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ABSTRACT

We observed the gravitationally lensed (u = 9.6 + 0.19) galaxy A1689-zD1 at z = 7.1 in bands 3, 6, and 8 of the Atacama Large
Millimeter/submillimeter Array. These high-resolution observations (2200 pc) enabled us to separate the source into five components
in the [C11] 158 um and [O1I1] 88 um emission lines within a projected distance of 2kpc. Even though these components appear to
vary strongly from one another in both their line, continuum, and optical characteristics, the assembly of components do not show
ordered rotation and appear consistent with simulations of a galaxy system undergoing the process of assembly. The total dynamical
mass of the galaxy (2 x 10'" M) is an order of magnitude larger than the spectrally estimated stellar mass, suggesting a near-complete
optical obscuration of the bulk of the stellar component. Comparing the line ratios as well as the line properties to other properties
such as the star formation rate, we find that A1689-zD1 is consistent with the relations derived from local star-forming galaxies. Even
though A1689-zD1 lies on local star formation scaling relations and has a high dust and stellar mass estimate, the kinematics suggest
it is in an early assembly stage, which could lead to it becoming a disk galaxy at a later stage.

Key words. galaxies: evolution — galaxies: high-redshift — galaxies: ISM — galaxies: individual: A1689-zD1 — submillimeter: galaxies

1. Introduction

Galaxies at redshifts of z > 6 represent the early stages of
galaxy formation and evolution, often referred to as cosmic
dawn. Discovering these galaxies and determining their phys-
ical properties is key to understanding the further phases of
galaxy evolution (e.g., Bouwens et al. 2022a; Finkelstein et al.
2023; Rieke et al. 2023). Furthermore, these galaxies are essen-
tial for understanding the galaxy-scale processes that gave rise to
the epoch of reionization (e.g., Hutter et al. 2021). The gradual
change of a steeper slope of the faint end of the ultraviolet (UV)
luminosity function with increasing redshift (e.g., McLure et al.
2013; Finkelstein et al. 2015; Oesch et al. 2018; Bouwens et al.
2022b) implies an increased relative importance of the sub-Lsx
population’s contribution to the overall production of the UV

* Corresponding author: kirsten.knudsen@chalmers.se

light responsible for reionization. However, mapping galaxies
at redshifts z > 6 is challenged by the enormous distances
resulting in faint appearance, the redshifting of the rest-frame
UV/optical/near-infrared (NIR) light into wavelengths with low
atmospheric transmission, and the varying morphologies (i.e.,
clumpiness; e.g., Gullberg et al. 2018) of galaxies in the early
Universe might be more difficult to resolve with sensitive inter-
ferometers.

An efficient way to study the sub-Lx z > 6 galaxy pop-
ulation is through gravitational lens studies. The gravitational
lensing magnification aids the time expensive observations of
the low-luminosity galaxy population enabling detailed studies
of individual sources. Using submillimeter wavelength observa-
tions to resolve emission lines is a necessary means for determin-
ing physical properties and characterizing the dynamical state
of such galaxies. The far-infrared (FIR) fine-structure lines of
ionized carbon and oxygen has proven essential for this (e.g.,
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Hashimoto et al. 2019; Harikane et al. 2020). For local galaxies,
even dwarf galaxies, relations between the star formation rate
(SFR) and the line luminosity of the FIR fine-structures lines
have been established (e.g., De Looze et al. 2014; Cormier et al.
2015). However, the growing number of [CII] observations
of z > 6 sub-Lx galaxies have yielded a more complicated
result for the early epoch (e.g., Capak et al. 2015; Knudsen et al.
2016; Bradac et al. 2017; Carniani et al. 2017; Hashimoto et al.
2018; Tamura et al. 2019; Laporte et al. 2019; Bakx et al. 2020;
Jolly et al. 2021; Fujimoto et al. 2021; Molyneux et al. 2022);
for example, some of those early [C1I] observations yielded
several non-detections or line luminosities lower than initially
predicted. With the combination of high sensitivity and sub-
arcsecond resolution of modern submillimeter interferometric
observatories, it has become possible to resolve line emis-
sion even for z > 6 galaxies. This makes it possible to con-
duct dynamical studies (e.g., Carniani et al. 2013; Litke et al.
2019; Spilker et al. 2022; Rowland et al. 2024); however, with-
out gravitational lensing, reaching sub-kpc scales remains chal-
lenging. Numerical zoom-in simulations of z > 6 galaxies
show that the kinematics can be very complex. For example,
Kohandel et al. (2019) demonstrate that the same galaxy over
the course of hundred million years can change appearance from
a merging system to a rotating disk. The same simulations, as
well as those of Katz et al. (2022), also reveal how the predicted
observations are dependent on the orientation, showing the diffi-
culty of distinguishing different dynamical states with only low
angular resolution.

The galaxy A1689-zD1 was reported as a z > 7 candidate
with a photometric redshift of z = 7.6 (Bradley et al. 2008) and
this was confirmed with X-shooter spectroscopy that showed a
break in the continuum emission at a redshift of z = 7.5 + 0.2
(Watson et al. 2015). A1689-zD1 was also the first sub-Lx with a
dust-detection with the Atacama Large Millimeter/submillimeter
Array (ALMA), revealing not only a dust mass similar to that of
the Milky Way interstellar medium (ISM), but also a complex
distribution that could be interpreted as a potentially interacting
system (Watson et al. 2015; Knudsen et al. 2017).

Some of the brightest FIR fine-structure lines are
[CH] 158 um and [O 1] 88 um in star-forming galaxies. As car-
bon has an ionization potential of 11.2 eV, which is below that of
hydrogen, the [C11] line is used for both tracing neutral and ion-
ized gas. Ionized oxygen has an ionization potential of 35.1eV
and, thus, it is only observed in the ionized medium (e.g., HII
regions). Thus, while each of these two bright emission lines
can be used to resolve the properties of the ISM, when used in
combination, they also provide insights to the ionization state of
the ISM in early galaxies (e.g., Harikane et al. 2020; Killi et al.
2023).

Here, we present deep imaging of the two FIR fine-structure
lines [C11] 158 um and [OmI]88um for A1689-zD1. Some
of these data were recently analyzed and the results have
begun shedding light on different aspects about FIR prop-
erties (Bakx et al. 2021; Akins etal. 2022; Wong et al. 2022;
Killi et al. 2023). While the original goal of the [C1I] observa-
tions was to determine the redshift, the [CII] and [O1II] data
enable imaging of sub-kpc scales thanks to the gravitational lens-
ing amplification (thereby enabling multi-component decompo-
sition). Furthermore, we present detection limits from molecular
gas observations. The paper is structured as follows. Section 2
presents the ALMA observations and data, along with Green
Bank Telescope (GBT) observations of CO(3-2). Section 3 gives
the results including an analysis of the complex gas kinematics.
A discussion is given in Sect. 4 and our conclusions are sum-
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marized in Sect. 5. We assume a A cold dark matter cosmology,
with Hy = 67.7kms™ Mpc™!, Qy = 0.307, and Q4 = 0.693
(Planck Collaboration XIII 2016).

2. Observations
2.1. ALMA data

Observations of A1689-zD1 were obtained with ALMA to
search for the [CII] 158 um and subsequently to follow-up
the [Om] 88 um line (ALMA projects 2015.1.01406.S and
2017.1.00775.S). The [C1I] observations were tuned to match
frequencies of candidate emission lines found in previous data
(Knudsen et al. 2017). The receivers were tuned to 217.19-
220.94 and 231.98-235.74 GHz, where the line was predicted
to be in the former frequency range. The calibrators used were
J1337—-1257 for flux calibration, J1256—-0547 for bandpass, and
J1319-0049 for gain calibration. Data were calibrated using the
ALMA pipeline; we verified the observatory delivered calibra-
tion with only the need for limited additional flagging, however,
three out of ten executions needed the absolute flux calibration
redone as the pipeline had not included the correct values for
the flux calibrator. After this correction, the uncertainty of the
absolute flux calibration is estimated to be about 5%'. Com-
bining the data from all ten executions, we reached an overall
depth of 0.18-0.2 mJy/beam in a Skms~! channel> when imag-
ing using a Briggs weighting with a robust parameter of 0.5; the
angular resolution is 0.29” x 0.27"" and the position angle (PA)
is —80.8°. When combining the lower frequency band with the
continuum data from Knudsen et al. (2017), we obtained a root
mean square (rms) flux uncertainty of about 6.3 pJy/beam.

The emission line in the upper frequency band was detected
at v = 233.3GHz and identified as the [CII] 158 um emis-
sion line corresponding to a redshift of zjc;p = 7.133. Using
this redshift ALMA band 8 observations were obtained for
the [OmI] 88 wm line. The receivers were tuned to 404.40-
408.21 and 416.33-420.09 GHz. Calibration was performed
using J1229+0203 for flux and bandpass calibration, and
J1256—0547 for gain calibration. The observatory-delivered cal-
ibrated data were checked and considered sufficient, and no
further treatment was done. The data were imaged, yielding
a continuum map with rms of 29 uJy/beam and an line cube
with an rms of 0.39-0.44 mJy/beam in ~11 kms~! (15.625 MHz)
channels. The resulting images have an angular resolution of
0.33”7 x0.28”, PA = —87.3°, which is similar to the resolution of
[C1] and band 6 maps. A conservative estimate on the absolute
flux calibration is 10%. A continuum subtraction was performed
for both the [C11] and [O 1] data cubes using the CASA task
UVCONTSUB where the continuum was estimated using the line-
free channels.

ALMA band 3 observations of the CO(6-5) and CO(7-6)
lines were obtained using a receiver setup of 84.07-87.83 GHz
and 96.16-99.94 GHz (ALMA project 2017.1.00775.S). The
calibrator J1256—0547 was used for flux and bandpass cali-
bration, while J1319-0049 was used for gain calibration. The
observatory-delivered, calibrated data were of sufficient quality.
The data were imaged using natural weighting and also using uv-
tapering with a circular Gaussian profile of 0.5 arcsec resulting
in an angular resolution of 0.92” x 0.80” (PA = 64°). The rms

' In line with the technical handbook: https://

almascience.eso.org/documents-and-tools/cyclel®/
alma-technical-handbook

2 The range in rms reflects the variation between different channels of
the data cube.
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in the continuum map is 11 pJy/beam, and in the spectral cube
near the frequency of redshifted CO(6-5) [CO(7-6)] the rms is
0.23 [0.20] mJy/beam in a 15.625 MHz channel (corresponding
to a 55 [47]kms~! channel width).

2.2. GBT data

Using the GBT? observations, we carried out a search for the
redshifted CO(3-2) emission with the Q-band (40-50 GHz)
receiver. Six observing sessions (AGBT14A_565) were under-
taken in September-October 2014 and an additional eight ses-
sions (AGBT18A_230) were carried out in February—September
2018. In total, 64 hours of telescope time were used for searching
for CO(3-2) emission. The data were collected with the VEGAS
spectrometer using the wide bandwidth modes 1 and 3. The
observations were done using the sub-reflector nodding (“Sub-
BeamNod”) observing mode with a six-second switching period
between the two (Q-band beams that are separated by 58 arcsec
on the sky. At the central observed frequency of 42.5 GHz, the
full width at half maximum (FWHM) resolution of the GBT
beam is about 17 arcsec. The bright nearby quasar 3C279 was
used for pointing and focus, while 3C286 was used for abso-
lute flux calibration (Perley & Butler 2017). After correcting for
atmosphere, pointing drifts, and calibration, the uncertainty on
the final flux density scale is approximately 15%.

2.3. HST data

We reprocessed all available Hubble Space Telescope (HST)
and Spitzer data in archive in the A1689 field as a part of
the Complete Hubble Archive for Galaxy Evolution (CHArGE,;
Brammer, in prep.), which aims to perform uniform process-
ing and analysis of all archival HST and Spitzer data taken
away from the Galactic midplane (Fujimoto et al. 2022). We
aligned all of the HST exposures to sources in the Gaia DR2
catalog (Gaia Collaboration 2018) and created final mosaics
in a common pixel frame with 50 mas and 100 mas pixels for
the Advanced Camera for Surveys (ACS) Wide Field Channel
(WFC) and Wide Field Camera 3 (WFC3) IR filters, respec-
tively. We aligned the individual Spitzer exposures to the same
astrometric frame as the HST frame and generated final driz-
zled IRAC mosaics with 0”5 pixels. Further details of the HST
(Spitzer) image processing with the grizli (golfir) software
is presented in Kokorev et al. (2022).

3. Results
3.1. [Cu] and [O ]

Emission lines are detected in both ALMA data sets consis-
tent with [C11] 158 um and [O1I] 88 um. Both lines show a
complex line profile as well as complex surface brightness dis-
tribution. Similarly, the continuum emission shows a complex
structure consistent with the integrated emission line distribu-
tion. In Fig. 1, we show the moment-0 and moment-1 maps,
while in Figs. 2 and 3, we show the line emission per 40 kms~!
channel for both lines. The integrated line intensity along with
continuum flux densities are given in Table 1. The band 6 and
band 8 continuum results are consistent with the photometric
results from Knudsen et al. (2017) and Inoue et al. (2020).

3 The Green Bank Observatory is a facility of the National Science
Foundation operated under a cooperative agreement by Associated Uni-
versities, Inc.
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Fig. 1. Velocity-integrated maps of [C11] (left) and [O 1] (right) of
A1689-zD1 with the moment-0 (top) and moment-1 (bottom), derived
from the velocity ranges vcyy = -215-270km s7! and Vo =
—250-270kms~!, respectively. The contours represent the 3,5, 8, 12,
and 170 levels, where ojc; = 11.0mJy kms™ beam™ and ojon =
63.2mJykms™' beam™'. The moment-1 map is masked at 30 of the
moment-0 map.

3.2. Redshift

The [C11] 158 wm and [O 1] 88 um lines suggest central red-
shifts of 7.1329 and 7.1334, respectively, based on a single Gaus-
sian profile fit. Taking the mean of these as the systemic redshift
and the difference as the uncertainty, we find A1689-zD1 is at
z = 7.1332+0.0005. This is significantly (~13 000 km s~!) offset
from the redshift derived from the NIR spectrum of the Lyman-
break in Watson et al. (2015), which was 7.5 + 0.2. This is simi-
lar to the 11 000 km s~ difference seen in redshift determination
using optical/NIR spectroscopy and ALMA spectroscopy for
MACSJ1149-JD at z = 9.11 in [O 111] emission (Hashimoto et al.
2018) and the photometric redshift of 9.51 (Hoag et al. 2018), as
well as for GNz11 of zgigm = 11.1 versus zgpee = 10.6 con-
firmed with the JWST (Oesch et al. 2016; Bunker et al. 2023).
As bright Lyman-alpha emission or other UV emission lines
have not been detected in the spectra, the optical redshift has
been derived based on the continuum break. However, given the
potential large column of HI along the line of sight as well as
the relative faintness of these distant galaxies provides a chal-
lenge for obtaining redshifts. A detailed analysis of this will be
provided in Watson et al. (in prep.).

3.3. Molecular gas

Figure 4 shows the result of the GBT observations. The CO(3—
2) line was not detected, and the 30 limit is given in Table 1
assuming a linewidth of 300kms~'. To mitigate residual base-
line structures high-pass filtering methods were applied to the
individual SubBeamNod data scans. These filtering methods
would remove any underlying broad features (>1000kms™"),
while preserving emission for the expected line width of about
300kms~' and, thus, resulting in a flat spectrum (Fig. 4).
Although the line was not detected, if we were to smooth the
data further, there is a weak, nearly 20~ bump (with a width of
about 200+ 100 kms~! at z = 7.13 when fit by a Gaussian) at the
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expected frequency. Hundreds of hours of additional GBT time
would be required to test whether this “bump” is real.

The CO(6-5), CO(7-6), and the [C1] (1-0)492 GHz lines
were not detected in the ALMA band 3 data. Assuming a
linewidth of 300kms~! and an area similar to the [O 111] detec-
tion, we estimated 30~ upper limits for all three transitions.
These are given in Table 1. We note that detection of moder-
ately high-J CO transitions is a challenge of z > 6 galaxies (e.g.,
Hashimoto et al. 2023).

3.4. Gravitational lensing

We used a parametric model of the Abell 1689 mass distribution
to estimate the magnification and distortions at the location of
A1689-zD1, as well as across the source. Our reference mass
model is constructed with the Lenstool software (Jullo et al.
2007) and described in Limousin et al. (2007).

At the measured spectroscopic redshift of z = 7.133 this
model predicts a single image at this location with a total magni-
fication of 9.6, involving an angular magnification of ~6X, along
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a specific direction at PA = 85 degrees (roughly east-to-west),
and 1.6 perpendicular to it. The amplification factor and shear
directions do not vary by more than 10% and 5°, respectively,
across the 1.5” extent of the source (Table 2). This is due to
the fact that there is no significant cluster substructure or clus-
ter member identified in the vicinity of A1689-zD1, which could
locally affect the mass distribution and magnification.

To estimate the errors on the magnification factor, we used
the best-fit mass model and the range of Markov chain Monte
Carlo samples from the optimisation performed in Lenstool by
Limousin et al. (2007). We obtain a statistical relative error of
19% (Table 2). In addition, we make use of additional existing
mass models of the same cluster (e.g., Li et al. 2012) where a
different value is used for the relative contribution of the cluster-
scale and galaxy-scale distribution of the mass model, to esti-
mate the systematic uncertainty on the average magnification of
the source. We estimate a systematic relative error of 10%.

The angular magnification implies an angular resolution in
the [C1I] map of ~0.037” x 0.15”, which correspond to 0.2 X
0.78 kpc. Correcting the sensitivity for the magnification, this
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implies a spectroscopic rms of ~20 uJy/beam per 5kms~! chan-
nel and a continuum sensitivity of 0.67 uwJy/beam for the band 6
data, making this some of the deepest data obtained for a single
high-z galaxy with ALMA.

For the [O1m] data, the magnification-corrected resolu-
tion is ~0.051” x 0.18” corresponding to 0.27 x 0.95kpc.
The spectroscopic sensitivity corresponds to 42—47 uJy/beam
in a ~11kms™' channel and the continuum sensitivity is
3.1 Wy/beam.

3.5. Decomposition into galaxy components

When stepping through the continuum-subtracted ALMA line
datacubes, both [C11] (Fig. 2) and [O 1] (Fig. 3) show emis-
sion peaking at different spatial locations in the source as a
function of velocity. This complex structure is dominated by
three main spatial components with a maximum flux at ~—80
(“blue™), ~0 (“green”), and ~+160km s~! (“red”) and present in
both emission lines. This multi-component structure was already
evident from the complexity seen in previous continuum results
(Knudsen et al. 2017). However, emission lines at a high S/N
now provide us with a better possibility for disentangling this
scenario.

Table 1. Integrated line intensity and continuum flux density.

Line Iline (Jy km Sil) Lline

[C1x] 44 +£0.1 (5.8+0.1)x 108 Lo

[O 1] 5.3+0.1 (1.3 +0.02) x 10° Lo
CO(3-2) <0.034 <6.2x 108 Kkm s~ pc?
CO(6-5)* <0.68 <3.1x10° Kkms™' pc?
CO(7-6)* <0.64 <2.1x10° Kkms™ pc?
[C1)¢ <0.64 <3.8x 107 Lo
Continuum S, (mly)

417 GHz 1.5+0.13

233 GHz 0.49 +0.032

91 GHz* <47

Notes. The line luminosity is corrected for gravitational lensing mag-
nification. Y Assuming the source is extended over two beams in the
band 3 data.

First, as made clear from the relative spatial locations of
the main components, as well as the moment-1 map derived
from the cube (Fig. 1), they do not follow a regular structure
(as seen, e.g., in regular rotating disk galaxies). Therefore, we
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Fig. 4. Non-detection of CO(3-2) emission measured at the GBT
smoothed to a channel resolution of about 30 kms~'. The expected line
location based on the [C11] and [O 111] redshift of z = 7.133 is shown by
the vertical dotted line.

identified and model each component from the datacubes using
an iterative process: (1) we produce a narrowband image from
the line data comprising the main channels of emission in each
component; (2) we fit this image with a 2D elliptical Gaus-
sian model for the line flux distribution (including the cen-
tral location, total flux, full width at half maximum (FWHM)
along major and minor axes, and PA of the major axis); (3) we
extracted the corresponding spectrum of this component and fit
line parameters with a 1D Gaussian (central velocity, vy, veloc-
ity dispersion, 0y); and (4) we subtracted a 3D model of line
emission for this component combining the spatial and spectral
model.

Due to the proximity of some components (both spatially
and in velocity space), this fit is performed three times itera-
tively, subtracting all other components from the datacube before
a new fit. In addition to the three main components mentioned
above, two fainter components peaking at ~+80 (“yellow”) and
~=220 (*“violet”) kms~' were added, and more complex spa-
tial distributions of the flux were used when necessary from
the residuals. A few extended components also revealed a spa-
tial variation of the line peak, which we fit using an empirical
velocity gradient model (arctan model with a truncation veloc-
ity, vs, and a truncation radius, r;). We summarize the decompo-
sition into five components below and we provide the full model
parameters in Tables 3 and 4. We note that we originally identi-
fied the components from the [C1I] data, but we recovered the
same structure in the [OIII] data, where we followed similar
narrowband images and spatial distributions for the fit of each
component.

Violet: The faintest of the five components. It was fit with a
single non-rotating component and for [CII], the fit was made
challenging by empty channels between the spectral windows.

Blue: Modeled with two elliptical Gaussian components.
One is extended with rotation (denoted “bluel”) and one com-
pact with only weak rotation (“blue2”). Their central positions
are close but not identical.

Green: Broad component modeled with a single extended
source, which has weak rotation.

Yellow: Single compact component with no measurable rota-
tion.

Red: Combination of two individual elliptical Gaussian pro-
files with weak rotation, extended in the WSW-ENE direction.
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Table 2. Individual magnification factors for the different components.

Component U

Violet 9.44+1.79
Bluel 9.44+1.79
Blue2 9.38+1.78
Green 9.62+1.83
Yellow 9.84+1.87
Redl 9.34+1.77
Red? 9.48 +1.80

Combining these five components, we recovered 95 and 97%
of the total emission measured in the [CII] and [O111] line data,
respectively, (Fig. 5) in the inner region (not the extended region
studied in Akins et al. 2022). Some extra emission, somewhat
diffuse, appears to be present but cannot easily be modeled as
individual components. It is worth noting that the choice of
decomposition (number of components and their parametriza-
tion), while somewhat arbitrary, is driven by the complexity and
the high signal-to-noise ratio (S/N) of the data. Correcting the
data for gravitational magnification, the extracted components
are found to have sizes in the range 0.1-1 kpc.

For comparison of the derived model to the data, we show
the moment-0 and moment-1 maps of both the observations and
the model in Fig. 6 for both [C11] and [O 111]. The residual maps
indicate that the models effectively reproduce the observations.
We note that for [CII] there could be a small offset and that this
could be due to the [C II] emission having an additional extended
component (e.g., Akins et al. 2022), which adds to the complex-
ity of the source.

In Fig. 7 we show the contours of the individual components
from [C11] and [O 111] overlaid on the HST images. The relative
astrometry of the HST and ALMA images should be correct to
0703 allowing us to make a robust comparison of the galaxy’s
UV and the ALMA results. As the HST data show no significant
systematic color change across the galaxy, we used a stacked
image combining the data from observations using the F125W,
F140W, and F160W HST filters to increase the S/N of the rest-
frame UV data. For further illustration of the data, we show the
decomposed components in the 3D in Fig. 8, using an approach
to showing 3D data similar to that of Spilker et al. (2022) and
showing the emission of each component above S/N of 3.

The clearest difference between the UV and FIR data is the
number of components, with two components seen in the UV
and the five components of the [CII] and [O1II] data. Both the
violet and yellow components have no obvious UV-counterpart.
Given the apparent offsets between the green, blue, and red com-
ponents, we cannot unambiguously associate the components
with the UV-components. One possible interpretation is that
green is associated with the SW UV-component and blue is asso-
ciated with the NE UV-component. In contrast, the violet and
yellow components do not show HST counterparts, while dust
continuum emission is detected from these components. This
suggests that completely dust-obscured regions exist in this sys-
tem, consistent with the highly (~80-90%) obscured SFR frac-
tion of A1689-zD1 (Bakx et al. 2021; Akins et al. 2022). This is
also reminiscent of the recent identification of completely dust-
obscured HST-dark galaxies at z > 7 Fudamoto et al. (2021).
We further discuss the possible origins of these components in
Sect. 4 below.
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Table 3. [C1I] model results.

Component X Y FWHM,; FWHM, (7] Flux Vo tox Uy 2 i 6,
["] ["] ["] (] [deg] [ykms™'] [kms™'] [kms™'] [kms™'] [”] [deg] [deg]
Violet -04 02 <0.13 <0.31 [0.0] 0.06+0.01 -235 40 10 0.5 [30] 180
Bluel 0.2 0.1 0.61 1.32 80.8 0.85+0.02 -90 75 60 2.4 [30] =20
Blue2 0.4 0.1 <0.14 <0.34 [0.0] 0.10+0.01 =50 40 10 0.5 [30] 180
Green -03 -03 0.38 0.57 96.3 0.55+0.02 20 90 40 2.8 [30] 200
Yellow -06 -0.6 <0.08 <0.24 [0.0] 0.04+0.01 76 60 0 0.1 [30] =35
Redl 0.1 0.3 0.23 0.60 754  0.42+0.02 160 60 5 0.5 [30] =20
Red2 -06 02 0.45 0.45 0.0 0.13+0.02 160 60 5 0.5 [30] =20

Notes. Central position is provided from the location @ = 197.8747351 6 = —1.3218751. The FWHM values are corrected for the beam, but not for
the gravitational magnification. Values in square brackets are fixed parameters. Correcting the data for gravitational magnification, the extracted

components are found to have sizes in the range 0.1-1 kpc.

Table 4. [O 111] model results.

Component X Y FWHM,; FWHM, (7] Flux Vo tox Uy s i 6,
["] ["] ["] [”] [deg] [ykms™'] [kms™'] [kms™'] [kms™'] [”] [deg] [deg]
Violet -03 0.1 0.23 0.23 0.0 0.20+0.01 -235 40 10 0.5 [30] 180
Bluel 0.2 0.0 0.46 0.84 574 1.66+0.03 -60 90 60 2.4 [30] =20
Blue2 0.4 0.2 <0.14 <0.39 [0.0] 0.28+0.01 =50 40 10 0.5 [30] 180
Green -02 -0.2 0.31 0.41 834 236+0.02 20 90 40 2.8 [30] 200
Yellow -06 -0.6 <0.1 <0.39 [0.0] 0.20+0.01 76 50 0 0.1 [30] =35
Redl 0.1 0.3 0.14 0.54 81.0 0.78+0.03 160 50 5 0.5 [30] =20
Red2 -05 0.1 0.32 0.32 0.0 0.38+0.01 160 50 5 0.5 [30] =20

Notes. Central position is provided from the location a = 197.8747351 6§ = —1.3218751. The FWHM values are corrected for the beam, but not
for the gravitational magnification. Values in square brackets are fixed parameters.

3.6. Disentangling the dust continuum

We also estimated the flux densities of the continuum emis-
sion in band 6 and band 8 for each component. We first per-
formed a forced-aperture photometry. Given that [O1II] 88 pm
shows a better correlation than [CII] 158 um with the SFR
(e.g., De Looze et al. 2014; Olsen et al. 2017), we optimized
spatial positions and shapes of the apertures following the
five components of the [OMI] model. In the left panel of
Figure 9, we show the five aperture positions and shapes and
summarize the extracted flux densities in Table 5. In this
approach, the apertures do not overlap with each other; how-
ever, we cannot rule out the possibility that some measurements
within the aperture are affected by contributions from other
components.

Next, we modeled and decomposed each contribution by
using CASA IMFIT. From the observed morphology, we assumed
four components. The violet (red) component was not included
in the fitting for the band 6 (band 8) maps, but we extracted its
photometry with a radius of 0”2 aperture on the residual map.
We fixed the spatial positions of the faint components of red
and violet when they are included in the model. We kept the
flux density as a free parameter, while we fixed some of the
other parameters (size, axis ratio, and PA) in a routine process to
obtain stable results. In Table 5, we summarize the flux density
estimates in the both bands for each component. By assuming a
single modified blackbody and a spectral index of 8 = 1.7 in a
spatially averaged manner (Akins et al. 2022), we also derived
the dust temperature (7gus) and IR luminosity (Lig). Due to the
low S/N for the violet and red components, we derived their
Lir values by fixing their T4,y = 41 K taken from the spatially
integrated best-fit value presented in Akins et al. (2022). These

estimates are also listed in Table 5. The sum of the five com-
ponents gives 0.45 + 0.20mJy and 1.71 + 0.58 mJy in bands 6
and 8, respectively. The band 8 continuum is comparable to the
total flux estimate in Table 4, while the band 6 continuum model
underestimates the total flux by ~50%. This indicates that the
diffuse continuum emission, significant in band 6 (Akins et al.
2022), is not fully recovered by this decomposition analysis. The
continuum model and residuals are shown in Fig. 9. We note that
we here use a higher resolution weighting scheme compared to
Akins et al. (2022) and thus the difference is less evident in the
residuals.

4. Discussion
4.1. Resolved and overall physical properties

Based on the component analysis from the previous subsec-
tions, we estimate the line luminosity and the continuum
properties of each component. The line luminosity is esti-
mated both using the observations and the model results. In
Table 6 we provide the line luminosity derived for each com-
ponent. The uncertainty is estimated from the observed data,
but does not include the uncertainty on the absolute flux
calibration.

Based on our resolved line and continuum estimates, we can
evaluate physical properties of the full source and the individual
components. While blue and red are further decomposed into
two subcomponents in Sect. 3.5, here we focus on the physical
properties of the brighter component that dominates their total
emission.
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Fig. 5. [C11] (top) and [O111] (bottom) spectra (continuum-subtracted)
overlaid with the resulting models for each component (color coded
according to their component names). The black line shows the sum of
the models. The residuals after subtracting the model results are shown
as a thin gray histogram.

4.1.1. Total SFR

We calculated the total SFR by summing the obscured (SFRyr)
and unobscured SFR (SFRyy) based on the ALMA and HST
observations. We measured the UV luminosity Lyy for blue and
green components with a 0”/2-radius circular aperture placed at
the peak positions of the two blobs observed in the HST maps.
Because of the lack of the HST counterparts, we obtained a 30
upper limit with the same size aperture for the other components.
We used the same conversions from IR and UV luminosity to
SFR as Akins et al. (2022) based on the calibration presented in
Murphy et al. (2011) and obtain a total SFR of 16.5f%_28 Mgy yr‘l.
We did not account for the calibration uncertainty in the error
estimate.

We confirm consistency with previous measurements
(Bakx et al. 2021; Akins et al. 2022) given the recovery frac-
tion of the total dust continuum in our measurement (Sect. 4.1).
We found that the obscured fraction fy,s is ~80% in the blue
and green components, respectively, and more than ~90% in the
other components, indicating the high obscuration in every part
of the system. We summarize SFR|g, SFRyy, and fy,s for the
individual components in Table 7.
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4.1.2. SFR-L;;,. relation

In Fig. 10 we show SFR-Lcr; and SFR—Lion relations for the
individual components and the entire system of A1689-zD1. We
also show for comparison results obtained in local galaxies and
z > 6 galaxies without active galactic nuclei (AGNs) from the
literature. For A1689-zD1, we find that the relation in both lines
is consistent with previous results for z > 6 galaxies, where the
[C1] line is slightly below the relation from local galaxies, but
within its 1o range; whereas the [O 1T] line agrees well with it.
For individual components, we find that the relation has a little
scatter, but still falls within the 1o range of the local galaxies.
These results are consistent also with ALMA results for z > 6
lensed galaxies (e.g., Knudsen et al. 2016; Fujimoto et al. 2021;
Molyneux et al. 2022).

Given that the emission is resolved, it is also natural to
compare this to local galaxies. For example, the SHINING sur-
vey of nearby star-forming galaxies extensively studied FIR
fine-structure lines and compared this to continuum properties
(e.g., Herrera-Camus et al. 2018). Comparing line luminosity
to the FIR luminosity and the FIR surface brightness, Xgr, of
A1689-zD1 to the results from the SHINING, we note that [C1I]
results are within the scatter and consistent with that of SHIN-
ING results, while the [O1II] line appear about a factor two
brighter than the brightest [OTII] detections in the SHINING
survey.

In a compilation of z = 5-7 galaxies with [CII] detec-
tions, Carniani et al. 2018 find that “normal” star-forming galax-
ies deviate from the local empirical relation of Zgpr — Xjcm
with a typically lower [C1I] surface brightness. Comparing the
SFR-Licy relation from the ALPINE survey (Schaerer et al.
2020), assuming average extended emission of 8 kpc? (as done
in Possesetal. 2025), it is positioned between the rela-
tion from Carniani et al. (2018) and the local relation from
Herrera-Camus et al. (2015). Differences between the differ-
ent populations (e.g., local vs. high-redshift galaxies) could be
caused by heating mechanisms, effects of metallicity, or the
ionization parameter (e.g., Carniani et al. 2018). In Fig. 11, we
compare the resolved [CII] emission of A1689-zD1 with those
relations and with recent results of the two resolved high-z
galaxies REBELS-25 (Rowland et al. 2024) and CRISTAL-05
(Posses et al. 2025). For REBELS-25, we estimated Zsgr and
Yici assuming a 2D Gaussian distribution and the effective
radius from Rowland et al. (2024) for estimating the area. For
the A1689-zD1 components, we also assumed a 2D Gaussian
distribution with the model FWHM from Table 3. We note
that the plotted errors do not include the uncertainties of the
sizes. Given the large uncertainties on the SFR estimates, the
individual components of A1689-zD1 are comparable to the
high-redshift results of REBELS-25, CRISTAL-05, and the rela-
tion from ALPINE. The red component appears partly consis-
tent with the local relation from Herrera-Camus et al. (2015),
which could be indicative of a more efficient heating (e.g.,
Herrera-Camus et al. 2015).

4.1.3. SFR_L[OIII]/L[CH] relation

We also compared the line luminosity ratio of [CII] and
[OmI] to the SFR for z > 6 galaxies, shown in Fig. 12.
While the estimates of the line ratios of the components
span a range of a factor two, they are relatively consistent
with the overall result for A1689-zD1. It has been found that
Liomn/Licm 1is typically above 2 for z > 6 galaxies, however,
this is based on a relatively small number of sources so far
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Fig. 6. Overall moment-0 maps (first and third rows) and moment-1 maps (second and fourth rows) for A1689-zD1 for [C1I] and [O 11] for the
data (left), the model (middle), and the residuals (right). Contours show the model with the gray showing the moment-0 (3, 4, 5, 7, 10, 13, 16, and
190, where the rms is measured in the data regions excluding the source), and the white contours showing the moment-1 in steps of 20kms™'. The
applied mask is determined from the model. We note that this does not include the extended “halo” component presented in Akins et al. (2022).

(Harikane et al. 2020; Carniani et al. 2020). High Loun/Licm
ratios have also been found in local low-metallicity dwarf galax-
ies (e.g., Cormier et al. 2015). However for local luminous IR
galaxies, the ratio tends to be <1 (e.g., Howell et al. 2010;
Diaz-Santos et al. 2017).

Using a compilation of new data and literature results,
Harikane et al. (2020) modeled the line ratios. They use simple
photoionization models and discuss how several different physi-
cal effects impact the ratio; for example, the metallicity, ioniza-
tion parameter, gas density, C/O ratio, and cosmic microwave

background (CMB) attenuation. They find different properties
can explain this, in particular very high ionization parameters
or low photo-dissociation region coverage. Extensive modeling
using cosmological radiation-hydrodynamics simulation have
been published by Katz et al. (2022). Those simulations show
that several effects, such as ionization parameter, CMB atten-
uation, and the ISM gas density, can play a significant role;
however, in order to reproduce the observed results, the C/O
abundance need to be lower than the solar value (e.g., Bakx et al.
2024).
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Fig. 7. Contours of the individual components of the [C1II] 158 um
(top) and [O 11] 88 um (bottom). Overlaid is the combined HST image
obtained with F125W, F140W, and F160W filters. The contours are
color-coded according to their component name; contours are in steps
of 20 starting at 40 (see Fig. 14 for the rms).

Comparing to the line ratios of the SHINING survey for local
star-forming galaxies (Herrera-Camus et al. 2018), we note that
the [O TiT}Ho-[C 1] luminosity ratio is about a factor two higher.
Given the relatively well-sampled global spectral energy dis-
tribution (SED; Bakx et al. 2021), we estimate the continuum
ratio Se3um/S 122um ~ 1.2—1.7. In the SHINING sample, the
sources With S63um/S122um > 1 are typically also the sources
with Lionn/Licm > 1; however, we note that SHINING only has
few sources with such high line ratios.

4.1.4. Size-velocity relation

In Fig. 13 we also compare the relation between size and veloc-
ity dispersion of the individual components with other spatially-
resolved measurements from local to high-redshift galaxies.
For size, we adopted the effective radius for the comparison,
assuming for the Gaussian profiles that the half-width-at-half-
maximum is comparable with the effective radius. By assuming
virialized clouds in the same manner as Spilker et al. (2022), we
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also calculated the expected size and velocity dispersion at given
mass surface density (illustrated by the dotted lines in Fig. 13).

We find that the individual components are different from
the distribution of the clumps observed in the local galaxies,
but fall between the parameter spaces observed in the high-
redshift, lensed, star-forming galaxies of the “Cosmic Snake” at
z = 1.036 (Dessauges-Zavadsky et al. 2019) and SPT 0311-58
at z = 6.900 (Spilker et al. 2022). The distribution of the indi-
vidual components are aligned with the dotted line, showing that
their mass surface densities are comparable with those of the
star-forming clumps observed in the other high-redshift lensed
galaxies. This might indicate that the internal star-forming mech-
anisms resemble each other, even though there is a large dif-
ference in the total SFRs of these high-redshift lensed galaxies,
from a few tens to thousands of solar masses per year.

4.1.5. Kinematics

To analyze the kinematics of each component, we created
a fiducial 3D data cube for each component by subtracting
the 3D models of the other components (Sect. 3.5) and pro-
duced moment-0 and moment-1 maps. In Fig. 14, we show the
moment-0 and moment-1 maps of both the [C1I] and [O 111] lines
for each component. The moment-0 maps are shown in terms
of their S/N, with the rms indicated in the figure caption. Two
versions of the moment-1 are displayed: one showing the veloc-
ity relative to the overall galaxy (z = 7.133) and one with zero
velocity centered in the component.

We find in the [CTI] moment-1 map that blue component
shows a symmetric velocity structure, from blueshifted in NE
to redshifted in SW around its intensity peak. Apart from the
blue component, we do not find clear velocity gradients in the
moment-1 maps of any other component in the [C1I] or [OII1].
We thus regarded blue as a potential rotator and the other compo-
nents as dispersion-dominated systems. We note, however, that
blue does not show a similar velocity gradient in the [OI]
moment-1 map. As discussed in Rizzo et al. (2021), this may
be explained by the difference in the motions between ionized
and cold neutral gases, where the ionized gas is more likely
tracing turbulent motions affected by stellar feedback for exam-
ple, although the rotation has been seen in [OTI] at z ~ 9
(Tokuoka et al. 2022). In fact, Akins et al. (2022) report differ-
ent line profiles between [C 1] and [O 111] at the highest SFR sur-
face density region, mostly corresponding to green, which may
be explained by the outflow of the ionized gas.

4.1.6. Dynamical masses

We also estimated the dynamical masses, Mgy,, of the individ-
ual components. For blue, we assumed a disk-like gas distri-
bution, given the potential rotation (Sect. 4.1.5), and followed
Equation (4) in Dessauges-Zavadsky et al. (2020):

Mdyn 5 ( Ucirc 2 2r,
2o 1 16% 10 (—) e, 1
( M, ) X kms~!/ \kpc M

where r, is the effective radius, v is the circular velocity of
the gaseous disk, including the inclination correction, given by
Veire = 1.76307/sin(i) and i = cos™' (FWHM,/FWHM, ).

For the other components, we assume dispersion-dominated
systems and virialized bodies, following Equation (10) of
Bothwell et al. (2013), as

Mayn 6f 00 2 re
~ 1.56 % 10 ( ) , 2
( Mo ) X kms~!/ \kpc @
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Fig. 8. Decomposed components of the observations of A1689-zD1 shown in 3D with color-coding according to component name. The integrated
moment-0 maps is shown at the end of the plot.
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Fig. 9. Decomposition of the band 6 (about 158 um, fop) and band 8 (about 88 um, bottom) dust continuum for the five components. The 4" x 4”
cutouts of the observed, IMFIT model, and residual maps are presented from left to right. The solid and dashed contours show the intensity at the
2,3,4,5,6, 8, and 100 levels and —3 and —20 levels, respectively, which are measured based on the residual map. The spatial position of the five
[O 1] components are marked with the color crosses. The cyan circles indicate the elliptical apertures that are used for the aperture photometry.

Table 5. Dust continuum decomposition.

Comp.  Sggumap S 158 um,ap S 88 um,mod S 158 ym,mod Taust,ap Lir ap Taustmod  L1R.mod Lira1x
[mJy] [mJy] [mJy] (mJy] K] [10"Lo] (K] [10"Lo]  [10" Lo)
Violet  0.15+0.02 0.03+0.01 0.20 = 0.04 0.01 £0.01¢ 685‘2 4.9f;_63 - - 1.1:1):2
Blue  030£001 0094002 057+010  0.16+004 47 37715 5317 gorll 5002
Green 038001 010£002 068+0.13  018+003  S56*)1  70%2 5679 1317 53+78
Yellow 0224002 006+001 025£0.02 007002  55%16 380  4o+13 33028 54
Red 0154002 004+001 014+008 006+001 6238 3614 - - 1.5+22

Notes. Infrared luminosity, Lz, and SFR estimates are corrected for gravitational lensing. @ We extracted the photometry by using a 0’2 circular

radius aperture placed on the residual map, instead of including this component in the model.
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Table 6. Integrated line intensity and line luminosity per component.

Comp- ] E)(IZ);I] ] Eg(l)?] 1 FCI;;H] ] Egﬁjl] L([)cb;l] LFS?] L?gin] LFE)OI?I] LFB?H]/ LFlcjil] L{rcl;)l(llu/ LFE(}?]
onent [Dykms™'] [108 L]

Violet 0.068 +0.0082 0.044 0.12 £0.034 0.13 0.093 £0.011 0.059 0.30+0.083 0.31 32+097 52+1.7
Blue 1.5+0.043 1.5 1.7+0.11 1.7 2.1 £0.058 2.1 4.1 £0.26 4.1 1.9+0.13 2+0.14
Green  0.95 +0.032 1.0 2.1+0.1 2.2 1.3 +£0.043 1.4 5.2+0.24 54 40+023 4.0+0.22
Yellow 0.13+£0.0096 0.11 0.17+£0.035 0.15 0.18+0.013 0.15 0.41+0.084 036 23+049 24+0.59
Red 0.66 +0.024 0.66 1.0+0.077 095 090+0.033 090 2.4+0.19 23 27+023 2.6+0.23

Notes. Line luminosities are corrected for lensing magnification.
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Fig. 10. Line luminosity vs. SFR for Licy; (left) and Liomy (right). Black outline diamonds with color centers indicate the color-coded individual
components from Sect. 3.5. The uncertainty on the SFR-axis for each component corresponds to the range given by a Ty = 25-55K. The
orange and gray lines and associated regions show the relations for star-forming galaxies and low-metallicity dwarf galaxies from De Looze et al.
(2014). Data from the literature is included for comparison for high-z galaxies without AGNs (Capak et al. 2015; Inoue et al. 2016; Knudsen et al.
2016; Pentericci et al. 2016; Bradac et al. 2017; Laporte et al. 2017, 2019, 2021; Carniani et al. 2017; Smit et al. 2018; Walter et al. 2018;
Hashimoto et al. 2018, 2019; Tamura et al. 2019; Harikane et al. 2020; Binggeli et al. 2021; Fujimoto et al. 2021; Molyneux et al. 2022). We note
that the data from the REBELS survey include the sources with Licy and UV +1R SED-estimated SFR (Sommovigo et al. 2022; Ferrara et al.
2022). On the right panel, for [O 111] we also include the results from Marrone et al. (2018). In the left panel, the blue and magenta lines represent

model predictions from Vallini et al. (2015) and Olsen et al. (2017).

where o is the line-of-sight velocity dispersion and r, is the
effect radius of the sources as described from the fitting above,
and thus giving the dynamical mass within the effective radius.
Because the [C11] and [O1m] lines could trace different gas
motions and regions, we estimated two Mgy, values for each
component separately — [CII] (Mayn icm) and [O 1] (Mayn,jom)-
We note that given the complicated morphology and kinematics
of the system, each component might not be virialized. Nonethe-
less, the estimates provide a meaningful estimate of the dynami-
cal mass. We summarize the various estimates of Mgy, in Table 7.

4.2. Mass of A1689-zD1

While A1689-zD1 was originally discussed as a modest, star-
forming galaxy (Bradley et al. 2008; Watson et al. 2015), there
are now several lines of evidence that indicate the galaxy is much
larger and more massive than the stellar and gas mass derived
from the continuum emission. The 12 kpc extent of the [CII]
emission (regardless of its origin; Akins et al. 2022) as well as
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the increased IR SFR (Bakx et al. 2021; Akins et al. 2022, and
Sect. 2) point to a bigger system. Furthermore, the dynamical
mass estimates of the clumps (Sect. 7) indicate that the galaxy
may be much more massive than originally believed, with a
summed dynamical mass about 1.5 x 10'? M. This is an order
of magnitude larger than the estimated stellar mass based on
SED modeling including Spitzer-IRAC 3.6 um and 4.5 um detec-
tions. This implies an unfeasible high gas mass fraction given
the approximately solar metallicity inferred from the FIR emis-
sion line ratios (Killi et al. 2023). The total metal mass of the
galaxy would then exceed what could be produced the core col-
lapse supernovae in a Chabrier initial mass function. On this
basis, the gas mass fraction of this large dynamical mass is
unlikely to be more than about 50%. There is certainly sufficient
dust in the galaxy: a screen of half the estimated dust mass in
A1689-zD1 distributed uniformly across 2 kpc? would result in
an Ay ~ 40 mag using the Milky Way dust extinction to column
density ratio (Watson 2011). Since the star-formation obscura-
tion fraction is about 90% (Akins et al. 2022), the stellar mass
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Fig. 11. Surface brightness, SFR, [CII], Xsgr, and Xcy; for the
individual components of A1689-zD1 compared to recent results of
the resolved high-z galaxies REBELS-25 (Rowland et al. 2024) and
CRISTAL-05 (Posses et al. 2025, the circles show resolved measure-
ments across the galaxy). The turquoise line and region shows the
local relation from Herrera-Camus et al. (2015), the blue dotted line and
region show the relation from ALPINE (Schaerer et al. 2020, assuming
an average area of 8kpc?). The dashed gray line and region show the
relation for z = 5.5-7 galaxies (Carniani et al. 2018).

is unlikely to be underestimated by more than this, namely, by
more than an order of magnitude. The stellar mass is therefore
likely to be about 1-2 x 10'° M,,. These issues are discussed in
greater depth in Killi et al. (2023).

4.3. Considering the physical origin of A1689-zD1

The complex gas structure and kinematics of A1689-zD1
revealed by the ALMA observations are different and exhibit
a higher degree of irregularity compared to other z > 7 galax-
ies, where the multiplicity is often characterized by two or
three [C 1] components (e.g., Matthee et al. 2017; Carniani et al.
2017; Hashimoto et al. 2019), with separations on scales of
2-T7kpc. Other observations show either [CII] that is sepa-
rated from other components (e.g., [O11]) and extended (e.g.,
Maiolino et al. 2015; Marrone et al. 2018). Single-components
at scales of about 3 kpc with some degree of rotation have also
been claimed in UV-bright galaxies at z > 6.5 (e.g., Smit et al.
2018; Tokuoka et al. 2022). Other [C II] detections either do not
have sufficient S/N or angular resolution to resolve the emission
(e.g., Knudsen et al. 2016; Bradac et al. 2017; Pentericci et al.
2016).

Many recent results for galaxies at z > 4, particularly
from ALMA observations, show very clear velocity gradients
(e.g., Jones et al. 2017; Smit et al. 2018; Neeleman et al. 2020;
Tokuoka et al. 2022; Rowland et al. 2024; Posses et al. 2025). In
many cases, the observed velocity gradients are interpreted as
gas rotation and, in some cases, this can also be aptly described
by rotational models (e.g., Carniani et al. 2013; Litke et al. 2019;
Jones et al. 2021; Rizzo et al. 2021). These results are based
both on non-lensed sources and gravitationally lensed galaxies
and also across a range of different luminosities and masses.
Certainly, the same system can change appearance due sim-
ply to inclination angle or evolution over a relatively short
time. Only a few hundred million years separating z = 7 from
z = 5-6 would be sufficient for a system to change from disk
rotation to merger-dominated, according to the simulations of
Kohandel et al. (2019).

M A1689 combined
(> Individual components
® Other z>6 results

O

10!

¢
*—9

‘?

Liom / Licn
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107 107

SFR [Me yr=1]

107

Fig. 12. Line luminosity ratio of [O1IT] and [C 1] vs. SFR for each com-
ponent of A1689-zD1 compared to other high-z detections (Inoue et al.
2016; Laporte et al. 2017, 2019; Carniani et al. 2017; Hashimoto et al.
2018, 2019; Tamura et al. 2019; Harikane et al. 2020; Witstok et al.
2022; Algera et al. 2024; Bakx et al. 2024). The diamonds represent the
individual components color-coded according to their name, and the
star formation is the one derived from the aperture measurements, as
given in Tables 6 and 5. The orange and gray region and line indicate
the range of the line ratio for local low-metallicity dwarf galaxies and
starburst galaxies from De Looze et al. (2014).

It is worth noting that our angular resolution is about 5—
20 times better than galaxies studied by Smit et al. (2018) and
Matthee et al. (2017) due to the observational setup and the grav-
itational lensing magnification, which allows us to clearly rule
out a simple ordered rotation for A1689-zD1. While a some-
what lower resolution would likely be sufficient to demonstrate
that A1689-zD1 is not fully explained based on simple rota-
tion, the sensitivity of data we have here, combined with a fac-
tor ~9.6 in gravitational magnification reveal structures that are
rarely detected in galaxies at high redshifts. Our conclusion here
is somewhat at odds with Wong et al. (2022), who argued for
a clear velocity SE-NW across the galaxy, with the NW being
more dust-obscured. However, the presence of the violet com-
ponent co-spatial with the redder part of the galaxy compli-
cates a simple merger picture, as does the possible rotation and
extent of the blue component. The results for the lensed galaxy
SPT0311-58 at z = 6.9 observed with ALMA, has a com-
parable S/N and sub-kiloparsec resolution and also displays a
clumpy structure (Spilker et al. 2022). This suggests that a high
S/N combined with spatial resolution significantly below the kpc
scale may be important in fully exploring the dynamical state of
at least some z > 6 galaxies.

4.3.1. An early galaxy assembly possibly consisting of five
small clumps

One possible interpretation of the detection of several compo-
nents within projected distances of ~3kpc and the detection
of extended [CII] emission is that we are witnessing the early
assembly of the inner kiloparsec-scale region of a galaxy. In such
a scenario each of the components would represent ISM/mass
substructure, possibly as (super)giant molecular clouds or young
stellar clusters in the assembly of the bulge region. Given the
large relative offsets and velocities, the ordered motion seen
in disk galaxies would not have been established thus far. The
extended [CII] detection (Akins et al. 2022), would either be
halo gas or possibly part of extended ISM, part of a bound
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Fig. 13. Radius-velocity relation of the clumps in A1689-zD1 compared
to giant molecular clouds (GMCs) in the Milky Way (Heyer et al. 2009),
in the nearby spiral M64 Rosolowsky & Blitz (2005), a compilation of
other low redshift galaxy GMCs (Bolatto et al. 2008), in the so-called
Cosmic Snake at z = 1.0 (Dessauges-Zavadsky et al. 2019), and in the
clumpy, lensed SPT0311-58 at z = 6.9 (Spilker et al. 2022). Lines
of constant surface mass density are shown, following Spilker et al.
(2022). The clumps in A1689-zD1 have a high surface mass density,
1.5 dex higher than low-z GMCs and similar to SPT0311-58 and the
Cosmic Snake, though with clump sizes that are factors of several
smaller than in the more massive galaxy SPT 0311-58 and much larger
than observed in less star-forming galaxies at lower redshift. Our small-
est components are unresolved, indicating the possible presence of even
smaller clumps, possibly corresponding in size to those in the Cosmic
Snake or M64.

system. If this was the case, we might expect an extended stel-
lar component following the structure of the extended [CII],
which could be detectable with JWST. As argued above, the
stellar mass may be much larger than indicated by the Spitzer
observations. However, simulations of early galaxies suggest
that they are unlikely to have effective radii larger than 2-3 kpc
(Roper et al. 2022), indicating that such an extended galaxy
interpretation is less favored. This suggests that if A1689-zD1
has a large obscured stellar mass, it is most likely concentrated
in the inner few kiloparsecs.

4.3.2. Galaxy merger interpretation

The blue, green, and red components dominate the galaxy’s
emission. As discussed above (and essentially indicated by
Wong et al. 2022), it is possible that the blue and green com-
ponents could be associated with the two rest-frame UV com-
ponents detected with HST. Given the velocity difference of
80kms~' and projected physical separation of 0.8—1.4kpc
between these two (the range is given by the slightly differ-
ent positions in the [C1I] and [O1I] data), one interpretation
could be interaction and merger. The red component shows an
extended tail-like structure, which could suggest that this is an
additional component being pulled towards the green and blue,
while the elongated structure represents a tidal tail of the gas.
The red component is separated by 0.7—1 kpc in projection and
220kms~! from the blue component and by 1.8-2.1 kpc in pro-
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jection and 140 km s~! from the green. This could suggest a sce-
nario of a merger event between green and blue, with red being a
gas-rich structure or a scenario of a triple-merger, where the red
component contains a more dust-obscured stellar population and
a tidal disruption of the gas distribution. The sizes and distribu-
tion could be consistent with the ‘merger’ phase observed in the
simulations of Kohandel et al. (2019). However, without the spa-
tial information from the radial direction, such merger scenarios
are difficult to constrain.

4.3.3. Combined scenario

In the two subsections above, we describe the assembly of the
inner few kiloparsecs of a galaxy or a merger scenario of two or
three galaxies. A third plausible interpretation could be a combi-
nation of the two. Given the complex, almost chaotic structure,
blue, green, and yellow appear to align in one direction and could
represent the inner region of a galaxy, while red and violet could
comprise more galaxy components that are interacting and pos-
sibly being accreted onto the main galaxy structure. The much
higher dust obscuration of these NW components may support
such a scenario.

Even though the ALMA data is of exceptional quality and
reveals substructure so far unmatched in high-z galaxies, two
pieces of information are missing: the radial spatial distribu-
tion, which cannot be measured, and the distribution of the
stellar mass. This latter may well be obtained through deep
observations with JWST. Zoom-in numerical simulations are
necessary to provide additional constraints, similar to those of
Kohandel et al. (2019).

4.4. Different star-formation indicators in the galaxy

With an ionization potential of 35eV, double ionized oxygen
is typically seen in only in HII regions of young massive stars
(or near AGNs), so the [O1IT] 88 um line traces ionized gas (H1I
regions) and is vastly less dust extinguished than optical or UV
tracers (e.g., [O1I1] 5007 10\). Thus, it should serve as an excel-
lent tracer of recent star-formation. The first ionization poten-
tial of carbon is only 11.26 eV, below atomic hydrogen and well
below that of double ionized oxygen, but just above the low-
est Lyman-Werner band energy of 11.15eV required to two-
step photo-dissociate molecular hydrogen. Furthermore, C* is
thus both found in the ionized and neutral gas phases. Recent
work using absorption spectroscopy suggests that [CII] can be
used to trace the neutral atomic gas component when metal-
licity is accounted for (Madden et al. 2020; Heintz et al. 2021).
The lines of [C11] and [O 1] can thus be used to trace differ-
ent parts of the gas associated with the star-forming regions and
the diffuse ISM. At z > 6, a few detections of both lines have
been obtained (e.g., Inoue et al. 2016; Laporte et al. 2017, 2019;
Carniani et al. 2017; Hashimoto et al. 2018, 2019; Tamura et al.
2019; Harikane et al. 2020), revealing a large scatter in the
ratios. While it is not possible with these data alone to esti-
mate the density and metallicity of the gas, with sufficient addi-
tional data, such estimates may be made from ISM models (e.g.,
Killi et al. 2023).

To compare the projected UV emission with the FIR emis-
sion in detail, we plot in Fig. 15 ratio maps of the [O1],
[CH] lines, as well as the continua near these lines, and
the combined UV emission from the sum of the F125W,
F140W, and F160W HST filter images. This gives us nine ratio
maps showing the resolved, normalized line ratios across the
galaxy.
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Fig. 14. Moment-0 and moment-1 maps for each component: [C 11] results (left) and [O 111] results (right). The models of the other components
have been subtracted from the data cube. The left columns show the moment-0 maps integrated over the line of the component; the middle columns
the moment-1 given relative to the A1689-zD1 overall velocity field with zero velocity corresponding to z = 7.133; and the right columns the
moment-1 map for each individual velocity (same velocity used for both [C 11] and [O 111]). The overlaid contours represent the fit models, in the

moment-0 maps these correspond to 3,4, 5, 6,7, 8,9, and 100; in the moment-1 maps, these correspond to velocity in km s

-1 1

in steps of 10kms™.

The moment-0 maps are given in S/N, where the rms in each map is measured excluding the source region (for [C11]: rms = 5.4, 11.6, 11.5,
6.4, and 8.3 mJy kms~! beam™!, respectively, and for [OTH]: rms = 27.7, 50.8, 54.1, 29.4, and 38.1 mJy kms~! beam™!, respectively (from top to

bottom).

Table 7. Intrinsic physical properties for the different components.

Comp- SFRr SFRyy JSobs Mdyn,[OIlI ] Mdyn,[CIl ]
onent  [Moyr'] [Moyr'] [%] [10°Ms] [10°Me]
Violet 1.21’%:2 <0.2 >86 0.5 -
Blue 5.41'(2’:; 1.7+0.1 76 5.9 5.7
Green 5.71’3:‘7‘ 1.7+0.1 77 43 6.0
Yellow 2.61'(2):2 <0.2 >03 - -
Red 1.6%‘7t <0.2 >89 1.8 29
Sum 16.5f§_17‘4 34+0.1 83 12.5 14.6

Three star-forming tracers are present: the [O1II] line, the
UV continuum, and the dust continuum emission. The UV con-
tinuum is susceptible to dust extinction. However, the tracers
also have different overall lifetimes, with the [O1III] emission
being the most immediate, requiring 35eV photons to ionize
the gas, while the UV emission is longer lived, and the dust
heating even longer. The most notable feature of these ratio
maps is that the UV emission comes only from the eastern side

of the galaxy, while the dust and FIR line emission is much
more extended, revealing an entire half of the galaxy to the
west that has no detectable UV emission. Secondly, the [C1I]
emission also clearly comes from a much more extended area
than the other FIR emission, a point explored in more detail in
Akins et al. (2022). As noted above, the dusty, FIR-dominated
side of the galaxy seems to correspond to the red and yel-
low velocity components in the emission line data. The yellow
component is particularly unusual in that it is dust-continuum
dominated; namely, the dust continuum dominates over all other
emission components, including [C11]. This component, how-
ever, is mixed in 88 um and 158 um continuum emission, indi-
cating that it is not clearly colder or warmer, for example, than
the dust in the rest of the galaxy. It does, however, also have rel-
atively weak [O IIT] emission. At first glance, this could suggest
that the oldest star-forming population in the galaxy does in fact
reside here.

While we have argued that the two major components
observed in the HST data seem to correspond primarily to the
blue and green components identified from the ALMA line emis-
sion, it is not a precise match and suggests a greater com-
plexity than what can be resolved with the current data (see
Fig. 7). The central green component emits strongly in all four
tracers, suggesting a young star-forming knot, while the blue

A8S, page 15 of 17



Knudsen, K. K., et al.: A&A, 701, A85 (2025)

010117 &0 1.0 1.0 1.0
-1°19'17.5" - HST UV HST UV HST UV
dustisgum [Ollggum [Cl]158um
-
18.0" 4 0.8 m 08¢ 08d

= Bl 5

I ’F' 3 B
S 18.5" 0.6¢ 068 068
S 3 5 5
S 3 5 3
g 19.0" 4 043 ! 043 043
a o S 3 5

g el = =

"4 ... [CN]158um @0 T | 0 B 0 o | ...... [Cl]158um @ A B .. | e o
19.5 [C 111158um 028 [C 1]158um 028 [C 1]158um & 022
-—- [0 1]88um -—- [0 1]88um -—- [0 1Il]88um
20.0" 4 UV(HST) UV(HST) UV(HST)
0.0 0.0 0.0
-1°19'17.5" A [Olll]ggym 10 [Olll]ggyum 43 [Ollllsgum
JUSTenm dUST1saam 4.0 TCMis8am >0
ayl o
18.0" 0.83 352

= H 4.0 m

£ 3.0% s
= of 3 =
S 18.5" 4 O-GE—T—‘ i % =
2 ] 255 3.03
> 5 5 5
g 19.0" 043 2-0,.: 5

= 152 208

~ ~ 3

195" 4 e [C 111158um 02 =R fp— [C 1]158um 103 | oo [C 11]158um
LD w
-—- [0 1]88um -—- [0 1I]88um o5 | -~ 10188 1.0
20.0" J UV(HST) UV(HST) ' UV(HST)
0.0 0.0 0.0
oo e 0.9 2.5 7.0
-1°19'17.5" - [CllT158um [ClT1sgum dustggym
dustisgum 0.8 dustagum dustysgum 6.0
18.0" 072 205"

2 3 5.0
~ 0.65 £ -
o w = @
g 185 2 053 1.55. a0k
> 5 8 3 T
g 19.0" 045 1 108 308
[a} o e v 3

03 %

) 3 _‘_}: K 2.0

195" 4 e [C 111158um 023 | [C 11]158um o5& | [C 11]158um
-—- [0 1]88um o1 | --- tomseum ' -—- [0 lll88um 1.0

20.0" UV(HST) ) UV(HST) UV(HST)
T T T T 00 T T T T 00 T T T T 00
13711™30.00529.95°  29.90°  29.85° 13h11M30.00529.95°  29.90°  29.85° 13711M30.00529.95°  29.90°  29.85°
RA (J2000) RA (J2000) RA (J2000)

Fig. 15. Ratios of the galaxy’s UV, [CII]158 um, [O 1]88 um, and dust continuum emission. The images are convolved to the smallest common
beam: the [O1IT] beam where those data are involved and the [C 1] beam otherwise. Parts of the ratio maps with S/N below 3 in the denominator
are masked white, with increasing transparency from 3 to 6. The color range is normalized across the S/N > 6 part of the map for the panels
involving the HST data. Contours for the [C1I] and [O 111] line emission and the UV emission are shown as dotted black, dashed green, and solid

violet lines.

component appears to be more UV dominated, suggesting that
this component is somewhat older and is least dust-rich at its
northern-most extent.

Finally, the comparison with the high-resolution data of
Spilker et al. (2022) and Dessauges-Zavadsky et al. (2019) show
that A1689-zD1 has a very high mass surface density. We have
argued that the majority of the inferred mass in these surface
densities must be stellar mass rather than gas mass, so these
results are not quite comparable. However, we expect that a sig-
nificant fraction of the mass is made up of gas. The high surface
density and the range of clump sizes, from unresolved to nearly
kiloparsec scale, indicate that A1689-zD1 has some aspects in
common with the most massive star-forming galaxies at high-z.
None of our data so far show any indication of AGN activity
in the galaxy (as opposed to the possible interpretation from*
Wong et al. 2022).

4 Herrera-Camus et al. (2018) found little difference in the [OTIIT] to
[C11] luminosity ratio between AGNs and starbursts in nearby galax-
ies. We note our results do not show a central ratio of 7 as otherwise
suggested by Wong et al. (2022).

AS8S, page 16 of 17

5. Conclusions

We present GBT band Q and ALMA band 3, 6, and 8 observa-
tions of the gravitationally lensed, epoch of reionization galaxy,
A1689-zD1. The deep ALMA observations combined with the
large gravitational magnification, provides some of the deepest
high angular resolution data for a z > 7 galaxy to date, enabling
us to resolve the ISM kinematics down to scales of 200 pc.

— Two emission lines have been detected and identified as
[C1r] 158 um and [O 111] 88 wm, consistent with a redshift of
z = 7.1332 £ 0.0005. The spectroscopic redshift is offset by
about 13000 + 7000 km s~! from the continuum break iden-
tified in previous X-shooter data.

— The line luminosities are Lici;; = (5.8 £ 0.1) X 108 L, and
Lionm = (1.3 £0.02) x 10° L, after correcting for gravi-
tational magnification. The line luminosities relative to the
SFER are consistent with Local Universe galaxies, suggesting
the ISM excitation conditions are normal.

— The galaxy system is complex with at least five individual
components. Based on iterative modeling we estimate the
structure and kinematical properties of each component. The
components appear to be interacting, hinting at a galaxy in
its early assembly. The complex kinematics and morphology
do not show signs of a single rotating disk. The complexity is
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in agreement with predictions of early galaxy assembly from

recent numerical zoom-in simulations.

— Several components of the galaxy are entirely obscured in
the rest-frame UV and might also be similarly obscured in
the optical. This could significantly affect the stellar mass
estimate, indicating that A1689-zD1 might be significantly
more massive than previously believed. Deep rest-frame
NIR observations are the most direct route to resolving this
question.

Overall, A1689-zD1 still appears to be something of a mystery,
with kinematics and gas surface densities that indicate it is in
the process of assembly, but the dust and stellar properties argue
for a much older system, with major discrepancies between its
dynamical and stellar masses and between its Ly break and FIR
line redshifts, along with a small, compact core, especially in the
UV emission; in addition, there is the vast [C1I], and to a lesser
extent, dust halo to consider. JWST is certain to resolve at least
some of these issues and discrepancies.

The resolved [C11] and [O 1] kinematics imply a more com-
plex diversity among z > 6 galaxies. High-angular-resolution
observations of other similar galaxies are needed to improve our
understanding of early assembly and fully characterize the early
evolutionary stages of normal galaxies.

Acknowledgements. We thank the anonymous referee for their helpful com-
ments and suggestions. We acknowledge support from the Nordic ALMA
Regional Centre (ARC) node based at Onsala Space Observatory. The Nordic
ARC node is funded through Swedish Research Council grant No 2019-00208.
We thank the Nordic ARC node staff for very helpful discussions. KK acknowl-
edges support from the Swedish Research Council (2015-05580) and the Knut
and Alice Wallenberg Foundation (KAW 2017.0292). DW, SF, and NB are sup-
ported in part by Independent Research Fund Denmark grant DFF-7014-00017.
The Cosmic Dawn Center is funded by the Danish National Research Foun-
dation under grant number 140. TB acknowledges support from the Knut and
Alice Wallenberg Foundation (KAW 2020.0081). A.K.I. is supported by NAOJ
ALMA Scientific Research grant No.2020-16B. MIJM acknowledges the sup-
port of the National Science Centre, Poland through the SONATA BIS grant
2018/30/E/ST9/00208. This research was funded in part by the National Sci-
ence Centre, Poland, grant number 2023/49/B/ST9/00066. This paper makes
use of the following ALMA data: ADS/JAO.ALMA#2015.1.01406.S and
2017.1.00775.S. ALMA is a partnership of ESO (representing its member
states), NSF (USA) and NINS (Japan), together with NRC (Canada) and NSC
and ASIAA (Taiwan) and KASI (Republic of Korea), in cooperation with
the Republic of Chile. The Joint ALMA Observatory is operated by ESO,
AUI/NRAO and NAOJ.

References

Akins, H. B., Fujimoto, S., Finlator, K., et al. 2022, ApJ, 934, 64

Algera, H. S. B., Inami, H., Sommovigo, L., et al. 2024, MNRAS, 527, 6867

Bakx, T. J. L. C., Tamura, Y., Hashimoto, T., et al. 2020, MNRAS, 493, 4294

Bakx, T. J. L. C., Sommovigo, L., Carniani, S., et al. 2021, MNRAS, 508, L58

Bakx, T. J. L. C., Algera, H. S. B., Venemans, B., et al. 2024, MNRAS, 532,
2270

Binggeli, C., Inoue, A. K., Hashimoto, T, et al. 2021, A&A, 646, A26

Bolatto, A. D., Leroy, A. K., Rosolowsky, E., Walter, F., & Blitz, L. 2008, in
Low-Metallicity Star Formation: From the First Stars to Dwarf Galaxies, eds.
L. K. Hunt, S. C. Madden, & R. Schneider, 255, 274

Bothwell, M. S., Smail, I., Chapman, S. C., et al. 2013, MNRAS, 429, 3047

Bouwens, R. J., Smit, R., Schouws, S., et al. 2022a, ApJ, 931, 160

Bouwens, R. J., Illingworth, G., Ellis, R. S., Oesch, P., & Stefanon, M. 2022b,
Apl, 940, 55

Bradac, M., Garcia-Appadoo, D., Huang, K.-H., et al. 2017, ApJ, 836, L2

Bradley, L. D., Bouwens, R. J., Ford, H. C., et al. 2008, ApJ, 678, 647

Bunker, A. J., Saxena, A., Cameron, A. J., et al. 2023, A&A, 677, A88

Capak, P. L., Carilli, C., Jones, G., et al. 2015, Nature, 522, 455

Carniani, S., Marconi, A., Biggs, A., et al. 2013, A&A, 559, A29

Carniani, S., Maiolino, R., Pallottini, A., et al. 2017, A&A, 605, A42

Carniani, S., Maiolino, R., Amorin, R., et al. 2018, MNRAS, 478, 1170

Carniani, S., Ferrara, A., Maiolino, R., et al. 2020, MNRAS, 499, 5136

Cormier, D., Madden, S. C., Lebouteiller, V., et al. 2015, A&A, 578, A53

De Looze, 1., Cormier, D., Lebouteiller, V., et al. 2014, A&A, 568, A62

Dessauges-Zavadsky, M., Richard, J., Combes, F., et al. 2019, Nat. Astron., 3,
1115

Dessauges-Zavadsky, M., Ginolfi, M., Pozzi, F., et al. 2020, A&A, 643, A5

Diaz-Santos, T., Armus, L., Charmandaris, V., et al. 2017, ApJ, 846, 32

Ferrara, A., Sommovigo, L., Dayal, P, et al. 2022, MNRAS, 512, 58

Finkelstein, S. L., Ryan, R. E., Jr., Papovich, C., et al. 2015, ApJ, 810, 71

Finkelstein, S. L., Bagley, M. B., Ferguson, H. C., et al. 2023, ApJ, 946, L13

Fudamoto, Y., Oesch, P. A., Schouws, S., et al. 2021, Nature, 597, 489

Fujimoto, S., Oguri, M., Brammer, G., et al. 2021, ApJ, 911, 99

Fujimoto, S., Brammer, G. B., Watson, D., et al. 2022, Nature, 604, 261

Gaia Collaboration (Brown, A. G. A., et al.) 2018, A&A, 616, Al

Gullberg, B., Swinbank, A. M., Smail, L., et al. 2018, ApJ, 859, 12

Harikane, Y., Ouchi, M., Inoue, A. K., et al. 2020, ApJ, 896, 93

Hashimoto, T., Laporte, N., Mawatari, K., et al. 2018, Nature, 557, 392

Hashimoto, T., Inoue, A. K., Mawatari, K., et al. 2019, PASJ, 71, 71

Hashimoto, T., Inoue, A. K., Sugahara, Y., et al. 2023, Ap]J, 952, 48

Heintz, K. E., Watson, D., Oesch, P. A., Narayanan, D., & Madden, S. C. 2021,
Apl, 922, 147

Herrera-Camus, R., Bolatto, A. D., Wolfire, M. G., et al. 2015, ApJ, 800, 1

Herrera-Camus, R., Sturm, E., Gracii-Carpio, J., et al. 2018, ApJ, 861, 94

Heyer, M., Krawczyk, C., Duval, J., & Jackson, J. M. 2009, ApJ, 699, 1092

Hoag, A., Brada¢, M., Brammer, G., et al. 2018, Ap]J, 854, 39

Howell, J. H., Armus, L., Mazzarella, J. M., et al. 2010, ApJ, 715, 572

Hutter, A., Dayal, P., Yepes, G., et al. 2021, MNRAS, 503, 3698

Inoue, A. K., Tamura, Y., Matsuo, H., et al. 2016, Science, 352, 1559

Inoue, A. K., Hashimoto, T., Chihara, H., & Koike, C. 2020, MNRAS, 495, 1577

Jolly, J.-B., Knudsen, K., Laporte, N., et al. 2021, A&A, 652, A128

Jones, G. C., Carilli, C. L., Shao, Y., et al. 2017, ApJ, 850, 180

Jones, G. C., Vergani, D., Romano, M., et al. 2021, MNRAS, 507, 3540

Jullo, E., Kneib, J.-P., Limousin, M., et al. 2007, New J. Phys., 9, 447

Katz, H., Rosdahl, J., Kimm, T., et al. 2022, MNRAS, 510, 5603

Killi, M., Watson, D., Fujimoto, S., et al. 2023, MNRAS, 521, 2526

Knudsen, K. K., Richard, J., Kneib, J.-P., et al. 2016, MNRAS, 462, L6

Knudsen, K. K., Watson, D., Frayer, D., et al. 2017, MNRAS, 466, 138

Kohandel, M., Pallottini, A., Ferrara, A., et al. 2019, MNRAS, 487, 3007

Kokorev, V., Brammer, G., Fujimoto, S., et al. 2022, ApJS, 263, 38

Laporte, N., Ellis, R. S., Boone, F., et al. 2017, ApJ, 837, L21

Laporte, N., Katz, H., Ellis, R. S., et al. 2019, MNRAS, 487, L81

Laporte, N., Zitrin, A., Ellis, R. S., et al. 2021, MNRAS, 505, 4838

Li, X., Hjorth, J., & Richard, J. 2012, JCAP, 2012, 015

Limousin, M., Richard, J., Jullo, E., et al. 2007, ApJ, 668, 643

Litke, K. C., Marrone, D. P., Spilker, J. S., et al. 2019, ApJ, 870, 80

Madden, S. C., Cormier, D., Hony, S., et al. 2020, A&A, 643, A141

Maiolino, R., Carniani, S., Fontana, A., et al. 2015, MNRAS, 452, 54

Marrone, D. P, Spilker, J. S., Hayward, C. C., et al. 2018, Nature, 553, 51

Matthee, J., Sobral, D., Boone, F., et al. 2017, ApJ, 851, 145

McLure, R. J., Dunlop, J. S., Bowler, R. A. A., et al. 2013, MNRAS, 432, 2696

Molyneux, S. J., Smit, R., Schaerer, D., et al. 2022, MNRAS, 512, 535

Murphy, E. J., Condon, J. J., Schinnerer, E., et al. 2011, ApJ, 737, 67

Neeleman, M., Prochaska, J. X., Kanekar, N., & Rafelski, M. 2020, Nature, 581,
269

Oesch, P. A., Brammer, G., van Dokkum, P. G, et al. 2016, ApJ, 819, 129

Oesch, P. A., Bouwens, R. J., Illingworth, G. D., Labbé, 1., & Stefanon, M. 2018,
AplJ, 855, 105

Olsen, K., Greve, T. R., Narayanan, D., et al. 2017, ApJ, 846, 105

Pentericci, L., Carniani, S., Castellano, M., et al. 2016, ApJ, 829, L11

Perley, R. A., & Butler, B. J. 2017, ApJS, 230, 7

Planck Collaboration XIII. 2016, A&A, 594, A13

Posses, A., Aravena, M., Gonzélez-Lopez, J., et al. 2025, A&A, 699, A256

Rieke, M. J., Robertson, B., Tacchella, S., et al. 2023, ApJS, 269, 16

Rizzo, F., Vegetti, S., Fraternali, F., Stacey, H. R., & Powell, D. 2021, MNRAS,
507, 3952

Roper, W. J., Lovell, C. C., Vijayan, A. P, et al. 2022, MNRAS, 514, 1921

Rosolowsky, E., & Blitz, L. 2005, ApJ, 623, 826

Rowland, L. E., Hodge, J., Bouwens, R., et al. 2024, MNRAS, 535, 2068

Schaerer, D., Ginolfi, M., Béthermin, M., et al. 2020, A&A, 643, A3

Smit, R., Bouwens, R. J., Carniani, S., et al. 2018, Nature, 553, 178

Sommovigo, L., Ferrara, A., Pallottini, A., et al. 2022, MNRAS, 513, 3122

Spilker, J. S., Hayward, C. C., Marrone, D. P, et al. 2022, ApJ, 929, L3

Tamura, Y., Mawatari, K., Hashimoto, T., et al. 2019, AplJ, 874, 27

Tokuoka, T., Inoue, A. K., Hashimoto, T., et al. 2022, ApJ, 933, L19

Vallini, L., Gallerani, S., Ferrara, A., Pallottini, A., & Yue, B. 2015, ApJ, 813, 36

Walter, F., Riechers, D., Novak, M., et al. 2018, ApJ, 869, L22

Watson, D. 2011, A&A, 533, A16

Watson, D., Christensen, L., Knudsen, K. K., et al. 2015, Nature, 519, 327

Witstok, J., Smit, R., Maiolino, R., et al. 2022, MNRAS, 515, 1751

Wong, Y. H. V., Wang, P., Hashimoto, T., et al. 2022, ApJ, 929, 161

AS8S, page 17 of 17


http://linker.aanda.org/10.1051/0004-6361/202453229/1
http://linker.aanda.org/10.1051/0004-6361/202453229/2
http://linker.aanda.org/10.1051/0004-6361/202453229/3
http://linker.aanda.org/10.1051/0004-6361/202453229/4
http://linker.aanda.org/10.1051/0004-6361/202453229/5
http://linker.aanda.org/10.1051/0004-6361/202453229/5
http://linker.aanda.org/10.1051/0004-6361/202453229/6
http://linker.aanda.org/10.1051/0004-6361/202453229/7
http://linker.aanda.org/10.1051/0004-6361/202453229/8
http://linker.aanda.org/10.1051/0004-6361/202453229/9
http://linker.aanda.org/10.1051/0004-6361/202453229/10
http://linker.aanda.org/10.1051/0004-6361/202453229/11
http://linker.aanda.org/10.1051/0004-6361/202453229/12
http://linker.aanda.org/10.1051/0004-6361/202453229/13
http://linker.aanda.org/10.1051/0004-6361/202453229/14
http://linker.aanda.org/10.1051/0004-6361/202453229/15
http://linker.aanda.org/10.1051/0004-6361/202453229/16
http://linker.aanda.org/10.1051/0004-6361/202453229/17
http://linker.aanda.org/10.1051/0004-6361/202453229/18
http://linker.aanda.org/10.1051/0004-6361/202453229/19
http://linker.aanda.org/10.1051/0004-6361/202453229/20
http://linker.aanda.org/10.1051/0004-6361/202453229/21
http://linker.aanda.org/10.1051/0004-6361/202453229/21
http://linker.aanda.org/10.1051/0004-6361/202453229/22
http://linker.aanda.org/10.1051/0004-6361/202453229/23
http://linker.aanda.org/10.1051/0004-6361/202453229/24
http://linker.aanda.org/10.1051/0004-6361/202453229/25
http://linker.aanda.org/10.1051/0004-6361/202453229/26
http://linker.aanda.org/10.1051/0004-6361/202453229/27
http://linker.aanda.org/10.1051/0004-6361/202453229/28
http://linker.aanda.org/10.1051/0004-6361/202453229/29
http://linker.aanda.org/10.1051/0004-6361/202453229/30
http://linker.aanda.org/10.1051/0004-6361/202453229/31
http://linker.aanda.org/10.1051/0004-6361/202453229/32
http://linker.aanda.org/10.1051/0004-6361/202453229/33
http://linker.aanda.org/10.1051/0004-6361/202453229/34
http://linker.aanda.org/10.1051/0004-6361/202453229/35
http://linker.aanda.org/10.1051/0004-6361/202453229/36
http://linker.aanda.org/10.1051/0004-6361/202453229/37
http://linker.aanda.org/10.1051/0004-6361/202453229/38
http://linker.aanda.org/10.1051/0004-6361/202453229/39
http://linker.aanda.org/10.1051/0004-6361/202453229/40
http://linker.aanda.org/10.1051/0004-6361/202453229/41
http://linker.aanda.org/10.1051/0004-6361/202453229/42
http://linker.aanda.org/10.1051/0004-6361/202453229/43
http://linker.aanda.org/10.1051/0004-6361/202453229/44
http://linker.aanda.org/10.1051/0004-6361/202453229/45
http://linker.aanda.org/10.1051/0004-6361/202453229/46
http://linker.aanda.org/10.1051/0004-6361/202453229/47
http://linker.aanda.org/10.1051/0004-6361/202453229/48
http://linker.aanda.org/10.1051/0004-6361/202453229/49
http://linker.aanda.org/10.1051/0004-6361/202453229/50
http://linker.aanda.org/10.1051/0004-6361/202453229/51
http://linker.aanda.org/10.1051/0004-6361/202453229/52
http://linker.aanda.org/10.1051/0004-6361/202453229/53
http://linker.aanda.org/10.1051/0004-6361/202453229/54
http://linker.aanda.org/10.1051/0004-6361/202453229/55
http://linker.aanda.org/10.1051/0004-6361/202453229/56
http://linker.aanda.org/10.1051/0004-6361/202453229/57
http://linker.aanda.org/10.1051/0004-6361/202453229/58
http://linker.aanda.org/10.1051/0004-6361/202453229/59
http://linker.aanda.org/10.1051/0004-6361/202453229/60
http://linker.aanda.org/10.1051/0004-6361/202453229/61
http://linker.aanda.org/10.1051/0004-6361/202453229/62
http://linker.aanda.org/10.1051/0004-6361/202453229/63
http://linker.aanda.org/10.1051/0004-6361/202453229/64
http://linker.aanda.org/10.1051/0004-6361/202453229/65
http://linker.aanda.org/10.1051/0004-6361/202453229/66
http://linker.aanda.org/10.1051/0004-6361/202453229/67
http://linker.aanda.org/10.1051/0004-6361/202453229/68
http://linker.aanda.org/10.1051/0004-6361/202453229/68
http://linker.aanda.org/10.1051/0004-6361/202453229/69
http://linker.aanda.org/10.1051/0004-6361/202453229/70
http://linker.aanda.org/10.1051/0004-6361/202453229/71
http://linker.aanda.org/10.1051/0004-6361/202453229/72
http://linker.aanda.org/10.1051/0004-6361/202453229/73
http://linker.aanda.org/10.1051/0004-6361/202453229/74
http://linker.aanda.org/10.1051/0004-6361/202453229/75
http://linker.aanda.org/10.1051/0004-6361/202453229/76
http://linker.aanda.org/10.1051/0004-6361/202453229/77
http://linker.aanda.org/10.1051/0004-6361/202453229/77
http://linker.aanda.org/10.1051/0004-6361/202453229/78
http://linker.aanda.org/10.1051/0004-6361/202453229/79
http://linker.aanda.org/10.1051/0004-6361/202453229/80
http://linker.aanda.org/10.1051/0004-6361/202453229/81
http://linker.aanda.org/10.1051/0004-6361/202453229/82
http://linker.aanda.org/10.1051/0004-6361/202453229/83
http://linker.aanda.org/10.1051/0004-6361/202453229/84
http://linker.aanda.org/10.1051/0004-6361/202453229/85
http://linker.aanda.org/10.1051/0004-6361/202453229/86
http://linker.aanda.org/10.1051/0004-6361/202453229/87
http://linker.aanda.org/10.1051/0004-6361/202453229/88
http://linker.aanda.org/10.1051/0004-6361/202453229/89
http://linker.aanda.org/10.1051/0004-6361/202453229/90
http://linker.aanda.org/10.1051/0004-6361/202453229/91
http://linker.aanda.org/10.1051/0004-6361/202453229/92

	Introduction
	Observations
	ALMA data
	GBT data
	HST data

	Results
	[CII] and [OIII]
	Redshift
	Molecular gas
	Gravitational lensing
	Decomposition into galaxy components
	Disentangling the dust continuum

	Discussion
	Resolved and overall physical properties
	Total SFR
	SFR�Lline relation
	SFR�L[OIII]/L[CII] relation
	Size-velocity relation
	Kinematics
	Dynamical masses

	Mass of A1689-zD1
	Considering the physical origin of A1689-zD1
	An early galaxy assembly possibly consisting of five small clumps
	Galaxy merger interpretation
	Combined scenario

	Different star-formation indicators in the galaxy

	Conclusions
	References

