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ABSTRACT

We examine the morphological and kinematical properties of SPT-2147, a strongly lensed, massive, dusty, star-forming galaxy
at z = 3.762. Combining data from JWST, Hubble Space Telescope, and ALMA, we study the galaxy’s stellar emission,
dust continuum, and gas properties. The imaging reveals a central bar structure in the stars and gas embedded within an
extended disc with a spiral arm-like feature. The kinematics confirm the presence of the bar and of the regularly rotating disc.
Dynamical modelling yields a dynamical mass, Mgy, = (9.7 £ 2.0) x 10'°M, and a maximum rotational velocity to velocity
dispersion ratio, V /o = 9.8 £ 1.2. From multiband imaging we infer, via spectral energy distribution fitting, a stellar mass,
M, = (6.3 +0.9) x 10'°M, and a star formation rate, SFR = 781 & 99Myyr~!, after correcting for magnification. Combining
these measurements with the molecular gas mass, we derive a baryonic-to-total mass ratio of Mpar/Mgyn = 1.1 £ 0.3 within
4.0 kpc. This finding suggests that the formation of bars in galaxies begins earlier in the history of the Universe than previously
thought and can also occur in galaxies with elevated gas fractions.

Key words: gravitational lensing: strong —submillimetre: galaxies.

1 INTRODUCTION

Amongst high redshift (z >1) galaxy populations, submillimetre
(sub-mm) galaxies (SMGs; Smail, Ivison & Blain 1997; Barger et al.
1998; Hughes et al. 1998; Eales et al. 1999), or, more generally, dusty
star-forming galaxies (DSFGs; Casey, Narayanan & Cooray 2014)
make up the high-mass tail of the stellar mass function (Dudzevicitté
et al. 2020); using standard assumptions, their masses are inferred to
lie in the range, M, ~ 10°-10'"" My, (e.g. da Cunha et al. 2015;
Miettinen et al. 2017). Despite their large masses, they are still
actively forming stars; their inferred star formation rates are amongst
the highest known, SFR ~ 10>~10°Mgyr~! (e.g. Swinbank et al.
2014).! These extreme star formation rates are fuelled by the large
amounts of molecular gas present in these systems, My, ~ 10'°-10"!
Mg (e.g. Bothwell et al. 2013; Birkin et al. 2021). If these galaxies

* E-mail: aristeidis.amvrosiadis @durham.ac.uk

!'The masses and star formation rates quoted in this paper are derived assuming
a standard initial mass function (IMF) from Chabrier (2003). However, Baugh
et al. (2005) have argued that the observed galaxy number counts at 850 pm
can only be explained assuming a top-heavy initial mass function for the stars
formed in bursts. In this case, the resulting stellar masses and star formation
rates are significantly smaller than the values derived assuming a standard
IMF.

© 2025 The Author(s).

can sustain their star formation rates, they will consume all of their
available gas in fg.p < 1 Gyr (Bothwell et al. 2013; Birkin et al.
2021), in many cases almost doubling their current stellar masses
given their gas mass fractions, fg,s =20-50 per cent (Bothwell et al.
2013; Birkin et al. 2021). These properties alone suggest that these
galaxies are likely to evolve into the most massive early-type galaxies
(ETGs; e.g. Simpson et al. 2014; Birkin et al. 2021, Amvrosiadis
et al. 2024). Indeed, physically motivated models of the formation
and evolution of submillimeter galaxies in the ACDM cosmology
explicitly show that bright SMGs at high redshift are the precursors
of the brightest elliptical galaxies today (Baugh et al. 2005).
Identifying the nature of SMGs/DSFGs is challenging because of
the presence of substantial amounts of dust, which obscures their
starlight. However, over the past decade, interferometric observa-
tions at submillimetre/millimeter (sub-mm/mm) wavelengths, from
ALMA and NOEMA, have greatly increased our understanding of
these galaxies. The high resolution and high sensitivity of these
facilities has allowed us to study the distribution of dust continuum
emission, which serves as a direct tracer of star formation since dust
re-emits absorbed UV/optical emission at longer wavelengths. Our
findings suggest that these sources exhibit compact dust continuum
morphologies, with effective radii, r.ir ~ 1-2 kpc, and have distri-
butions resembling those of disc galaxies, with an average Sérsic
index, n ~ 1 (e.g. Hodge et al. 2016; Gullberg et al. 2019). Pushing
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the capabilities of current instruments to their limit, high signal-to-
noise ratio (SNR) sub kpc-scale (~ 500pc) observations reveal, in
some sources, structures consistent with those expected for bars or
spiral arms (e.g. Hodge et al. 2019).

Mapping the distribution of star formation sites in these galaxies
alone does not, however, give us a complete picture. Fortunately,
besides observations of the dust continuum emission, spectroscopic
data can be obtained with interferometers for various far-infrared and
sub-mm emission lines (e.g. CO, [C 11]). These lines are expected
to be less affected by dust attenuation (e.g. Lagache, Cousin &
Chatzikos 2018) and trace gas in different phases. One important
finding regarding morphologies is that the gas distributions are
significantly more extended than the dust continuum and display
disc-like characteristics in most cases (e.g. Hodge et al. 2012). This
suggests that star formation takes place in the central regions of these
galaxies, which represent a small part of a more extended disc.

In addition, emission line observations measure the dynamical
state of these galaxies, provided that they have sufficient resolution
and sensitivity so as to minimize the effect of beam smearing (Rizzo
et al. 2022). Such observations have allowed us to identify regularly
rotating discs in the majority of cases that have been studied so far
(e.g. De Breuck et al. 2014; Calistro Rivera et al. 2018; Rizzo et al.
2020,2021,2022,2023; Fraternali et al. 2021; Tsukui & Iguchi 2021)
but also, in a few cases, galaxies undergoing interactions (e.g. Chen
et al. 2017; Rybak et al. 2020). These observations have important
implications for the mechanism(s) that causes the gas to funnel to the
central starburst and so maintain the extreme star formation in these
massive galaxies. Indeed, if sufficient resolution, SNR and sample
sizes can be obtained, we should be close to distinguishing between
the case where gas collapses to the centre due to a merging event and
the case where the radial inflows are triggered by a disc instability.
From the observations so far it seems that both mechanisms are at
play, as expected from galaxy formation models (e.g. Cole et al.
2000), although their relative contributions are still unconstrained
due to poor statistics.

While the spatial distribution of star formation and the distribution
and kinematics of gas in SMGs are relatively well established,
our understanding of the distribution of the stellar component is
limited. The majority of studies attempting to characterize stellar
morphologies have, until recently, relied on observations with the
Hubble Space Telescope (HST). At z > 1, HST observations probe
rest-frame UV/optical wavelengths, which mainly trace the younger
stellar populations, and are severely affected by the large amounts of
dust present, giving us an obscured view of the stellar morphologies.
These studies find that the stellar light distribution (rest-frame
UV/optical) appears to be morphologically very different from
the dust continuum distribution. In general, the stars appear to be
significantly more extended than the gas and show clumpy/irregular
features (e.g. Swinbank et al. 2010; Chen et al. 2015; Lang et al.
2019). It is important to note that associating these irregularities
exclusively to recent interactions, as previous studies have often
done, can result in erroneous conclusions. A more comprehensive
understanding of the stellar component requires longer wavelength
observations (rest-frame near-infrared; NIR) that are less affected by
dust attenuation.

The launch of the JWST has opened up a new window into the study
of stellar morphologies in galaxies. JWST offers high-resolution and
high-sensitivity imaging and spectroscopy capabilities in the rest-
frame NIR, which is less affected by the copious amounts of dust
present, especially in SMGs/DSFGs. Already we are beginning to
observe an increased fraction of disc galaxies at high redshift (e.g.
Ferreira et al. 2022; Fudamoto, Inoue & Sugahara 2022; Nelson
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et al. 2023), many of which have well-defined stellar structures such
as spiral arms and bars, that were previously classified as irregular
based on HST observations (e.g. Chen et al. 2022; Guo et al. 2023).
In addition, multiband imaging with both NIRCam and MIRI allows
accurate determinations of stellar masses through modelling their
spectral energy distributions (SED), when previously these were very
uncertain (e.g. Michatowski et al. 2014).

Previous studies of SMGs have highlighted their complex and
diverse properties and the importance of studying them across a
wide range of wavelengths. Our study will contribute to this effort
by providing detailed information on the internal structure and kine-
matics of SPT-2147, a z = 3.762, massive DSFG, strongly lensed
by a, z = 0.84, early-type galaxy (ETG). SPT-2147 was originally
discovered in the South Pole Telescope (SPT) survey (Vieira et al.
2013) and subsequently followed-up with many facilities. We will
use a combination of data from JWST, HST, and ALMA and, with the
aid of strong gravitational lensing, study the different components of
the galaxy and its interstellar medium (ISM) down to sub-kpc scales.

The outline of the paper is as follows; In Section 2, we introduce
the various data sets used in this work and derive the basic (galaxy-
integrated) physical properties of our source. In Section 3, we de-
scribe the details of our strong lens modelling analysis. In Section 4,
we present a morphological and kinematical analysis of our source,
which we further discuss in Section 5. Finally, in Section 6 we provide
a summary of our findings. Throughout this work, we adopt a spa-
tially flat ACDM cosmology with Hy = 67.8 + 0.9 kms~! Mpc™"
and 2y = 0.308 £ 0.012 (Planck Collaboration XIII 2016).

2 OBSERVATIONS AND SOURCE PROPERTIES

In this section, we provide an overview of the available data sets and
derive fundamental galaxy-integrated physical properties for SPT-
2147.

2.1 Data

An mentioned above, we utilize data obtained from multiple facili-
ties. These data sets allow us to examine various constituents of this
galaxy: stars, dust, and gas. In Fig. 1, we present a visual comparison
of these distinct components side by side in the image plane. Only
a selection of the available data, specifically those that are primarily
being used later on in the analysis, are shown in this figure.

2.1.1 JWST

We make use of JWST data from different instruments — NIR-
Cam, MIRI, and NIRSpec — that were taken as part of the
Early Release Science Program TEMPLATES (Targeting Ex-
tremely Magnified Panchromatics Lensed Arcs and Their Ex-
tended Star formation; ID 1355; PI: Jane Rigby). We use the
archival data, which were reduced with the default pipeline (Rigby
et al. 2024). Some additional post-processing steps were per-
formed for the NIRCam and MIRI data, which we describe
below.

Images with NIRCam were taken in four filters, F200W, F277W,
F356W, and F444W, corresponding to rest-frame wavelengths be-
tween Agpeg ~ 0.42 —0.92 um. The pixel scale of the NIRCam
images is 0.06 arcsec for filters F277W, F356W, and F444W and
0.03 arcsec for the F200W filter. MIRI images were taken in seven
filters, F560W, F770W, F1000W, F1280W, F1500W, F1800W, and
F2100W, corresponding to rest-frame wavelengths Apeq ~ 1.2 —
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Figure 1. (Top left): IWST/NIRCam stellar continuum images in the F444W filter (Aregt ~ 0.92 um). (Top right): Same as the top left panel but with the
light from the lens galaxy subtracted (see Section 3.1). (Bottom left): ALMA dust continuum images in band 8 (Aobs ~ 742 um). (Bottom right): [C 1]

velocity-integrated emission line image (Arest = 157.74 um), which was produced by fitting a Gaussian distribution to the spectrum in each individual pixel of

the observed cube (see main text for details). The contours in the top right, bottom left, and bottom right panels, respectively, correspond to the dust continuum
emission. The ellipses at the bottom left corners of the each panel show the size of the resolution of these observations; in the case of ALMA this corresponds

to the synthesized beam. North is up and East is left in all panels.

2.7 pm. The pixel scale of all MIRI images is 0.1 arcsec. In terms
of pre-processing, prior to modelling our images (see Section 3)
we removed a constant background emission independently from
each filter in the NIRCam and MIRI observations. This constant
background becomes apparent when plotting the distributions of all
pixel fluxes for these images, which do not peak around 0. To estimate
this background we fit a Gaussian function to the distribution of all
pixel fluxes and subtract the best-fitting mean value from each image.
We note that when fitting a Gaussian to the pixel flux distribution
we considered the part of the distribution below the peak. This is
to avoid including emission from real sources in the estimation of

the background, which only contribute to the positive tails of these
distributions.

The NIRSpec Integral Field Unit (IFU) observations were carried
out using the F290LP filter, which covers a wavelength range
between 2.87 and 5.27 um, or rest-frame between 0.6 and 1.1 pm.
Several emission lines were detected across the wavelength range
covered by this instrument (Birkin et al. 2023). Among these lines,
Ho (Mg = 6562.819 A) is the brightest, although it is blended with
the [N 11] doublet (A.sy = 6548.05 and 6583.46 A). For the purpose
of this work we are interested in the distribution of the H o emission
line, and so, several steps were taken to disentangle its emission.

MNRAS 537, 1163-1181 (2025)
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Figure 2. The result of our triple-Gaussian, pixel-by-pixel spectral fitting to the blended H eand [N 11] doublet, where we have assumed that the redshifts and
widths of all lines are the same for all pixels. The first three panels, from left to right, show the data, the model and residuals of the velocity-integrated lines. In
the final panel we show the spatially integrated spectrum as the black histogram. The blue lines correspond to the model spectrum of each of the three individual

lines, and the purple line shows their sum.

First, we subtract the continuum emission from the observed cube
by fitting a second order polynomial to the spectrum of each pixel.
When fitting the continuum, we mask the regions of the spectrum
containing emission lines. Furthermore, the continuum is only being
fitted in a frequency range around these emission lines. For example,
given the redshift of SPT-2147, the observed-frame frequency of the
H « line is, Aops = 3.12um, and so we only fit the continuum in the
frequency range, 3.0 um < A < 3.3 um (after masking the line). This
latter condition is necessary since the continuum emission across the
whole frequency range of the observations displays variability that a
single second-order polynomial cannot capture. The following steps
use the continuum-subtracted cube.

To de-blend the emission from each individual line (i.e. H o + [N
11] doublet), we fit a model consisting of three Gaussian profiles to
each individual pixel of the observed cube. During optimization we
allowed the centre of the Gaussian profile corresponding to the H
« line to be a free parameter while the centres of the [N 11] doublet
were fixed according to their frequency difference with respect to
H «. In addition, we assume that the widths of all three lines are
the same and so the only free parameters are the central wavelength
(i.e. mean) and width (i.e. standard deviation) of the Gaussian profile
fitting the H o emission line, and the amplitudes of each of the three
individual Gaussian profiles.

In Fig. 2, we show the results from our spectral fitting analysis,
specifically the velocity-integrated intensity (i.e. 0" moment map),
where the velocity range used for the integration covers all three lines.
From left to right the first three panels show the data, best-fitting
model, and residuals. We can already see differences between the
image-plane Ho emission distribution and that of the other tracers,
suggesting different source-plane morphologies (see Section 4.1). In
the final panel of this figure we show the spatially integrated (using
an elliptical annular mask) 1D spectrum for the data as the black
histogram and the model as the purple line. The blue dashed lines
show the 1D spectra of each individual line.

2.1.2 HST

SPT-2147 was observed using the Wide Field Camera (WCF3)
onboard HST in the F140W filter, which samples the rest-frame
ultraviolet (UV) emission (A ~ 0.29 um). At these shorter wave-
lengths, the emission from the lens’s light overwhelms the emission
from the background source, making the latter imperceptible. The
image is shown in Appendix A.

Employing a lens light subtraction technique (see Section 3) we
subtract the lens light from the image and identify low level emission
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(SNReak ~ 3) coincident with the bright arc in the NIRCam images,
which we associate with the background source. Most of the emission
seen with HST coincides with the part of the arc that has low
dust continuum emission, which is to be expected given that dust
attenuation at these wavelengths is typically severe. Unfortunately,
however, the SNR of the background source emission is not high
enough for us to attempt to reconstruct it in the source plane.
Therefore, we will not use these data for the rest of this work.
However, it is still informative to look at the HST data in comparison
with the JWST data and highlight the need for longer wavelength
observations of this dusty source.

In addition, our lensed light subtraction reveals a bright compact
clump (west of the bottom lensed image in Fig. A1), which is also
seen in the bluer NIRCam filters (most prominently in the F200W
filter, but also in F277W and F356W). This compact clump does not
appear to have a counter image associated with it and so we conclude
that it is not associated with the background source, a conclusion that
is supported by their relative colours. Instead we classify this clump
as a line-of-sight source most likely located in front of the lensing
galaxy (see Appendix A).

2.1.3 ALMA

SPT-2147 has been observed with ALMA in multiple bands, targeting
the continuum emission from the dust as well as a variety of
far-infrared and sub-mm emission lines. Continuum observations
were taken using different antenna configurations, leading to dif-
ferent resolutions. In order to best complement our data from
JWST, we make use of the highest resolution ALMA continuum
data set available in the archive. These data come from proposal
2019.1.00471, and achieve a resolution of ~ 0.1 arcsec in band 8
(Arest = 148 pum).

Among the far-infrared emission lines that have been observed
for this source is the [C II] emission line, which is the brightest far-
infrared emission line and traces emission from gas in various phases
(atomic/molecular/ionized). The [C II] emission line observations
were carried out as part of proposal 2018.1.01060.S and achieve
a resolution of ~ 0.25arcsec. As part of the same proposal the
CO(7—6) and [C1](2—1) were also observed for this source which
we also use in this work, although mostly for visualization purposes.

We calibrate the data using the ALMA pipeline in the Common
Astronomy Software Applications package (CASA; McMullin et al.
2007). For visualization purposes we produce cleaned images of both
the dust continuum and [C 11] line emission, which we show in the
bottom left and right panels of Fig. 1, respectively.
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Figure 3. Spectral energy distribution fitting for SPT-2147, from MAGPHYS.
The blue points correspond to the observed fluxes, taken with a variety of
instruments, JWST, Herschel, LABOCA, ALMA, SPT, while the black/grey
curves shows the best-fitting attenuated/unattenuated model.

2.2 Galaxy integrated properties

In this section, we present the methods employed for estimating
physical properties of the source: stellar mass, star formation rate, and
molecular gas mass. The first two properties enable us to determine
the location of the galaxy relative to the main sequence of star-
forming galaxies (e.g. Whitaker et al. 2014) and establish whether
if it follows the mean trend or is an outlier (e.g. a starburst galaxy).
The last quantity allows us to estimate for how long the galaxy can
sustain its rate of star formation.

2.2.1 SED fitting

The typical approach for estimating the physical properties of a
galaxy is to model its spectral energy distribution (SED). This is
a powerful technique especially when measurements of the flux
across the whole spectrum (at least from UV to far-infrared) are
available. Various ingredients can be included in SED models, e.g.
prescriptions for the stellar populations and dust attenuation, and
different techniques have been developed (e.g. da Cunha et al. 2015;
Johnson et al. 2021).

In this work, we perform SED modelling using the high-redshift
version of the publicly available software MAGPHYS (da Cunha et al.
2015; Battisti et al. 2019), which assumes a Chabrier IMF and
employs an energy balance technique whereby all of the UV/optical
emission from newly born stars is deemed to be absorbed by dust
and re-emitted at infrared wavelengths. The SED fitting was carried
out using fluxes from rest-frame UV/optical (Arest,min ~ 0.42um) to
sub-mm/mm wavelengths (Arestmax ~ 630pm). If only upper limits
exist in some band these were not used in the fitting process (the
only upper limit we have is for the flux density at 160 um and is
consistent with the best-fitting solution plotted in Fig. 3).

‘We note that the SED fitting was performed prior to correcting the
observed fluxes for magnification, since some of our observations,
specifically in the sub-mm regime (from Herschel, LABOCA, and
SPT), do not resolve the source and therefore cannot be reconstructed
(i.e. corrected for magnification). However, the average magnifica-
tion factor that we measure using stellar continuum observations from
JWST, specifically in the F444 W filter image, is in agreement with the
value measured using dust continuum observations from ALMA, so
we expect that our results are not significantly affected by differential
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magnification (i.e. different parts of the source experiencing different
magnification factors).

In Fig. 3, we show the results from our SED fitting analysis. The
blue points correspond to our observed fluxes while the black line
corresponds to the best-fitting model. The best-fit model provides a
good fit to the data across the whole spectrum, with a overall goodness
of fit, x2 ~ 3. The physical properties of our source derived from
this best-fitting model are summarized in Table 1: stellar mass (M,),
far-infrared luminosity (Lig), star formation rate (SFR), and age of
the stellar population. The values that we estimate for the Ljr, SFR,
and M, are in good agreement with previous measurements for this
source (Aravena et al. 2016; Gururajan et al. 2022; Birkin et al.
2023). From the measured values of the SFR and M, we conclude
that SPT-2147 is a starburst galaxy. It’s SFR is more that x4 above
the main-sequence of star-formation galaxies at z = 3.78 (Popesso
et al. 2023).

2.2.2 Gas mass

Molecular gas is the raw fuel for the formation of new stars in
a galaxy. To measure this quantity several approaches have been
proposed. Ideally one would like to measure the amount of molecular
hydrogen (H,) in a galaxy directly, but this is observationally
challenging for objects at z > 0.1. Alternatively, one can rely on
different tracers for estimating molecular gas masses, with the most
frequently used being carbon monoxide (CO), the second most
abundant molecule in a galaxy after H,. Typically, the ground-
state transition, CO(1—0), is used in this approach, which assumes a
conversion factor («co; Bolatto, Wolfire & Leroy 2013) to compute
the molecular gas mass from the CO line luminosity, Lco.

Unfortunately, in our case we do not have a measurement for
the CO(1—0) emission line flux, but, as mentioned in Section 2.1.3,
observations of the CO(2—1) emission line have previously been
obtained for SPT-2147 (Aravena et al. 2016; Gururajan et al. 2022).
Here we use the CO(2—1) emission line luminosity, Leo, i) =
(1.6 +0.3) x 10" (K km s~! pc?), to estimate the molecular gas mass
from

Mgas = 136 aco Léjo(zq)/rZIa (1)

where the parameter r,; represents the line ratio of the CO(2—1)
transition to the ground state transition, for which we adopt the value
721 = 0.84 = 0.13 (e.g. Bothwell et al. 2013) and «o is the so-called
CO — H, conversion factor, given in units of Mg K~'km™! s pc~2,
for which we adopt the value, aco = 1.0 (e.g. Birkinet al. 2021). The
factor of 1.36 accounts for the abundance of Helium. We estimate
a molecular gas mass, after correcting for magnification, of Mgy,s =
(4.0 £0.8) x 10" M. With both the stellar and gas masses in hand
we can measure the gas fraction for SPT-2147 (ratio of gas to stellar
mass) for which we find, fg,, = 0.63 £ 0.16, which is on the high
end but consistent with previous estimates for SMGs/DSFGs (Birkin
et al. 2021).

3 STRONG LENSING ANALYSIS

In this section, we give a general description of the methodology
and models that we used to obtain source-plane reconstructions. We
perform lens modelling (which includes lens light subtraction, lens
mass model optimization, and background source reconstructions)
using the open-source software PYAUTOLENS.2, which is described

Zhttps://github.com/Jammy2211/PyAutoLens
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Table 1. Physical properties: stellar mass (M, ), infrared luminosity (Ljr), star formation rate (SFR), and age of the stellar population, derived from our SED
fitting analysis with MAGPHYS. We also report the gas mass, Mg,s, derived from the observed CO(2—1) line luminosity, which is taken from Aravena et al.
(2016). All physical properties are given after correcting for magnification, which is estimated to be, © = 6.4 £ 0.5.

Lir SFR
Lo) Moyr™h

M. Mgas,co-1) age
Mp) Mop) (Gyr)

SPT-2147 (9.4 +1.4) x 10'2 781 + 99

(6.3 £0.9) x 1010 (4.0 £0.8) x 1010 0.8 £0.1

in Nightingale & Dye (2015), Nightingale, Dye & Massey (2018),
Nightingale et al. (2021b) and builds on methods from previous
works in the literature (e.g. Warren & Dye 2003; Suyu et al. 2006;
Vegetti & Koopmans 2009).

The data sets that we model are either the conventional CCD
images (e.g. NIRCam, MIRI) in which case the model PYAUTOLENS
produces is also an image that attempts to match the data on a pixel-
by-pixel basis, or visibilities (Thompson, Moran & Swenson 2017)
which are the basic product that interferometers, such as ALMA,
record. In the latter case one can produce ‘dirty images’ from these
visibilities and carry out the analysis as one would do for imaging
data (e.g. Dye et al. 2018) or choose to work directly in the so-
called uv-space by modelling the visibilities (e.g. Enia et al. 2018;
Powell et al. 2021; Maresca et al. 2022). When reconstructing the
dust continuum and [C 11] line emission distributions with ALMA
we make use of the latter approach.

In order to build a mass model for the lensing galaxy we choose the
FA44W filter image from JWST/NIRCam. The reasons for choosing
to build the model from the NIRCam image rather than the ALMA
dataset is that the resolution is about twice as high and the structure
of the background source appears more complex, which generally
leads to better constraints for the parameters of the mass model.> As
for choosing the F444W filter out of four filter images observed with
NIRCam, the reason is twofold. First, at these longer wavelengths
the emission from the lens is weaker compared to the other filters,
which allows for a cleaner subtraction of its light distribution and
therefore minimizes potential contamination of the lensed emission
(Nightingale et al. 2022). Secondly, the SNR of the lensed emission
from the background source is higher at this wavelength, whereas
bluer wavelengths are generally more affected by dust obscuration,
resulting in better constraints for the mass model parameters.

The analysis is carried out in several phases, whereby successive
phases introduce more complexity to either the mass and/or the
source model and inherit information, in the form of priors, from
previous phases. The different phases of the pipeline that PYAU-
TOLENS goes through to build a mass model for the lensing galaxy
have been described in previous papers that make use of the same
software (e.g. Cao et al. 2022; Etherington et al. 2022), and are the
same steps that we take in this work. In the sections that follow we
describe the profiles that we used to model the lens light and mass
distributions.

3.1 Lens light

We used two models for the len’s light emission profile. The most
common type of profile used to describe the light distribution of

3We independently modelled the dust continuum emission from high-
resolution ALMA observations and found that the best-fitting mass model
parameters are in good agreement with those derived from the F444W NIR-
Cam image. A detailed description on the modelling of the intereferometric
data from ALMA is beyond the scope of this paper.

MNRAS 537, 1163-1181 (2025)

galaxies is the Sérsic profile (Sérsic 1963). This has a functional
form given by

r 1/n
I(r):lgexp{—bn [(r) —1:|} s 2)

where r. is the effective radius, /. the intensity at the effective radius,
n the Sérsic index and b, a constant parameter that only depends on
n (Trujillo et al. 2004). The typical approach is actually the use of
a double Sérsic profile as to model the different slopes of the light
distribution observed in the centers and outskirts of galaxies (e.g.
Nightingale et al. 2019).

Despite the popularity of the Sérsic profile (e.g. Etherington et al.
2022), ithas been noted that perhaps it lacks the necessary complexity
to describe galaxy light distributions (e.g. Nightingale et al. 2022;
He et al. 2023), especially when deeper observations are available.
A more flexible type of profile, which can capture non-axisymmetric
features is the multiple Gaussian expansion (MGE; Cappellari 2002),
which is widely used in studies of galaxy dynamics (Cappellari
2008), and more recently has been applied in lensing studies as
well (He et al. 2023).

3.2 Foreground mass and background source

For the mass distribution of the lensing galaxy we consider an ellipti-
cal power-law model (EPL) with an external shear. The convergence
of the EPL model is defined as

a—1

(ry) =22 % 3

k(x,y)= ,
L+q \ /x> +y/q?

where « is the 3D logarithmic slope, ¢ is the axis ratio (minor to major
axis), and Og is the Einstein radius. Our model also has additional
free parameters that control the position of the centre (x., y.) and
its position angle, 8, which is measured counterclockwise from the
positive x-axis. In practice we parametrize the axis ratio, ¢, and
position angle, 0, in terms of two components of ellipticity:

l1—gq

1=q cos (26) . (4)
q

e = 1_’_qs1n(29) ;o ey = 1
This helps to prevent periodic boundaries and discontinuities in
parameter space associated with the position angle and axis ratio.
Finally, our model has an additional component to model the presence
of external shear. This is typically described by two parameters: a
magnitude, yex, and a position angle, e, but here we express them
in terms of Yex 1 and Yexe 2 as

Vext,2
Vext = V ye%([,l + yez,mzﬁ tan20q,; = VE s . 5)
ext, 1

As we discussed in Section 2.1.2, we identify a compact source
southwest of the lensing galaxy. We tried including an additional
component in the mass model, specifically a spherical Singular
Isothermal Sphere (SIS; setting ¢ = 1.0 and o = 2.0 in equation
(3)), in order to account for its contribution to the lensing. We found,
however, that when this additional component is included in the mass

520z Ateniged 0 uo 1senb Aq G86156./€91 L/Z/LEG/RIOIHE/SEIUW/WO0D dNO"0IWepED.)/:SdY WOy papeojumoq



model, its Einstein radius, 6g, converges to a very small value, as if its
contribution is negligible. Therefore, for the remainder of this work
we ignore the presence of this compact source; our results remain
unchanged whether or not we include it in the mass model.

3.2.1 Background source

The lensing-corrected source surface brightness distribution is recon-
structed on an irregular Voronoi mesh (e.g. Nightingale & Dye 2015).
Such a mesh has the advantage that it adapts to the magnification
pattern in the source plane, so that more source-plane pixels are
dedicated to regions with higher magnifications (since the resolution
will also be higher in these regions, scaling roughly as p~'/%)
compared to regions with lower magnification. When reconstructing
a source on a pixelated mesh it is also necessary to introduce some
form of regularization in order to avoid over-fitting (e.g. Suyu et al.
2006). In this work we use a constant regularization scheme, where
the level of regularization is controlled by the coefficient, ;. We
note that this non-parametric approach, which is considered the
standard in the field, is necessary to obtain accurate reconstructions
as our source’s morphology is complex and cannot be described with
simple parametric profiles.

3.2.2 Pipeline

Our modeling pipeline is divided into several phases, with each
subsequent phase introducing more complexity to either the mass
distribution or the background source, inheriting from the previous
phase in the form of priors.

In the initial phase of our pipeline, we fit an SIS + shear profile for
the mass distribution of the lensing galaxy and a single Sérsic profile
for the background source. A Sérsic profile is also used to fit the lens
galaxy light when fitting imaging data; for interferometric data, light
from the lens is not detected. This initial phase allows us to obtain a
decent model for the lensing galaxy’s mass. Subsequent phases then
use a pixelated model for the background source, as described in
Section 3.2.1.

A schematic presentation of the various phases of our pipeline
is given in Cao et al. (2022). The same phases are also used in
this work, with the only exception being that the final phase of our
imaging pipeline uses an MGE model for the lens galaxy light instead
of a Sérsic profile (He et al. 2024). The lens light subtracted images
shown in the top right panel of Fig. 1 were produced using an MGE
model for the lensing galaxy’s light.

3.2.3 Lens modelling systematics

In the field of strong gravitational lensing, it is a well-known fact that
the mass distribution of early-type galaxies is not perfectly described
by an EPL model. For example, it is increasingly evident that the
mass distribution is not always axially symmetric, but rather exhibits
angular complexity (e.g. Nightingale et al. 2022; Powell et al. 2022;
He et al. 2023). A valid question to ask is whether the lack of
this type of complexity in the mass model could affect the source
reconstructions by introducing artifacts. In a recent study by Stacey
etal. (2024) using high-resolution data, the authors demonstrated that
these corrections are at a few per cent level, and accounting for them
does not alter the inferred morphology of the background sources.
Therefore, we argue that even though we do not incorporate this level
of complexity into our mass model, our conclusions regarding the
structure of the background source should remain largely unaffected.
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Another type of systematic in strong lensing modelling is the
degeneracy between the slope of the power-law model and the size
of the reconstructed source. For example, a steeper slope than the
true slope will result in a more extended source, and conversely, a
shallower slope will yield a more compact source (e.g. Nightingale &
Dye 2015). This type of systematic can lead to a biased estimate of
the source’s size. However, since all data sets are reconstructed using
the same mass model, this is not expected to introduce artifacts in
the reconstructions.

4 RESULTS

In this section we present reconstructions of all the available
components of the galaxy (stars, dust, and gas) using a fixed mass
model for the lensing galaxy, whose parameters are given in Table 2.
In addition to reconstructing the different tracers of the ISM we also
produce reconstructions of the velocity and velocity dispersion maps
from the [C 11] emission line, which we use to study the kinematics
of our source. Combining all available data sets we build a complete
picture of the physical mechanisms that drive galaxy evolution in
this z ~ 3.7 massive dusty star-forming galaxy.

4.1 Morphologies

We start by discussing the morphologies of the different components
of the ISM. In Fig. 4 we show reconstructions of the stellar con-
tinuum in filter F444W of the NIRCam instrument (top left; Ages ~
0.924m), dust continumm in band 8 (top right; Apg ~ 148um),
H o emission line (middle left; tracing ionized gas/low-obscuration
star formation), [C 1] line emission (middle right; tracing various
phases of the gas—atomic/molecular/ionized), CO(7—6) emission
line (bottom left; tracing dense warm gas) and [C 1](2—1) emission
line (bottom right; tracing molecular gas).

Before we attempt to make any quantitative statements about the
morphological/structural properties of our source we present the
general picture that we can infer from our reconstructions. SPT-2147
is an extended (~ 8 kpc in diameter; the major-axis of the outermost
isophote; see Section 5), isolated disc galaxy (with no evidence for a
companion galaxy at the current depth), viewed at an inclination of
i ~ 49 deg (see Section 4.2.1). The band 8 dust continuum emission
appears to be compact and centrally concentrated, which is typical
for this class of galaxies (e.g. Simpson et al. 2015; Hodge et al. 2016;
Gullberg et al. 2019), and suggests that most of the star formation
activity is taking place at the centre of the galaxy. We find evidence
of a spiral arm-like structure that is clearly detectable in the Ha
emission line distribution but also becomes visible in the stellar
continuum distribution, specifically the base of the spiral arm which
is also seen in the stars. This spiral arm leads to an elongated boxy
structure in the [CII] emission line distribution. The stellar continuum
distribution also appears to be elongated in the centre and has the
same orientation as the boxy structure in the gas. The H o emission
appears asymmetric toward the side of the bar associated with the
spiral-arm-like structure. Similar features in the morphology of the
H « distribution are also observed in local barred galaxies and can
be attributed to stochastic star formation (e.g. Neumann et al. 2019).
We find that very little dust continuum emission is associated with
the arm-like features, even though a previous study has suggested
such features are visible in this component of the ISM (Hodge et al.
2019) on similar scales. Also, very little H o emission is associated
with the centre of the galaxy, perhaps due to the high dust content
which can heavily attenuate the emission from this line.
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Table 2. The best-fitting mass model parameters for SPT-2147, from fitting the F444W NIRCam image using the open-source software PYAUTOLENS. The
definition of each parameter can be found in the main text (see Section 3.2). Note that we report values of the axis ratio and amplitude (with their corresponding
positions angles, measured counterclockwise from the positive x-axis) of the EPL and external shear models, respectively, computed from components (ej, e2)

and (Yext, 1> Vext,1)-

o OE q 0 v Oy
(arcsec) (deg) (deg)
F444W 2.05 £0.04 1.175 £ 0.003 0.85 £ 0.03 85+4 0.04 £0.01 165+7

We also produce reconstructions from the MIRI images, which we
show in Fig. 5. The MIRI images trace deeper into the rest-frame
infrared part of the spectrum, Ay = 1.0 — 2.5 um, and therefore
suffer less from dust attenuation. However, the resolution is coarser
compared to the NIRCam reconstruction and so we do not see any
detailed structures in these reconstructions. What we do see is that
the morphologies of the MIRI reconstructions appear to be elongated
along the same direction as the linear structure that we identify in
the gas and F444W images.

Considering all of the evidence above, we suggest that this source
is a disc galaxy with a bar and spiral arms. If our interpretation is
correct, this would be one of the highest redshift galaxy where such
features have been observed to date (Smail et al. 2023; Tsukui et al.
2024). We discuss the implications of this discovery in Section 5.

4.1.1 1D profiles

We first analyse the 1D profiles of our reconstructions (flux versus
distance from the centre); these are displayed in Fig. 6, which
shows from left to right, the 1D profiles of the stellar continuum
(F444W/NIRCam), band 8 dust continuum and [C II] emission line.
The small circular points in each panel of this figure show the flux
of each individual reconstructed pixel as a function of distance from
the common centre*, and square are the averaged profiles, in radial
bins. One notable feature in all of the 1D profiles is a bump around
r ~1.5 kpc. Such a feature is often seen in the averaged profiles of
spiral galaxies in the local Universe and so we attribute this feature
to the presence of spiral-arms in our galaxy.

We fit a single/double Sérsic model to the average 1D profile; the
best-fitting models are shown as the black solid curve in each panel
of Fig. 6 (if a double Sérsic model is used then the individual Sérsic
models are shown as the black dotted lines). The stellar and dust
profiles prefer a double Sérsic model, as a single Sérsic model is
not able to capture the emission close to the centre of the galaxy as
well as the more extended emission in the outskirts (i.e. the extended
disc). We did not attempt to fit a model to the 1D profile of the Ho
emission, as it appears to be flattened at radii of r > 2 kpc, which
coincides with the outer radius of the bump feature in the 1D profile
of the stellar distribution, beyond which the error bars become rather
large.

For the stellar distribution, the best-fitting values of the Sérsic
index and effective radius are n = 1.32 & 0.04 and r. = 0.72 & 0.01
kpc for the central component of the double Sérsic model, and
n =0.25=£0.01 and r, = 1.96 £ 0.03 kpc for the extended compo-
nent. The equivalent values for the dust continuum distribution are
n =0.97£0.01 and r, = 0.72 £ 0.01 kpc for the central, and n =

4Both the stellar and dust continuum distribution peak at the same location,
which we used as the common centre for all reconstructions. We note,
however, that the peak in the [C 1] emission line distribution is slightly
offset compared to these.
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0.29 £ 0.04 and r, = 1.80 = 0.04 kpc for the extended components.
A Sérsic index of n =1 is typically associated with disc galaxies
and is what many previous studies have found when studying the
resolved morphologies of the dust continuum emission (e.g. Hodge
etal. 2016; Gullberg et al. 2019). The slope of the central component
for the stellar distribution is slightly steeper but still within the range
found for disc galaxies (a Sérsic index n = 2 could be considered
evidence for the presence of a pseudo-bulge). Finally, the 1D profile
of the [C 11] emission, which prefers a single Sérsic component, has
n =0.64 £0.02 and r. = 2.67 = 0.07 kpc.

A useful comparison for the spatial extent of the emission can be
made from measuring the cumulative fraction of the flux (i.e. the
curve of growth) as a function of distance from a common centre,
for the different components of the galaxy. This approach does not
rely on any assumptions for how the distributions are parametrized
(i.e. Sérsic profiles), which is more informative for measuring sizes
when the distributions are complicated, as is the case here.

We show the curves of growth for each of the different ISM
tracers in Fig. 7. We can use this to estimate the half-light radius
of each component. The sizes measured from the curves of growth
are consistent with our findings from the 1D Sérsic profiles. In
this case we can also compute a size for the H « emission line
distribution, which appears to be the most extended of all of the
components. Another piece of information that we can extract from
this measurement is that ~20 per cent of the dust continuum emission
is associated with an extended component, perhaps implying that
some of the dust is co-spatial with the arm feature that we see in our
reconstructions.

Using the above structural properties for SPT-2147 together with
its physical properties discussed in Section 2.2, we can compare our
galaxy to the population of star-forming galaxies at high redshift
in terms of its size. Adopting the effective radius of the extended
component, from fitting to the F444W reconstructed distribution, as
the galaxy’s size, we infer that SPT-2147 sits above the size—mass
relation for star-forming galaxies (Ward et al. 2024).

4.2 Kinematics

Next, we turn our attention to the gas kinematics of our source by
modelling the reconstructed [C 1I] emission line cube. The reason
for choosing the [C 1] over the H o emission line is two fold: it
has a higher SNR, providing better constraints to the dynamical
model parameters, and was observed at higher velocity resolution, ~
6km s~! instead of ~ 100km s~! for the H o cube, which is necessary
for constraining the velocity dispersion. Before we dive into the
details of the dynamical modelling analysis, in Fig. 8 we show the
source-plane reconstructions of the 1% and 2" moment maps.

The reconstructed velocity and velocity-dispersion maps of the [C
1] emission line distribution were created by first reconstructing
(in the wuv-plane) each individual channel of the emission line
cube, where we binned the emission in channels of velocity width
~ 30kms~! to further increase the signal-to-noise ratio. With the
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Figure 4. Source-plane reconstructions for SPT-2147 of the stellar continuum (#444W NIRCam filter corresponding to rest wavelength of Areg ~ 0.92 pum;
top left), dust continuum (band 8, Arest ~ 148um; top right), the velocity-integrated intensity (0™ moment) of the He and [CI1] emission lines (middle left and
right, respectively) and of the CO(7-6) and [C 1](2—1) lines (bottom left and right, respectively). Contours of the stellar continuum emission are superimposed
in all panels to help visualize the spatial relation of the different ISM components. The black curve in the top left panel shows the caustic curve. The circles in
the bottom right corner of each panel denote the average resolution achieved in the source plane.
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Figure 5. Source-plane reconstructions from the MIRI images, corresponding to rest-frame wavelengths from Aresc ~ 1.0 — 2.5 (um). The white contours in
each panel correspond to the F444 W reconstructions and are the same as in Fig. 4.
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Figure 6. Source-plane reconstructions plotted as a function of distance from the centre for each component of the galaxy (stars, dust, and gas), as indicated in
the legend of each panel. The larger square symbols show the averaged profile in bins of distance; we consider both the scatter in each bin as well as the errors
on individual points (i.e. the individual resolution elements of the source reconstruction) when calculating the errors. The black curves show the best-fitting
single/double Sérsic model to the data. We quote the best-fitting Sérsic index, n, and effective radius, r¢, in each panel of the figure (if a double Sérsic model was
used we only show the values of Sérsic that captures the central emission). We note that SPT-2147 shows an excess (or ‘bump’) in its radial profiles at a radius,
r ~ 1.5 kpc, which we associate with the spiral-arm like feature in our source reconstruction (see Fig. 4), and for that reason, we did not use points around that
region during the fitting process. Overall, we find that the best-fitting Sérsic parameter values are consistent with our source having disc-like characteristics.
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Figure 7. Cumulative fraction of the integrated flux (i.e. curve of growth) for
all the different tracers of the ISM in SPT-2147, where colours are the same
as in Fig. 6 with the addition of the H « emission line in purple. The radius
where the lines intercept 50 per cent of the flux corresponds to the half-light
radius and can be used as an estimate of size of those components: ~ 1.4 kpc
(Band 8), ~ 1.6 kpc (F444W), ~ 1.9 kpc ([C 11]), and ~ 2.4 kpc (H «).
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reconstructed cube we fit the spectrum of each reconstructed Voronoi
cell with a Gaussian profile (similar to the approach we followed in
Section 2). The best-fitting values of the mean and standard deviation
of the Gaussian profile in each pixel correspond to the velocity and
velocity dispersion values, respectively, for that cell.

In order to determine whether the Gaussian profile is a better fit
to the spectrum in each cell, we compared its goodness-of-fit (i.e.
x?) to that of a straight line going through the abscissa (i.e. signal
consistent wi th noise). We define the parameter, SNRZ = x& — xZ...
which is the difference of x? values for a Gaussian profile and that
of a straight line. For our reconstructed moment maps in Fig. 8 we
are only showing pixels for which SNRg > 5.

As Fig. 8 shows, the reconstructed moment maps that our source
displays characteristics of a rotating disc galaxy. There is a well-
defined velocity gradient along the major axis of the source covered
by enough resolution elements (the beam is shown as a gray circle in
the bottom left corner of each panel) so that it is not a consequence
of beam smearing (we have ~ 20 independent resolution elements
across the area of the disc). The velocity dispersion map shows a
distinct peak which coincides with the centre of the stellar distribution
(the black contours on each are the same as in Fig. 4). In the next
section, we perform a 3D kinematic modelling analysis in order to
constrain parameters that quantify the dynamical state of our source.
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Figure 8. Source-plane reconstructions of the 1% (velocity; left panel) and 2" (velocity dispersion; right panel) moment maps of the [C 1I] emission line. The
black curves in each panel show the caustic curve while the black contours are of the stellar continuum emission in the F444W NIRCam filter (same as Fig. 4).

The grey circle at the bottom left corner of each panel represents the beam in the source plane, which assumes that the resolution scales as ©

~20 independent resolution elements across the area of the source.

4.2.1 Dynamical modelling

In order to model the dynamics of SPT-2147 we use the publicly
available software S°PBAROLO® (Di Teodoro & Fraternali 2015). The
main function of this code is to iteratively fit a 3D tilted-ring model to
an observed data cube (in our case reconstructed from the observed
lensed emission), optimizing for each ring the inclination, position
angle, systemic velocity (Vy), rotational velocity (V o), and velocity
dispersion (o). We note that in order to feed our reconstructed cube
to 3°PBAROLO we first need to interpolate it onto a regular grid of
pixels.

In Fig. 9 we show the results of our dynamical modelling (see
Appendix B for details of the modelling process). Overall, the model
reproduces the observed velocity map (top panels in Fig. 9) but
we notice some residual velocity components (~ 50 kms~!) which
are co-spatial with the leading sides of the bar (we show in each
panel contours of the stellar continuum emission, which are the
same as in Fig. 4). We interpret these residuals as evidence for non-
circular motions, as expected for motions due to the presence of a
bar. In the middle and bottom rows of Fig. 9 we show position—
velocity (PV) diagrams along the kinematic major and minor axes,
respectively. The PV diagram along the kinematic major axis displays
the characteristic S-shape indicative of a rotating disc. The PV
diagram along the minor axis has a diamond shape, again a feature
seen in rotating disc galaxies.

Inspecting the best-fitting parameters of each of the fitted rings we
find a mild upwards trend with increasing radius for the inclinations,
varying between 48 and 50 deg. On the other hand, the position
angle remains almost constant at ~119 deg. The inclination-corrected
rotational velocity increases out to a radius of r ~ 1.8 kpc and then
flattens. We use the flat outer part of the rotation curve, specifically
the five outer rings, to estimate an average value for the maximum

SVersion 1.6.9; gitcommitID 171b30b379fdc76e402cb0c8cf6d8cbb8e784196.

—1/2_ resulting in

rotational velocity of, Vi.x = 313 £ 5km s~'. The best-fitting ve-
locity dispersions of the outer rings appear to continue to decrease,
where the average value of the 5 outer rings is, o = 32 £ 4kms~!.
From these two values above, we estimate a ratio of rotational
velocity to velocity dispersion of, V /o = 9.8 4= 1.2. We discuss in
Section 4.2.2 how the dynamical properties of our source compare
with the properties of its population as well as more typical star-
forming galaxies at high redshift.

Finally, we estimate the dynamical mass of the source, Mgy,, which
is ameasure of the total mass (baryonic + dark) within a given radius,
r, using the formula,

Ve 2 r
Maya = 2.32 x 10° (kms_l> (kTm> Mo, (6)

where V. is the circular velocity and r is the radius at which we
compute the dynamical mass. The circular velocity was computed
directly in 3°BAROLO by enabling the asymmetric drift correction
functionality (i.e. correction for pressure support Valenzuela et al.
2007), and the average value of the 5 outer rings is, V. =327 £
3kms~!. Our estimate of the dynamical mass out to a radius, r = 4
kpc®, which is the extent of the region where we probe the dynamics
of our galaxy (see Fig. 8), is Mgy = (9.7 £2.0) x 10'° Mg, This
value is smaller than the value reported by Gururajan et al. (2022),
Mgy = (25 £4) x 10" Mg, who, however, used lower resolution
CO(7-6) data and did not perform the full 3D modelling analysis to
infer the inclination directly from the kinematics. Instead, they used
the axis ratio as an estimate for the inclination, quoting a value of
~ 39 deg, which is the origin of the discrepancy between the two
estimates.

6 Almost 100 per cent of the F444W flux is within r < 4 kpc (see Fig. 7), and
so we assume that all of the stellar mass is contained within this radius.
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Figure 9. In the top row we show the data, model, and residuals for the reconstructed velocity map. There are some residuals left over by the smooth rotating
disc model, which coincide with the leading edges of the bar, that could be explained by the presence of non-circular motions along the bar in this galaxy (i.e.
in-flowing gas to the centre). Note that the differences in the velocity map in here and Fig. 8 are due to the reconstruction having been interpolated onto a regular
grid. In the middle and bottom rows we show the position—velocity diagrams across the major and minor axis, respectively, for SPT-2147. The different panels
from left to right show the data, model and residuals, all shown on the same colourscale.

4.2.2 The dynamics of SPT-2147

The dynamics of massive dusty star-forming galaxies at high redshift
has been the focus of many studies dating back several years (e.g.
Hodge et al. 2012; De Breuck et al. 2014) as well as more recently
(e.g. Calistro Rivera et al. 2018; Rizzo et al. 2020, 2021; Fraternali
et al. 2021; Hogan et al. 2021; Lelli et al. 2021; Roman-Oliveira,
Fraternali & Rizzo 2023) exploiting data of higher resolution and
sensitivity. One of the main questions that these studies have
addressed is whether the dynamics of DSFGs are consistent with
a rotating disc or an interaction/merger. The answer may also shed
light on the mechanism that supports their high star formation rates.
Many previous studies relied on low resolution observations, which
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can complicate the interpretation due to beam smearing effects (e.g.
Rizzo et al. 2022), which may cause mergers look like rotating disc
galaxies. Now, however, the number of sources with data of sufficient
quality for such analyses is large enough that we are beginning to
see that both of these mechanisms are at play, i.e. rotating discs (e.g.
Rizzo et al. 2021) and interacting/merging galaxies (e.g. Rybak et al.
2020), where for the latter case we might also see the companion
galaxy at other wavelengths (e.g. SPT-0418; Cathey et al. 2024;
Peng et al. 2023). SPT-2147 falls in the first category, based on its
reconstructed velocity and velocity dispersion maps (Fig. 8), which
are well resolved given that ~20 independent resolution elements
can fit across the area of the source. While we can confidently
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state that the source did not experience a close-proximity interaction
with another massive galaxy in its recent past (which could have
disrupted its ordered circular motions, provided the companion’s
mass was significant enough), we cannot rule out the possibility
of a scenario involving a more distant and less massive companion
galaxy interacting with SPT-2147 (see Section 5.2). This is because
the magnification decreases as we move further away from the caustic
curve, implying that we would likely not detect such a companion
further away.

When the source is involved in a merger, often causing irregulari-
ties in its velocity map, extracting meaningful information becomes
challenging since mergers are typically chaotic and difficult to model.
However, in the case of a rotating disc galaxy, numerous properties
can be derived by modeling its dynamics (Section 4.2.1), offering
valuable insights into the physical processes at play. A surprising
recent discovery within this context is that DSFGs, often perceived
as hosting violent conditions due to their intense star formation,
apparently possess thin and cold gas discs (e.g. Lelli et al. 2021;
Rizzo et al. 2021), exhibiting remarkably low velocity dispersions,
o = 10 — 40kms~!. This contradicts previous observational studies
of more ‘typical’ star-forming galaxies that suggest a median velocity
dispersion of ~ 40kms~! atz ~ 2.3 (e.g. Ubler et al. 2017), but with
individual measurements often reaching values of ~ 100 kms~!.

For SPT-2147 we estimate a velocity dispersion, from [C II],
of 0 =32+4kms!, in line with previous estimates for the
SMG/DSFG population. As mentioned before, this measurement
results in a value for the ratio of rotational velocity to velocity
dispersion of, V /o = 9.8 £ 1.2. Based on this estimate, our source
is classified as being rotation dominated, again in line with previous
such estimates for this population, V /o = 8 — 10 (e.g. Lelli et al.
2021; Rizzo et al. 2021). One possible way to reconcile the measured
velocity dispersions for DSFGs and more typical SFGs is the tracer
used to measure this quantity, [C II] line emission versus H . It
is possible that the H « emission is associated with a thicker, hotter
gaseous disc that is also more turbulent, while the [C 1I] emission line
traces a colder thin disc. There are not many examples for which we
have measurements of both these lines for galaxies at high redshift
(e.g. Ubler et al. 2018), at comparable spatial and spectral resolution,
and so this interpretation still awaits confirmation. Unfortunately, we
can not carry out this experiment due to the low velocity resolution of
NIRSpec, ~ 100km s~!. A discussion of the mechanism responsible
for such cold discs in systems with high star formation activity is
outside the scope of this work, but we refer the interested reader to
Rizzo et al. (2021) and references therein.

Correcting our measured stellar (from SED; see Section 2.2.1)
and gas masses for magnification we estimate a total baryonic mass
(stars + gas) of My, = (10.3 £1.2) x IOIOMQ. Using the dynamical
mass as a measure of the total mass of the galaxy we estimate a
ratio of baryonic to total mass, My, /Mgy = 1.1 0.3, which is
consistent with our source being baryon dominated out to a radius of
r = 4kpc. In order to make this estimate we assume that the stellar
and gas masses that we measure for our source, which are based on
integrated galaxy properties (i.e. observed total fluxes), correspond to
their total values within the aperture used to measure the dynamical
mass, 4.0 kpc. This is not necessarily true as the molecular gas
distribution could extend beyond 4.0 kpc, since it is based on
unresolved observations of the CO(2—1) emission line. Therefore,
the ratio of baryonic to total mass should be considered as an upper
limit. Taking into account the uncertainties in this measurement, the
dark matter fraction, fpy, within 4.0 kpc is < 20 per cent.
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5 DISCUSSION

In this section, we discuss the morphological characteristics (i.e.
bars and spiral arms) of SPT-2147 (see previous sections) and
place these within the wider context of high-redshift SMG/DSFG
galaxy populations. We also discuss whether the presence of these
morphological features are predicted in theoretical studies of galaxy
formation and evolution.

5.1 Bars

Bars are ubiquitous in local spiral galaxies, with about two thirds
of them having bar-like structures at their centre (e.g Sellwood &
Wilkinson 1993; Eskridge et al. 2000). While bars in galaxies are
typically identified through the distribution of stars, many galaxies
also exhibit a bar structure in their gas distribution (e.g. Leroy et al.
2021; Stuber et al. 2023). These bars are believed to play a crucial
role in the evolution of galaxies by facilitating more efficient gas
flow towards the centre through gravitational torques and shocks
(e.g. Athanassoula 2005). Despite their prevalence in local galaxies,
the exact formation time of these structures remains uncertain.

Searching for bars in higher redshift galaxies has so far been
challenging, mainly due to observational limitations. Before the
launch of JWST most such studies relied on observations with HST,
which are limited to rest-frame optical wavelengths for redshifts
z > 1. In studies of local galaxies the fraction of identifiable bars
in galaxies increases when analysing images taken in the rest-frame
NIR compared to optical wavelengths (e.g. Suess et al. 2022). This
is because observations at these wavelengths are better tracers of
the underlying stellar distributions since they are less affected by
dust extinction (Menéndez-Delmestre et al. 2007; Knapen, Shlosman
& Peletier 2000).. It is therefore not surprising that we have only
been able to detect bars in galaxies out to z ~ 1 when using HST
observations (e.g. Jogee et al. 2004; Melvin et al. 2014; Simmons
et al. 2014). Since the launch of JWST, access to rest-frame NIR
wavelengths out to higher redshifts make it possible to identify bars
in galaxies. For example, Guo et al. (2023) have discovered good
evidence of bars out to z ~ 2.3 using JWST observations obtained as
part of the Cosmic Evolution Early Release Science Survey (CEERS;
see also Costantin et al. 2023; Le Conte et al. 2023; Smail et al. 2023).

Our reconstructions of the stellar continuum in the F444W filter
and the [C 1T] emission line distribution (see Fig. 4) show evidence of a
linear structure at the centre of our source. The source reconstructions
using the MIRI bands also appear elongated along the same direction,
but due to resolution limitations the feature is not fully resolved.
We find that the linear structure is distinct from the extended disc
and it is almost aligned with the kinematic minor axis (see Fig.
8). It also seems that spiral arms originate from the ends of the
linear feature, as is typically seen in barred spiral galaxies in the
local Universe. Although typically bars are identified in galaxies by
inspecting the distribution of stars, as mentioned before, there are
numerous examples in the literature of well-defined bars in the gas
distribution. Given the high gas fraction that we measure for SPT-
2147, it is not surprising that the bar is more clearly seen in the gas
distribution.

Similarly to Guo et al. (2023), we apply an ellipse fitting technique
to the reconstructed F444W, F1280W, and [C 1] emission line
distributions. The goal is to determine the radial variation of the
ellipticity and position angle of the ellipses and assess whether
they display similar characteristics to sources that unambiguously
show a bar in the stellar distributions. In addition, this ellipse fitting
technique allows us to put a constraint on the length of the bar.
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Figure 10. Ellipse fitting to the reconstructed F444W/F1280W stellar continuum and [C 1I] emission line distributions. The top and bottom left panels shows
the F444W and [C 1] reconstruction, which are the same as in Fig. 4, with the best-fitting ellipses superimposed. The right panels show the radial profiles for the
ellipticity (e) and position angle (PA) plotted against the semimajor axis (derived from the ellipse fitting procedure), in the top and bottom panels, respectively,
for the F444W (black), F1280W (red), and [C 11] (grey). The vertical red dashed line in the top panel indicates the lower limit set by the resolution in the F1280W
filter. The outer ellipses, describing the extended disc (r > 2 kpc), agree perfectly between all tracers; however, the ellipses fitted to the central region show
some differences between stars and gas, which could be attributed to dust attenuation (see main text).

We make use of the ‘isophote.Ellipse.fit_image’ in PHOTUTILS
from ASTROPY package (Bradley et al. 2020). We apply it to our
reconstructions after interpolating them onto a regular grid. We
first run the ellipse fitting on the reconstructed F444W distribution
allowing all parameters, including the centre, to be free. We then
run the algorithm a second time, fixing the centre of the ellipses
to the median value estimated in the initial run. Having determined
the centre of the ellipses, we then run the algorithm on the [C 11]
reconstruction again fixing the centre to be the same as those of the
F444W reconstruction. Finally, for the ellipse fitting to the MIRI
F1280W reconstruction, we follow the same two-step procedure that
we did for the F444W reconstruction. The results of our ellipse fitting
procedure are shown in Fig. 10.

Guo et al. (2023), as well as previous studies in the literature (e.g.
Jogee et al. 2004; Erwin 2005; Gadotti 2008), considered a galaxy
to be barred if it satisfies two criteria: (i) the ellipticity gradually
increases in the bar-dominated region, reaching a maximum value
emax > 0.25, while the position angle remains relatively constant.
(i1) The ellipticity drops by at least 0.1 at the transition from the
bar to the outer disc, while the position angle changes by at least
10 deg.

The ellipticity of the ellipses increases along the semimajor axis in
the central region but there is a strong drop in ellipticity at 0.5 kpc and
the orientation of the ellipses changes by ~ 90 deg. This behaviour
of the fitted ellipses to the F444W reconstruction is a consequence
of a decrease in surface brightness on either side of the central
region along the bar axis. We speculate that this is a consequence of
dust lanes running along the major-axis of the bar that obscure the
stellar light emission. This is a common phenomenon in local barred
galaxies, often seen in the leading edges of the bar. The reason
for attributing the decrease in surface brightness to dust is that the
F1280W reconstruction does not show the same behaviour, and in
theory should be less affected by dust. In fact, fitting ellipses to the
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F1280W reconstruction reveals that the trend in ellipticity that is
seen for the F444W ellipses continues inside this region (red points
in the top panel of Fig. 10). We highlight (right upper panel in Fig.
10) the region where dust is obscuring the stellar light distribution.
Finally, in the same region, the fitted ellipses to the [C 1I] emission
line distribution appear to be very elliptical, ¢ ~ 0.8, and this trend
continues out to r ~ 1.5 kpc after which point the ellipticity drops
by ~ 0.3. We consider this as evidence that the bar is seen in the gas
distribution, perhaps even more clearly than in the stellar distribution.
Considering all of the above, we estimate a bar length of Ly, ~ 1.5
kpc, at which the ellipticity drops by more than 0.1 in the fits to both
the [C 11] and F1280W reconstructions.

If our interpretation of a bar in SPT-2147 is correct, the question
of when bar formation begins in galaxies arises naturally. Early
works from Ostriker & Peebles (1973), for example, have estab-
lished that baryon-dominated disc galaxies tend to become violently
unstable, leading to rapid formation of bars, with mergers and
interactions also playing a significant role in this formation process
(e.g. Athanassoula et al. 2016; Lokas 2018). Theoretical works
suggest that bar formation is considered more efficient in cold discs
(e.g. Athanassoula & Sellwood 1986; Athanassoula, Machado &
Rodionov 2013); however, this is not an absolute condition as recent
studies showed that galaxies remain prone to bar formation even if
the disc is dominated by a thick component (Ghosh et al. 2023), as are
the majority of discs in high-z galaxies. The exact formation time-
scales for bars have not been thoroughly explored under a variety
of conditions (e.g. gas fractions, level of turbulence), but in some
idealized simulations, trends have already been established, such as
disc formation time-scales versus disc mass fraction, fqs (Fujii et al.
2018; Bland-Hawthorn et al. 2023).

To compare with these idealized studies, we constrain the disc mass
fraction in SPT-2147 in the range of, fgs. = 50-80 per cent, based
on estimates of the stellar, gas, and dynamical masses. This suggests
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that SPT-2147 has enough time to form a bar prior to being observed
at redshift, z = 3.76, as long as the disc formed ~ 1 Gyr before it was
observed, which roughly agrees with our estimate of the age of the
stellar population from our SED fitting analysis (see Section 2.2.1),
which is, however, a very uncertain quantity. We note that these
idealized simulations only explored the formation of bars in galaxies
with low gas fractions, fgs < 0.1, but for SPT-2147 we measure a
gas fraction of fy,, = 0.63 = 0.16. The formation of bars in galaxies
with high gas fraction (> 10 per cent) was only recently explored for
the first time (Bland-Hawthorn et al. 2024). In this work, the authors
find that high gas fraction in galaxies can accelerate the formation of
bars, contrary to what was previously thought (Athanassoula et al.
2013), albeit the later work only consider galaxies with low gas
fractions.

5.2 Spiral-arms

Spiral structures in late-type galaxies are common in the local
Universe. However, it is still unclear when these structures, either
in stars or gas, were initially formed. There have been several studies
searching for spiral structures in galaxies at redshifts z > 2 in an
effort to discover when these structures first formed, what their
formation mechanism is (e.g. Hart et al. 2018) and how they can
potentially impact star formation (Moore et al. 2012). So far only
a small number of galaxies have been identified at these redshifts
(Dawson et al. 2003; Law et al. 2012; Tsukui & Iguchi 2021; Chen
et al. 2022; Fudamoto et al. 2022; Wu et al. 2023), with the currently
highest redshift corresponding to a submillimetre galaxy at z ~ 4.4
(Tsukui & Iguchi 2021).

Our lensing reconstructions of the distributions of stars and gas
provide evidence for the presence of at least one spiral arm in SPT-
2147. As mentioned in Section 4.1, we find a better-defined spiral
structure east of the centre of the galaxy both in the stellar continuum
as well as the H o emission line distributions. There is emission
located northwest of the centre of the galaxy in the stellar distribution,
where we would expect to see a secondary arm, but very little H «
emission is associated with that structure, possibly due to the lower
magnification in that region of the source plane. The previously
highest redshift spiral galaxy detected in both stellar continuum and
H o shows features in its distributions that are reminiscent of our
reconstructions (Law et al. 2012).

Assuming that the emission northwest of the centre of this galaxy
is not a spiral arm but just part of the extended disc then this source
would be classified as an m = 1 spiral. This could be an indication
that our source had a recent interaction with a companion galaxy
that led to the formation of this structure. However, there is currently
no sufficient evidence to support this scenario as we do not see a
companion galaxy in any of our observations, and the velocity and
velocity dispersion maps lack any irregularities that could support
this hypothesis.

The presence of spiral arms in massive dusty star-forming galaxies
was put forward as a possible interpretation of high-resolution (~ 0.5
kpc) images of the dust continuum emission in non-lensed galaxies
from the ALESS survey (Hodge et al. 2019). Even though our dust
continuum reconstructions achieve a similar resolution in the source
plane to that of observations presented by Hodge et al. (2019), we do
not discern any such structures. However, we note that ~ 20 per cent
of the dust continuum flux is associated with a more extended
component with an effective radius that is comparable to that of
the extended stellar component. This implies that dust could be
associated with the spiral arm structure but it is not bright enough
for our current observations to be able to study its morphology.

The onset of bar formation 1177

6 CONCLUSIONS

In this work, we have combined data sets across a wide range of
the electromagnetic spectrum to present the most comprehensive
view of a galaxy at redshift z ~ 3.7 utilizing the magnifying power
that strong gravitational lensing offers. Our data sets, which come
from a variety of instruments (newly obtained from JWST and
archival from HST and ALMA), trace different components of the
galaxy, including stars, dust, and gas (ionized/molecular/atomic). In
addition, observations of the [C 1I] emission line allow us to study
the kinematics of this galaxy and constrain its dynamical properties.
Our main findings are summarized below:

(i) Using all of the available photometry from JWST, as well as
previously measured fluxes at far-infrared/submm wavelengths, we
were able to place robust constraints on the stellar mass of SPT-
2147: M, = (6.3 +£0.9) x 10'°Mg, with standard assumptions for
the IMF. In addition, using previously published measurements of
the CO(2—1) line luminosity we measure a molecular gas mass of,
Mgys = (4.0 £0.8) x 10'°My, again using standard assumptions.

(ii) Using our reconstructions of the [C II] emission line, we study
the kinematics and show that SPT-2147 is consistent with a rotating
disc. In the outer part, the disc has a circular velocity (corrected
for inclination and pressure support) of V., = 327 & 3kms~! and a
velocity dispersion, ¢ = 32 & 4km s~!. From the inferred dynamical
properties of this source we estimate a dynamical mass of Mgy, =
(9.7 £2.0) x 10'°M, within 4 kpc.

(iii) We find evidence from the stellar and gas morphologies
that supports a scenario where SPT-2147 is a barred spiral galaxy,
featuring at least one spiral arm originating from the edge of the bar.
One spiral arm is clearly seen in H «, east from the centre of the
galaxy. The base of this spiral arm is also detected in the stellar light
distribution (F444W). There is emission in the F444W reconstruction
where we would expect to see the secondary spiral arms, but it is
not high SNR perhaps due to the lower lensing amplification in this
region of the source plane.

(iv) The formation of bars so early in the history of the Universe
(age ~ 1.6 Gyr at z = 3.76) should not be a surprise based on
previous studies. Theory have shown that baryon-dominated galaxies
with a cold disc component, such as SPT-2147 ( fpm < 20 per cent),
quickly become unstable to bar formation (see discussion). Even
cosmological simulations are now beginning to resolve such struc-
tures in galaxies as early as z ~ 4 (e.g. Rosas-Guevara et al. 2022).
We make a rough estimate for the bar formation time-scale in SPT-
2147 considering the age of the stellar population we measured for
our SED analysis (age ~ 0.8 Gyr) as an indicator for when the disc
formed. Assuming that bar formation can only occur subsequent to
disc formation (Bland-Hawthorn et al. 2023, 2024) this suggests a
tentative time-scale for the onset of bar formation of #g,, ~ 0.8 Gyr
in SPT-2147.

SOFTWARE CITATIONS
This work uses the following software packages:

(1) Astropy (Astropy Collaboration 2013; Price-Whelan et al.
2018)

(ii) Colossus (Diemer 2018)

(iii) Corner.py (Foreman-Mackey 2016)

(iv) Dynesty (Speagle 2020)

(v) Matplotlib (Hunter 2007)

(vi) numba (Lam, Pitrou & Seibert 2015)

(vii) NumPy (van der Walt, Colbert & Varoquaux 2011)
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(viii) PyAutoFit (Nightingale, Hayes & Griffiths 2021a)

(ix) PyAutoGalaxy (Nightingale et al. 2023)

(x) PyAutoLens (Nightingale et al. 2018; Nightingale et al. 2021b)
(xi) PyNUFFT (Lin 2018)

(xii) Python (Van Rossum & Drake 2009)

(xiii) Scikit-image (Van der Walt et al. 2014)

(xiv) Scikit-learn (Pedregosa et al. 2011)

(xv) Scipy (Virtanen et al. 2020)

(xvi) Photoutils (Bradley et al. 2020)
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Figure Al. Results from the lens light subtraction analysis of the HST F140W image for SPT-2147. The panels from left to right show the observed image,
best-fitting model, residuals, and the SNR map (ratio of the residual image and the noise map). The contours on the first and third panels of this figure correspond
to the ALMA band 8 dust continuum emission and are the same as the bottom left panel in Fig. 1.
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APPENDIX A: LENSED SOURCE EMISSION IN
HST IMAGE

We attempt to reveal the potential presence of emission from the
background source in the HST image by fitting the lens’s light using
a double Sérsic profile (see method in Section 3) and then subtracting
it from the observed data. The results from our lens light subtraction
analysis are shown in Fig. Al, where the different panels from left
to right are the observed image, the best-fitting model of the lens’s
light emission, residuals and the signal-to-noise ratio (SNR) map of
the residual emission. Although the emission from the background
source seen by HST is not used in our analysis, due to its low SNR,
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this goes to demonstrate the need for observations in the rest-frame
NIR.

APPENDIX B: DETAILS OF KINEMATIC
MODELLING

We give the detailed configuration used for 3> BAROLO in Table B1. In
addition to this fiducial configuration used throughout our analysis
above, we also ran several variant models to check for sensitivity
of our conclusions to choices made in the modelling process. In
most cases the influence of alternative assumptions was small, e.g.
< 10 per cent in the rotation curve amplitude at fixed radius. These
variations included changing the figure of merit in the optimization
process (parameter FTYPE), the flux normalization scheme (NORM),
and the functional form of the geometric regularization (REGTYPE).

Two variations, however, led to larger changes in the model
rotation curve. By default, " BAROLO weights pixels according to
their angular distance 6y,,j from the kinematic major axis as | oS Opj|.
Weighting more strongly (cos? Omaj) makes little difference, but using
a uniform weighting for all pixels leads to a preference for a lower
inclination and a higher rotation curve amplitude, with a peak rotation
velocity of nearly 400kms~! (with the change in rotation speed
largely due to the change in the inclination). We suspect that the
models weighted by Oy, better capture the circular velocity curve of
the galaxy, since the unweighted model is likely biased by the bar
(roughly aligned with the minor axis) — residuals due to the bar are
clearly visible along the kinematic minor axis (Fig. 9, right panel).
The degeneracy between a bar pattern and the inclination angle (and
consequently the rotation speed) is well-known (e.g. Schoenmakers,
Franx & de Zeeuw 1997).

We also experimented with allowing a radial flow component in
the model (parameter VRAD), but found that the outcome was very
sensitive to the initial guess provided. Given the strong degeneracies
between inclination angle, a bar pattern and radial flows, it is

Table B1. Configuration used for 3? BAROLO, omitting those with no influence on the calculation (e.g. file paths, etc.). Other parameters omitted from this list

adopt the default values set by 3°PBAROLO.

Parameter Value Units Description

3DFIT TRUE - Enable 3D fitting

NRADII 25 - Number of rings

RADSEP 0.025 arcsec Inter-ring spacing

VSYS 0.0 kms™! Initial guess for systemic velocity

VROT 330.0 kms~! Initial guess for rotation speed

VDISP 37.0 kms™! Initial guess for velocity dispersion

VRAD 0.0 kms™! Radial flows are not modelled

INC 47.0 deg Initial guess for inclination

PA 115.0 deg Initial guess for position angle

z0 0.0138 arcsec Disc scale height, equivalent to 100 pc (see lorio et al. 2017, section 3.2.1.ii and 7.1)

DELTAVSYS 100.0 kms~! Allowed variation from initial guess for systemic velocity

DELTAINC 15.0 deg Allowed variation from initial guess for inclination

DELTAPA 30.0 deg Allowed variation from initial guess for position angle

FREE VROT VDISP INC PA VSYS - Free parameters of each ring: rotation speed, velocity dispersion, inclination, position angle, and
systemic velocity. Systemic velocity is fixed to a common constant for all rings to produce the
final model

FTYPE 2 - Figure of merit for minimization set to |model — data|

WFUNC 2 - Pixels weighted by angular distance 0pn,j from major axis as cos? Omaj

LTYPE 1 - Disc has Gaussian vertical structure

NORM LOCAL - Flux in each pixel is normalized before fitting kinematic model

TWOSTAGE TRUE - After initial fit, geometric parameters (systemic velocity, inclination, and position angle) are
regularized and remaining parameters are fit again

REGTYPE 1 - Inclination and position angle regularized with a polynominal of degree 1

BWEIGHT 1 - Relative weight for pixels with zero flux

FLAGERRORS TRUE - Statistical uncertainties are estimated (see Di Teodoro & Fraternali 2015, section 2.5.v)

LINEAR 0.4246 channels Equivalent instrumental root-mean-square spectral broadening

ADRIFT TRUE -

‘Asymmetric drift correction’ (but see Valenzuela et al. 2007, appendix A) calculated
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unsurprising that leaving all of these as free parameters causes the
model to lose constraining power. Overall, our impression is that
the amplitude of the flat portion of the rotation curve in our fiducial
model — our main interest in this work — is likely robustly estimated
by our modelling process, but that our model (locally axisymmetric)
model fails to capture the detailed kinematics of the galaxy that are
dominated by an m = 2 non-axisymmetric feature. A model that
explicitly includes such features (e.g. Sellwood & Spekkens 2015)

© 2025 The Author(s).
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may be more appropriate for further study of the kinematics of SPT-
2147.

This paper has been typeset from a TEX/IATEX file prepared by the author.
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