differences in the peak
strengths of the emission lines is an inclination effect. 3DBarolo
fitting results suggest that G09v1.97 lies at an inclination of
i ≈ 50◦. At this inclination, an asymmetric double-horned pro-
file would be expected (e.g., Yttergren et al., in prep.). How-
ever, if this profile is consistent with rotation or interactions, it
is unclear from the spectra alone (e.g., Rizzo et al. 2022). The
spectrum of the CO(6−5) in the image plane is qualitatively sim-
ilar to that of one component of the merger SMG HXMM01,
while the source plane spectrum qualitatively resembles another
component (Xue et al. 2018). Without additional observations, it
is difficult to come to robust conclusions about the source of the
asymmetric line profile.

4.1.2. Emission morphology and extent

We investigated G09v1.97 in the source plane primarily
using the nonparametric source-plane reconstruction images, as
described in Sect. 3.3.3. We did not include the H2O+ emission
in this analysis due to the significantly lower angular resolution,
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which does not allow for a robust comparison. We opted to
exclude the parametric source models from this investigation
due to the a priori source morphology assumptions inherent
to these models. We show the spatial extent of the continuum
emission, CO(6−5), and H2O emission from the nonparametric
source reconstruction of the emission (see Sect. 3.3.2) in Fig. 12.
Rather than showing σ level contours, we show the contours at
percentage levels (30%, 40%, 60%, 80%, and 100%) of the peak
flux for the specific tracer with darker colors corresponding to
higher percentages. We opt to show the extent in this manner
due to the uncertainties in the lens modeling towards the edges
of emission regions where the flux levels are lower. We primar-
ily focus on the regions where the flux is at least 50% of the
maximum value for that emission type. In addition, we show the
enclosed flux in circular apertures increasing as a function of the
beam size out to 80% of the total flux in the image. The noise
in the image was sampled, similarly to the sampling performed
for the spectra (see Sect. 3), corresponding to the size of the
aperture.

The dust continuum emission seems to be the most com-
pact of the three tracers. We find that the distribution of the
H2O and the CO(6−5) are very similar, with CO(6−5) exhibit-
ing a slightly larger extent. CO(6−5) and H2O emission have
previously been found to be correlated with regions of star for-
mation within the galaxy (Greve et al. 2014; Liu et al. 2015;
Yang et al. 2013, 2016; Omont et al. 2013; Jarugula et al. 2021;
Pensabene et al. 2022), and therefore, their extents should be
similar (e.g., Quinatoa et al. 2024). However, the H2O emis-
sion is expected to be produced in part by IR pumping (e.g.,
González-Alfonso et al. 2010, 2014, 2022) and is correlated with
warm dust (Tdust ≈ 40−70 K Liu et al. 2015). Therefore, it is
interesting that the continuum appears more compact than the
H2O emission. However, a significant fraction of the H2O emis-
sion can originate from collisional excitation (e.g., Yang et al.
2013, 2019; González-Alfonso et al. 2022; Liu et al. 2017). In
addition, even assuming that the bulk of the dust and H2O are
physically distributed in the same region of the galaxy, the scale
of the dust emission will appear smaller due to a temperature
gradient. The larger spatial extents of the molecular gas com-
pared to that of the dust continuum emission has previously been
seen in studies of z ≈ 2−3 SMGs (e.g., Fu et al. 2012) with the
proposed explanation of temperature and optical depth gradients
(e.g., Calistro Rivera et al. 2018), which could indeed also be
the case for G09v1.97. Overall, the distribution of the CO(6−5)
emission closely matches that of the H2O while the continuum
appears more compact. The H2O emission map in this paper is
the highest angular resolution map to date at such a high redshift.
We further note that the exact distribution of the different emis-
sion types is, in part, governed by the regularization coefficient
described in Sect. 3.3.2, particularly with regard to the apparent
smoothness of emission.

4.1.3. Lensing comparison to Yang et al. (2019)

Here, we further investigate the discrepancies between the lens
modeling results between our analysis and Yang et al. (2019). As
mentioned previously, Yang et al. (2019) found that the best-fit
lens model of G09v1.97 required two parametric Sérsic sources.
The authors postulated that the two peaks in the CO(6−5) (and
other molecular line emission) corresponded to two different
galaxies that were undergoing a merger or interaction. In this
work, a single source was sufficient to produce successful lens
modeling results for both the parametric and nonparametric
source modeling performed. Of particular interest are the non-

Fig. 12. Top: Source plane contour plots of the dust continuum,
CO(6−5), and H2O emission in G09v1.97. The contours are at 30, 40,
60, 80, 100% levels of the maximum value of the individual tracer.
The approximate beam, assuming a static magnification factor across
the image, is shown in the bottom- left of the image. Bottom: Normal-
ized enclosed flux in circular apertures increasing from the center of the
CO(6−5), dust continuum, and H2O emission out to 80% of the total
flux of the image. It is clear that the dust continuum emission is the
most compact of the emission types, whereas the CO(6−5) and H2O
emission closely match in emission extent.

parametric models, which do not require morphological assump-
tions, but these models also do not provide any indication of two
sources in the source plane (see Fig. 6).

To better compare our results to those of Yang et al. (2019)
for the CO(6−5) emission, we performed nonparametric source
reconstructions on the two peaks seen in the CO(6−5) spectrum.
We used the two bins described in Sect. 4.1.1 covering veloc-
ities between −300 to 125 km/s and 125 to 500 km/s. These
ranges correspond approximately to the blue and red compo-
nents described in Yang et al. (2019)5. We used the same pro-
cedure as described in Sect. 3.3.2 to perform the nonparametric
lensing.

We find that when the spectrum is broken into these two
bins, there does indeed appear to be a southern component corre-

5 For simplicity here we assume that the two components ‘Rb’ and
‘Rr’ in Yang et al. (2019) correspond to a single red component.
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Fig. 13. Residual moment-0 and moment-1 maps from 3DBarolo fitting and the S/N map of the emission using the source plane error map (i.e.,
source plane intensity/moment-0 divided by the source plane intensity error map) as described in Sect. 3.3.3. Note: the first two panels are a
zoomed-in version of the same images shown as in Fig. 7 (rows 1 and 2, column 3), but with a different color scale. The grey grid shows the
Voronoi pixels prior to interpolation to the square pixel grid, as described in Sect. 3.3.3. The black line shows the caustic line and the white ellipse
shows the region used for 3DBarolo fitting (i.e., the final ring). As in Fig. 7, any emission outside the fitting region is semi-transparent. The
approximate beam, assuming a static magnification factor across the image, is shown in the bottom- left of the image.

sponding to the blue peak of the CO(6−5) emission and a north-
ern component corresponding to the red peak of the CO(6−5)
emission. However, unlike in Yang et al. (2019), these two com-
ponents are co-spatial around the caustic line, meaning that they
do not fully appear as separate sources. We show the images,
models, and residuals for all modeled emission in Fig. B.1. We
suggest that the primary reason for the discrepancy between our
modeling results and those from Yang et al. (2019) is due to the
velocity gradient seen in the demagnified CO(6−5) source plane
emission cube channel maps (Fig. 10). Without the additional
per-channel information available in the source plane, the results
of the two-bin model could easily be interpreted as two separate
sources. This highlights the importance of creating source plane
emission cubes during the lens modeling process.

4.2. G09v1.97: Merger or disk

Studies in recent years have extended the redshift range of
kinematic fitting significantly (e.g., Smit et al. 2018; Rizzo et al.
2020; Fujimoto et al. 2025; Rowland et al. 2024). This has led
to further progress in understanding the kinematics of high-
redshift massive galaxies. With regard to G09v1.97 and other
DSFG/SMG galaxies, one of the primary motivations of kine-
matic studies is establishing whether DSFG/SMGs are largely
merging or post-merger galaxies as they are often likened to
ultraluminous IR galaxies (ULIRGs Sanders & Mirabel 1996)
in the local universe due to their many shared properties
(e.g., Tacconi et al. 2008; Engel et al. 2010; Riechers et al. 2011;
Bothwell et al. 2013), which are primarily either undergoing
or have recently undergone mergers (e.g., Kim et al. 2002;
Veilleux et al. 2002). However, it has been shown that accu-
rately distinguishing between mergers and disk galaxies at
high redshift is very difficult, primarily for reasons relating to
angular resolution and sensitivity challenges (Rizzo et al. 2022;
Peng et al. 2023; Cathey et al. 2024). Although observations of
gravitationally lensed galaxies typically have higher angular res-
olution and sensitivity due to the magnification effects of the
lensing phenomenon, they also provide challenges in accurately
determining the source plane properties of the lensed galaxy
(e.g., Dye et al. 2014; Yang et al. 2019; Rybak et al. 2020). For
example, Rizzo et al. (2022) simulated galaxies at high, mid, and
low angular resolutions and demonstrated the difficulties in accu-
rately distinguishing between disks versus mergers. Below, we

discuss the characteristics of G09v1.97 and attempt to classify
the source as either a merger or a disk. Further, we examine some
of the limitations caused by the gravitational lens modeling.

We report Vmax/σ̄ = 2.8 ± 0.4 for G09v1.97, which sug-
gests that the source is dominated by ordered motion rather than
turbulence. We compare the Vmax/σ value found for G09v1.97
to other galaxies across a wide redshift range in Fig. 14. We
find that G09v1.97 has a lower V/σ value than has been found
for other sources at comparable redshifts (e.g., Hodge et al.
2012; Rizzo et al. 2023; Amvrosiadis et al. 2025) and instead
lies closer to the turbulent disks found at comparable and higher
redshifts (e.g., Turner et al. 2017; Parlanti et al. 2023). However,
there are a number of important caveats to note when using
this comparison sample. The first is the choice of a gas tracer.
CO(6−5) emission traces warmer and denser gas than [C ii]
(Carilli & Walter 2013). The samples that use CO emission are
limited to lower-J transitions and, therefore, trace colder and
more diffuse gas than the CO(6−5) emission used in this work.
Secondly, the V/σ values used in different studies are calculated
differently. Some studies use Vmax/σ̄, as is used in this paper,
while others use rotational velocities extracted at, for example,
re. Thirdly, there is a wide variety of data quality used for calcu-
lating the V/σ values plotted in the figure. Finally, Hα is known
to exhibit systematic differences in V/σ compared to those found
for [C ii] and CO emission in the same galaxy (Rizzo et al.
2024). However, we argue this sample still provides a relevant
and meaningful basis for comparison.

Rizzo et al. (2022) present a method called PVsplit that
shows promise as a tool able to separate between disks and
mergers. This method relies on three parameters, Pmajor, PV, and
PR, obtained from the PV major axis diagram. The PVsplit
method has been further investigated by Roman-Oliveira et al.
(2023) with a sample of mergers and disk galaxies from ALMA
mock observations of SERRA simulated (Pallottini et al. 2022)
galaxies together with a random selection of 9 local WHISP
(van der Hulst et al. 2001) survey disk galaxies. From this
Roman-Oliveira et al. (2023) suggested a plane dividing disks
from mergers following the equation: −0.63Pmajor − 0.27PV +
2.78PR − 2.72 = 0. PVsplit is a promising method, but has
only been tested on a very limited sample without galaxies
with known outflows. Nonetheless, we calculate the PVsplit
parameters for G09v1.97 and find: Pmajor = −1.56, PV =
−0.33, and PR = 0.50. Using the dividing line suggested by
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Roman-Oliveira et al. (2023), this places G09v1.97 on the side
of mergers, albeit close to the dividing plane. The distance
between G09v1.97 and the dividing plane is very small, only
0.08. This suggests that G09v1.97 may be a merger, but it may
also be one of the sources subject to scattering around the divid-
ing plane or this may be the region of the Pmajor−PV−PR param-
eter space where disks with outflows, or late stage minor merg-
ers, will populate when they have been placed into the PVsplit
scheme as the tool is tested on additional sources.

Using the classification scheme from Kohandel et al. (2024)
for [C ii] emission, G09v1.97 would be classified as a warm
rotating disk. However, this classification scheme was devel-
oped for [C ii] and Hα emission, and therefore, extrapolating to
CO(6−5) emission could skew the interpretation of the Vmax/σ
value. Both [C ii] and CO(6−5) emission are thought to trace
molecular gas, with [C ii] likely tracing more extended emission
(e.g., Carilli & Walter 2013).

It could be the case that the CO(6−5) emission has a higher
dispersion value (σ) value since it is tracer warmer and therefore
more turbulent gas, and thereby a lower Vmax/σ value (under
the assumption that we are probing Vmax with the current data).
On the other hand, we are likely not tracing the Vmax for the
entire galaxy with such a warm gas tracer, and therefore even
if the dispersion value turns out to be higher in CO(6−5) than
other, colder gas tracers, the overall Vmax/σ ratio may remain
unchanged. Additionally, observations of colder gas tracers that
probe further into the disk may exhibit a smaller ratio due
to larger Vmax values and a lower average dispersion. To ver-
ify which of these scenarios is occurring, a kinematic analysis
would need to be performed on, for example, very high angular
resolution observations of [C ii] emission in G09v1.97.

We find that G09v1.97 also follows the classification scheme
for a rotating disk used by Rizzo et al. (2022). In this scheme,
to be classified as a rotating disk, the galaxy must have
V/σ > 1.8 to maintain sufficient rotational support over the
turbulence (e.g., Wisnioski et al. 2015, 2019). Additionally, the
galaxy must exhibit a smooth velocity gradient in the moment-
1 map. G09v1.97 fulfills both of these criteria. Similar crite-
ria are commonly employed across a wide redshift range (e.g.,
Förster Schreiber et al. 2009; Wisnioski et al. 2015; Smit et al.
2018; Bakx et al. 2020; Rizzo et al. 2022).

We now turn to investigating the residuals found in the
moment maps from our best-fit 3DBarolo modeling. Figure 13
shows the zoomed-in moment-1 residual with a different col-
orscale and with the Voronoi grid along with the S/N map from
the lens modeling as described in Sect. 3.3.3. We first note that
the largest of these residuals in both the moment-0 and moment-
1 maps are located outside of the region used for fitting in the
3DBarolo models, meaning that the Vmax/σ̄ ratio found for
G09v1.97 is not affected by these residuals. Here we investi-
gate different possibilities, primarily relating to the residuals
inside this fitting ellipse where the significance of the emission is
higher when considering the source plane error maps, to explain
these residuals. We investigated the possibility that the residu-
als were caused by the interpolation from a Voronoi mesh onto
a square pixel grid. We returned to the creation of the CO(6−5)
source plane emission cube, described in detail in Sect. 3.3.3,
and verify that the residuals are not caused by this interpola-
tion through two methods. In the first, we used twice the number
of pixels in the Voronoi mesh prior to interpolation to a square
grid, and in the second, we used a rectangular mesh instead of
a Voronoi mesh. In both cases, we found very similar residuals,
suggesting that the interpolation from the Voronoi mesh to the
square pixel grid was not the cause of the residuals. There does

not appear to be a correlation between regions of high errors
in the source plane error map (see Fig. B.3) and the strongest
velocity residuals. We therefore conclude that there is no indi-
cation that the residuals result from a poorly fitting lens mass
model. For the remainder of this paper, we consider only the
residuals inside the region used for 3DBarolo fitting, shown by
the white ellipse in Fig. 13, due to the low S/N of regions outside
this ellipse.

Under the assumption that these features are not caused by
the lens modeling, they could instead be indicative of noncir-
cular motions in G09v1.97. First, we consider the significance
of the moment-1 residuals. We calculated the significance of
the velocity residuals by considering the moment-0 emission in
regions where the moment-1 residuals exceed 125 km/s (within
the fitting region used by 3DBarolo) by taking the ratio of the
moment-0 flux to total error as a proxy for their significance. We
note that the independent resolution element, i.e. the assumed
source plane beam area, is propagated into the measurement by
calculating the total area of pixels with velocity >125 km/s in the
fitting region. These residuals are statistically significant (∼6σ),
and we therefore turn to investigating their nature and discussing
possible physical interpretations.

One possibility to explain this emission is a biconical outflow
approximately perpendicular to the major axis of the galaxy. In
this scenario, the relative lack of a clear blue component could
be explained by either interactions from this outflowing emis-
sion with the disk or simply an obscuration effect from the disk.
We find no clear evidence of outflows in the CO(6−5) emission
spectrum; however, the complex line profiles do not allow for a
clear exclusion of this feature. Observations of specific outflow
tracers (e.g., OH+) could help to establish if this explanation for
the residual is correct.

Another explanation could be that of an additional galaxy
located behind G09v1.97 at spatial offsets of >100 km/s6. How-
ever, we find no clear signs of merger activity that would be
expected from such a nearby companion galaxy and would
expect a lower Vmax/σ̄ ratio in the case of an on-going merger
or interaction. Previous studies have shown some evidence of
flattening rotation curves with V/σ > 2 while also exhibiting
evidence of interactions and mergers (e.g., Xue et al. 2018). In
the case of G09v1.97, should a background galaxy be present, it
would be expected that the residual intensity map would show
elevated values at the same spatial extents. We do find a residual
in the moment-0 residual map from 3DBarolo (Fig. 13) that is
slightly offset from the moment-1 residual, which could be inter-
preted as an additional source of emission. A similar (and possi-
bly more likely) scenario is that of a tidal tail as a remnant of a
merger or interaction. Given that G09v1.97 appears to be more
consistent with a warmer rotating disk than a fully settled, cold,
rotating disk, this could explain the higher dispersion occurring
in G09v1.97. This is further discussed in Sect. 4.3.

One final possibility for this residual is a bar, as has been sug-
gested for similar residuals (e.g., Amvrosiadis et al. 2025). This
could explain the features in the major axis pv-diagram (Fig. 8)
and the bump in the Vrot and σ at the innermost radii (Fig. 14).
However, the lack of a clear blue component in the moment-1
residual and the location of the moment-0 residual raise doubts
about this possibility.

Although these velocity residuals are statistically signifi-
cant and indicative of noncircular motion in G09v1.97, their

6 Note: this would be >100 km/s away from the best-fit systemic veloc-
ity of 109 km/s, meaning >220 km/s away from the location of the 0
velocity in the CO(6−5) spectrum.
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Fig. 14. Evolution of V/σ with redshift
for G09v1.97 (shown by the pink star)
and literature sources. The literature
sample is taken from Amvrosiadis et al.
(2025), Roman-Oliveira et al. (2023),
Hodge et al. (2012), Fraternali et al.
(2021), Lelli et al. (2023), Liu et al.
(2023), Neeleman et al. (2023),
Parlanti et al. (2023), Posses et al.
(2023), Rizzo et al. (2020, 2021, 2023),
Rowland et al. (2024), Turner et al.
(2017). For the literature sample, we
show atomic tracers (in this case [C ii],
[O iii], Hα emission) in yellow and
molecular gas tracers (in this case,
different CO transitions) in blue. We
show the semi-analytic model from
Wisnioski et al. (2015) in gray with Q
values ranging between 0.67 to 2 and
the fiducial model of Q = 1 in the
dashed gray line.

physical origin is not yet understood. Overall, we find that the
results of the performed kinematic modeling are most consistent
with G09v1.97 being a warm rotating disk, and suggest that the
residual is likely some additional component to the galaxy, such
as a tidal tail.

4.3. Physical properties of the warm rotating disk G09v1.97

G09v1.97 has previously been shown to be one of the most
luminous dusty star-forming galaxies in the high-redshift uni-
verse with a total IR luminosity of LIR = (1.4 ± 0.7) × 1013 L�
(Yang et al. 2019). Assuming a Chabrier initial mass function
(IMF; Chabrier 2003) and the relation between SFR and LIR as
SFR∼ 10−10LIR[L�], this implies a SFR of 1400 ± 700 M� yr−1.
Fitting the CO(6−5) emission in the source plane, we find a
spatial extent of 0′′.21 ± 0′′.03 × 0′′.12 ± 0′′.02, corresponding to
1.5 kpc× 0.88 kpc at z = 3.63. This implies a surface star forma-
tion rate density of ΣSFR ≈ 340 M� yr−1 kpc−2.

Following Wang et al. (2013), Venemans et al. (2016), and
Yang et al. (2017), we calculate the dynamical mass of
G09v1.97 assuming that the system is a rotating disk using the
following,

Mdyn = (2.35 × 105)
( Vc

km s−1

) ( r
kpc

)
[M�], (2)

where Vc is the rotational velocity at radius r. We consider
the radius and rotational velocity in the outermost ring from
3DBarolo, corresponding to Vc = 386 km/s and r = 1.07 kpc,
resulting in Mdyn = (3.7±0.1)×1010 M�7. This is in good agree-
ment with the dynamical mass found in Yang et al. (2017) for
G09v1.97.

We estimate the gas mass fraction by first calculating the
gas mass from the CO(6−5) emission. We use the conversion
ratio between the CO(6−5) and CO(1−0) emission based on
single component large velocity gradient (LVG) modeling of
the observed CO spectral line energy distribution (SLED) per-
formed in Yang et al. (2017), wherein the ratio is very similar
to LVG modeling of z ≈ 2 galaxies using two-component CO
SLEDs (Boogaard et al. 2020). This conversion assumes that

7 We note that this value may be over-estimated by a factor ∼1.5, as
described in Engel et al. (2010).

the CO(6−5) and CO(1−0) emission come from the same spa-
tial region, which is unlikely to be the case; however, it is the
best approximation with the given data. We further note that,
although conversions from higher-J transitions to CO(1−0) are
commonly performed in high-redshift studies, where obtaining
CO(1−0) observations can be difficult, this conversion is inher-
ently uncertain and, therefore, the gas mass obtained here should
be seen as an estimate. Assuming αCO = 0.8 (a typical value used
for local ULIRGS Downes & Solomon 1998) and a helium con-
tribution of 36% (Yang et al. 2017), we obtained a gas mass in
the region of CO(6−5) emission of Mgas = (1.8±0.74)×1010 M�.
We note that the value chosen for αCO can strongly impact the
gas mass estimate (see e.g., Dye et al. 2022) as this value can
range from αCO = 0.8−4.0; therefore, we incorporated a larger
error on the gas mass (approximately a factor 4) to represent this
range. This implies a depletion time (defined as tdep = Mgas/SFR)
for G09v1.97 of 13 ± 8 Myr, lower than the value found for
G09v1.97 by Yang et al. (2017) but within the error range. Sim-
ilarly, this value is lower, but within errors, than the deple-
tion time that has been found for other strongly lensed SMGs
at similar redshifts (e.g., Yang et al. 2017). This implies a gas
mass fraction (Mgas/Mdyn) of 0.5 ± 0.02, lower than reported in
Yang et al. (2017) but still within an expected range for strongly
lensed SMGs (e.g., Yang et al. 2017).

One possibility to explain such a high SFR is that the IR
luminosity could be contaminated by the presence of an AGN.
However, Yang et al. (2019, 2020) argue that there is no clear
evidence of an obscured AGN at the center of G09v1.97; this
is supported by G09v1.97’s similar line-to-IR luminosity ratio
for both CO(6−5) and H2O as well as the q parameter (Condon
1992) as discussed in Yang et al. (2016, 2020). The surface
brightness distribution of the CO(6−5) emission (as shown by,
e.g., kinematic modeling) does not reveal an additional com-
pact, bright, central component in the residual intensity map
(see Fig. 7). Such a feature, if present, could have been indica-
tive of AGN activity. In addition, we do not observe any excess
emission appearing as a bright central source in either the H2O
or continuum maps. Hence, we find no evidence of an AGN
in the observed frequencies. Should there be an AGN affect-
ing the LIR and thereby SFR, an alternative method to deter-
mine the SFR is through the use of the CO(6−5) emission given
that mid-J CO emission is thought to trace star-forming regions
of the galaxy (e.g., Greve et al. 2014; Lu et al. 2015). Through
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this method, and assuming that the CO(6−5) and CO(7−6) emis-
sion are very similar, a reasonable estimate based on CO SLED
modeling from Yang et al. (2017), we obtain SFRCO ≈ (2515 ±
260) M� yr−1 using the conversion between CO(7−6) and SFR
given in Lu et al. (2015), implying a two times smaller depletion
time. Thus, we return to the question of how such a high SFR
could be triggered.

Contrary to what was found by Yang et al. (2019), we find
no clear evidence of merger activity in G09v1.97 and instead
have demonstrated through kinematic modeling that G09v1.97
appears to be a warm rotating disk. However, we also find evi-
dence in the residuals from 3DBarolo modeling for an addi-
tional component such as a tidal tail or additional galaxy. In the
former, G09v1.97, observed at its present epoch, is a post-merger
coalescence galaxy that has relatively recently settled into a
rotating disk. In the latter, given the close velocity separation
between the additional component and G09v1.97, the additional
component would be interpreted as an interaction. In both sce-
narios, the SFR of the galaxy is expected to increase due to the
compression of the gas from ongoing or previous interactions.
This is a similar finding to the results reported by Kade et al.
(2024) and consistent with the commonly accepted theoreti-
cal paradigm of massive galaxy evolution (e.g., Hopkins et al.
2008).

5. Conclusions

We report high-resolution ALMA observations of CO(6−5),
H2O(211 − 202), and the underlying dust continuum emission
in the z = 3.63 gravitationally lensed object DSFG G09v1.97.
We performed parametric and nonparametric source recon-
structions of the different detected emission using the sophis-
ticated, publicly available lens modeling code PyAutoLens
(Nightingale et al. 2021). We performed source-plane kinematic
modeling of the CO(6−5) emission using 3DBarolo. Our con-
clusions are presented below.
1. We further improved the lensing model of G09v1.97 using

the high-resolution dust continuum emission and applied this
lens model to the line emission. The magnification factors
from our lens model are in good agreement with those from
Yang et al. (2019).

2. We used a nonparametric pixelated modeling of the CO(6−5)
emission to create a source-plane emission line cube. We find
no evidence that the CO(6−5) emission requires two sources
to successfully model G09v1.97. Instead, we find a sin-
gle source exhibiting a smooth velocity gradient across the
CO(6−5) source-plane emission line cube. We suggest that
the discrepancy between the results provided in Yang et al.
(2019) and what has been found in this work stems primarily
from the velocity gradient found in the source plane. With-
out creating a demagnified source plane emission cube, it is
challenging to properly interpret the emission.

3. We compared the extent of the dust continuum, CO(6−5),
and H2O emission in the source plane, finding that the dust
continuum emission is the most compact of the three emis-
sion types. Although H2O emission is typically correlated
with dust emission due to IR pumping, it appears more
extended than the dust continuum in this work.

4. We performed a kinematic modeling on the source-plane
CO(6−5) emission line cube using 3DBarolo and find that
the kinematics are well explained as a rotating disk with a
maximum rotational velocity of Vmax = 388+55

−36 km/s and an
average dispersion of σ̄ = 138+7

−6 km/s, implying Vmax/σ =

2.8 ± 0.4. Therefore, ordered rotation dominates over turbu-
lence in G09v1.97.

5. We compared the V/σ value found for G09v1.97 with a rep-
resentative comparison sample between 1 < z < 8 and
find that G09v1.97 lies within predicted values from semi-
analytic models but seems to exhibit relatively more turbu-
lence than other disk galaxies at similar redshifts. According
to a classification scheme developed from Kohandel et al.
(2024), G09v1.97 should be classified as a warm disk. Alter-
natively, the in-development tool PVsplit provides an indi-
cation that G09v1.97 is undergoing a merger event.

6. We found evidence of noncircular motions in the velocity
and dispersion residuals from the kinematic fitting. Simi-
larly, we find evidence of a residual in the moment-0 map.
These residuals cannot be explained by the lensing analy-
sis and source plane cube reconstruction and are statistically
significant (∼6σ). We therefore suggest that these residuals
represent an additional component, such as a biconical out-
flow, tidal tail, or additional background galaxy.

7. We calculated the dynamical mass of G09v1.97 using the
rotational velocity in the final ring from 3DBarolo as a
proxy for the turnover radius. We find that, within 1 kpc, the
dynamical mass of G09v1.97 is Mdyn = (3.7±0.1)×1010 M�.
Furthermore, we calculated the gas mass and SFR from
both the IR luminosity and CO emission; we find Mgas =

(1.8 ± 0.74) × 1010 M�, SFRLIR = (1400 ± 700) M� yr−1, and
SFRCO ≈ (2515±260) M� yr−1. Together, these values imply
a very low depletion time (13±8 Myr) in comparison to other
galaxies at similar redshifts.

We suggest that G09v1.97 has either recently undergone or is
currently undergoing an interaction or merger event, causing the
residuals seen in the moment-1 emission from the 3DBarolo
modeling. Combined with the high SFR and a low depletion
time, we suggest that the interaction triggered extreme star for-
mation. In this scenario, G09v1.97 has recently settled into a tur-
bulent, rotating disk that is rapidly consuming its gas and show-
ing non-disk morphological features due to likely recent or on-
going interactions or merger events.

Observations of a colder gas tracer, such as [C ii], using
similar or higher angular resolution observations, could help
probe further into the disk of G09v1.97 and provide additional
clues to the ongoing dynamical processes in the galaxy. Fur-
thermore, observations of specific outflow tracers, such as OH+,
could assist in a more robust identification of the additional fea-
ture seen in the 3DBarolo modeling, in particular, to determine
whether it is a biconical outflow or possible tidal tail. G09v1.97
remains a remarkable target for future observational campaigns
aimed at understanding the ISM and dynamics of galaxies at this
epoch.
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Appendix A: Spectra

Fig. A.1. Comparison of the high-resolution CO(6−5) spectrum versus the spectrum
from the combined dataset. Note: the spectral resolution between the two datasets was
not the same. No significant difference is seen in the flux, suggesting that no emission
has been filtered out in the high-resolution image.

Appendix B: Lens modeling

Fig. B.1. Nonparametric source modeling results for the blue and red bins of the CO(6−5) emission. First row: Blue peak in the CO(6−5) spectrum.
Second row: Red peak in the CO(6−5) spectrum. The first column shows the dirty image as produced by PyAutoLens with contours shown at
3, 4, 5, 6, 7, 8, 9, 10σ levels. Note: this is not a cleaned image and structures may look slightly different than those shown in cleaned images. The
second column shows the dirty model image as produced by PyAutoLens with contours shown at 3, 4, 5, 6, 7, 8, 9, 10σ levels. The third column
shows the dirty residual image produced by PyAutoLens with contours shown at −3,−2, 2, 3, 4, 5σ levels. The fourth column shows the image
plane emission nonparametric model of the data produced by PyAutoLens. The black line represents the critical line. The fifth column shows
the source plane emission nonparametric model of the data produced by PyAutoLens. The black line represents the caustic line. All images are
centered around the ALMA phase center for each image. Note: the H2O+ emission is of significantly lower angular resolution as the lensing model
was created using the combined data, as described in Sect. 2.
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Fig. B.2. Source plane CO(6−5) masked and unmasked moment-0 and moment-1 maps created from the source plane emission cube described
in Sect. 3.3.3. The first panel shows the full moment-0 map with contours shown at −3,−2, 3, 4, 5, 6, 7, 8, 9, 10σ levels. The middle panel shows
the moment-0 map masked to show only values above 4σ levels where the contours are shown at 5, 6, 7, 8, 9, 10σ levels. The right panel shows
the moment-1 map masked to show only values above 4σ levels. The intensity values are in arbitrary units for both the unmasked and masked
moment-0 maps as output from PyAutoLens. The approximate beam, assuming a static magnification factor across the image, is shown in the
bottom-left of each image. A clear velocity gradient is seen in the moment-1 emission map.
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Fig. B.3. Source plane intensity (left panels), error map (middle panels), and S/N map (right panels) for the continuum (top), CO(6−5) (second
row), CO(6−5) source plane emission cube (third row), H2O (fourth row), and H2O+ (bottom row) emission. The grey grid shows the Voronoi
pixels prior to interpolation to the square pixel grid, as described in Sect. 3.3.3. The black line shows the caustic line. Note: the error maps have
been normalized by the maximum value in the respective intensity map and, therefore, the error maps can be seen as a percentage error for each
pixel. For the CO(6−5) source plane cube the intensity map is the source plane moment-0 map and the intensity map is a moment-0 map of the
error cube as described in Sect. 3.3.3. Note: the S/N map is zoomed-in compared to the other two panels.
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Appendix C: Kinematic modeling

Fig. C.1. Rotational velocity and dispersion as a function of radius when
varying the number of rings used in the 3DBarolo kinematic modeling. The
errors are represented by the shaded regions for both.
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