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ABSTRACT

Context. Going from a redshift of 6 down to nearly 4, galaxies grow rapidly from low-mass galaxies towards the more mature types of massive
galaxies seen at cosmic noon. Growth via gas accretion and mergers undoubtedly shape this evolution, however, there is considerable uncertainty
at present over the contribution of each of these processes to the overall evolution of galaxies. Furthermore, previous characterisations of the
morphology of galaxies in the molecular gas phase have been limited by the coarse resolution of earlier observations.
Aims. In this work, we utilise new high-resolution ALMA [CII] observations to analyse three main sequence (MS) galaxy systems at a redshift of
z ∼ 4.5 and at resolutions of up to 0.15′′. This approach enables us to investigate the morphology and kinematics on a kpc scale and understand
the processes at play as well as the classifications of galaxies at high resolution. Thanks to this unique window, we are able to gain insights into
the molecular gas of MS galaxies undergoing mass assembly in the early Universe.
Methods. We used intensity and velocity maps, position-velocity diagrams, and radial profiles of [CII] in combination with dust continuum maps
to analyse the morphology and kinematics of the three systems.
Results. In general, we find that the high-resolution ALMA data reveal more complex morpho-kinematic properties. For one galaxy in our sample,
we identified interaction-induced clumps, demonstrating the profound effect that mergers have on the molecular gas in galaxies, which is consistent
with what has been suggested by recent simulations. One galaxy that was previously classified as dispersion-dominated turned out to show two
bright [CII] emission regions, which could either be classified as merging galaxies or massive star-forming regions within the galaxy itself. The
high-resolution data for the other dispersion dominated object also revealed clumps of [CII] that had not been identified previously. Within the
sample, we might also detect star-formation powered outflows (or outflows from active galactic nuclei) that appear to be fuelling diffuse gas regions
and enriching the circumgalactic medium. The new high-resolution ALMA data we present in this paper reveal that the galaxies in our sample are
much more complex than they previously appeared in the low-resolution ALPINE data. In particular, we find evidence of merger induced clumps
in the galaxy DC8187, along with signs of merging components for the other two objects. This may be evidence that the number of mergers at
high redshift are significantly underestimated at present.
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1. Introduction

The epoch between z ∼ 6 and z ∼ 2 is crucial for under-
standing galaxy evolution: during these ∼2 Gyr of cosmic
time the star formation rate density of the Universe (SFRD)
increases by a factor of 20 (Madau & Dickinson 2014), with
the average specific star-formation rate of individual galax-
ies going up by about the same amount (Tasca et al. 2015;
Schreiber et al. 2015; Tomczak et al. 2016); over the same time
span, galaxies evolve from small, metal-poor, dust-free, and tur-
bulent objects in the very early Universe (Maiolino et al. 2024;
Finkelstein et al. 2022) to more regular morphologies at z ∼ 2
(van der Wel et al. 2014; Zhang et al. 2019), with ordered disks
(Förster Schreiber et al. 2009) and significant dust and metal
content (Troncoso et al. 2014; Popping et al. 2023).

While it is thought that galaxies at these epochs grow
via mergers and the accretion of gas from galactic halos,
the relative importance of the two mechanisms is not clear.
? The reduced datacubes are available at the CDS via anonymous

ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/686/A156

Förster Schreiber & Wuyts (2020) suggested that gas accre-
tion dominates, while (Romano et al. 2021) in addition to
simulations (i.e. Vallini et al. 2013; Kohandel et al. 2019;
Pallottini et al. 2022) suggest a potential build-up from a com-
bination of major mergers, minor mergers, and gas accretion. To
make significant progress, it is vital to unveil the morphokine-
matic properties of galaxies 4 < z < 6, when these mechanisms
are working at full strength. At the same time, it is essential to
revealing the interplay between the stars, dust, and molecular gas
that constitute the fuel from which stars can form.

While a combination of ground based telescopes, such as the
Visible and Infrared Survey Telescope for Astronomy (VISTA)
with space observatories such as Hubble Space Telescope
(HST), Spitzer, and James Webb Space Telescope (JWST) offers
the capability to probe stellar component of galaxies up to z ∼ 6
and beyond (Song et al. 2016; Naidu et al. 2022; Harikane et al.
2023), observing molecular gas at redshifts beyond the peak
epoch of cosmic star formation remains challenging. H2 cannot
be observed directly, so studies have used tracers such as CO (see
review by Bolatto et al. 2013) and [CI] (e.g. Walter et al. 2011).
However, the low-excitation transitions of the CO molecule
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((1−0) and (2−1)), which can better probe the molecular gas con-
tent of galaxies, are inaccessible to the Atacama Large Molecular
Array (ALMA) beyond z ∼ 3 Carilli & Walter (2013); in addi-
tion, they are too faint to be detected with reasonable integration
times with Very Large Array (VLA; D’Eugenio et al. 2023). In
recent years, this has led to the use of [CII]λ158 µm transition as
a tracer for the molecular gas at high redshifts. The [CII] emis-
sion line is one of the brightest lines in the spectra of galaxies at
high redshifts – owing to its ability to trace the ionised, molec-
ular, and neutral phases. Whilst [CII] has typically been used as
a star formation tracer (e.g. De Looze et al. 2014), more recent
works suggest that the majority of the [CII] flux in galaxies
comes from molecular clouds. Calibrations of the [CII] line as a
molecular gas tracer in high-redshift galaxies have been studied
in Zanella et al. (2018). In Vizgan et al. (2022), it was eventually
confirmed that the [CII] luminosity is more tightly related to –
M(H2), with the correlation between [CII] and SFR arising from
the Kennicutt–Schmidt relation (Kennicutt 1998).

The ALMA Large Program to INvestigate [CII] at Early
times (ALPINE) survey (Le Fèvre et al. 2020; Béthermin et al.
2020; Faisst et al. 2020) was designed to directly explore the
interplay between stars, dust, and molecular gas mass in nor-
mal main sequence (MS) galaxies at 4.5 < z < 6 – the red-
shift range where galaxies transition from lower mass primordial
galaxies to more evolved galaxies at cosmic noon. There, [CII]
was used as a tracer for molecular gas to reveal the molecular gas
content of galaxies (Dessauges-Zavadsky et al. 2020): using the
calibration provided in Zanella et al. (2018), the authors found a
good agreement between [CII] luminosity, the dust mass (extrap-
olated from the continuum flux) and dynamical masses, support-
ing [CII] as a reliable tracer of molecular gas (Le Fèvre et al.
2020; Romano et al. 2021; see also Jones et al. 2021) found that
40% of galaxies in the sample of 118 galaxies are mergers, 20%
were found to be characterised by a high-velocity dispersion and
extended components and 11% of galaxies were found to be
rotating disks.

Among the ALPINE galaxies that are resolved, a large num-
ber appear to have an underlying gas halo (Fujimoto et al. 2020).
Recent semi-analytical models indicate these halos can be pro-
duced by star-formation driven outflows (Pizzati et al. 2022).
Due to the limited (∼1′′) resolution of ALPINE, the majority of
galaxies were poorly resolved, meaning diffuse gas could not be
distinguished from compact regions. Furthermore, the low reso-
lution severely impacted the ability of ALPINE to trace the prop-
erties (i.e. mergers, clumps, and components in the velocity) in
(some of) these galaxies.

Simons et al. (2019) showed that at low resolution, close
mergers can be indistinguishable from disks. This is an issue
seen in the majority off galaxies observed in [CII] thus far.
The low resolution (∼0.7′′) of the ALMA observations for the
ALPINE survey has limited the number of systems of multiple
galaxies which can be spatially resolved from one another and
may thus be identified as mergers. One of the best examples of a
merger in [CII] is extensively studied in Jones et al. (2020). The
authors used ALPINE data to show a massive system undergoing
mass assembly via the merger of three galaxies. This example
possibly presents the most idealised case of a major merger in
which three merging galaxies can be clearly resolved from each
other spatially as well as in terms of velocity.

When resolved at kpc and sub-kpc scales, galaxies can
appear clumpy in star formation tracers (e.g. Claeyssens et al.
2023). Therefore, the coarse resolution of ALPINE, which
allows for a resolution on scales from ∼5−8 kpc, is not suffi-
cient to resolve these clumps spatially. The dominant theory is

that clumpiness comes from gravitational instability (Dekel et al.
2009) or via mergers and interactions (Di Matteo et al. 2008). At
this redshift and with the resolution of current observations, it
has been suggested what we are observing is primarily merg-
ers Zanella et al. (2021). The lack of high-resolution spectro-
scopic data sets has significantly hindered our ability to uncover
the kinematics in these galaxies and impeded detections of the
imprints of mergers upon galaxies and how they evolve.

There exist only a small number of spatially resolved obser-
vations targeting molecular gas, in the high redshift (z > 4)
regime; for example (Neeleman et al. 2023; Shao et al. 2022;
Roman-Oliveira et al. 2023). Roman-Oliveira et al. (2023) stud-
ied four starburst galaxies, finding the majority of them to be
rotating disks. Observations of merging systems (Oteo et al.
2018; Litke et al. 2019) identified irregular components of
gas emission. However, these surveys all traced star-bursting
galaxies with SFRs > 1000 M� yr−1, providing insights into
only a subdominant population of galaxies at this redshift.
Herrera-Camus et al. (2021) traced a z ∼ 5.5 typical star forming
galaxy at 0.3′′ angular resolution finding evidence of star forma-
tion outflows and extended emission, as well as rotation. The
authors also found evidence of an extended molecular gas halo
surrounding the galaxy. The small number of spatially resolved
galaxies at this redshift leaves much uncertainty for the pro-
cesses occurring in these galaxies – particularly for MS mergers
and dispersion-dominated galaxies (which were found to be the
majority from ALPINE).

In this paper, we use brand new high-resolution ALMA [CII]
observations to analyse three MS galaxy systems at resolutions
of up to 0.15′′ and investigate the morphology and kinematics on
a kpc scale. We also aim to understand the processes at play and
the classifications of galaxies at high resolution, offering useful
insights into the molecular gas of MS galaxies undergoing mass
assembly. This paper assumes a Λ-CDM cosmology, with h0 =
0.7, ΩΛ = 0.7, and Ωm = 0.3. A Chabrier initial mass function
(IMF) is also assumed (Chabrier 2003).

2. The sample

This paper focuses on three galaxies at redshifts ∼4.5 that were
studied in Jones et al. (2021). All were found to be on the
MS at this redshift (Faisst et al. 2020). The criteria for select-
ing these galaxies for a high-resolution follow-up were as fol-
lows: (i) [CII] peak flux densities higher than 10 mJy beam−1 to
ensure dynamical studies in reasonable integration times; (ii) a
strongly detected continuum (>7-σ); (iii) the [CII] and contin-
uum appear aligned in ALPINE observation, and, finally, (iv) the
HST images of these galaxies showed no evidence of late stage
mergers. In this section, we present the properties of these galax-
ies, as obtained from the analysis of the low-resolution ALPINE
data.

2.1. DC8737

DEIMOS_COSMOS_873756 (hereafter, DC8737) is the bright-
est galaxy in the ALPINE survey, at a spectroscopic redshift
of z = 4.5480. At the coarse ∼0.7 resolution of the origi-
nal ALPINE data, it shows no signs of rotation; it does show
a high-velocity dispersion. The [CII] emission is extended to
the east. The galaxy was classified as dispersion dominated
because the main component dominates the field and the [CII]
line is very broad, with a FWHM of 526 km s−1 (Jones et al.
2021; Le Fèvre et al. 2020). In Cassata et al. (2020), this galaxy
is found to be a Lyα emitter in the central region.
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2.2. VC8326

VUDS_COSMOS_5101218326 (hereafter, VC8326) has a red-
shift of z = 4.5678. Jones et al. (2021) modelled its velocity
map with 3D-Based Analysis of Rotating Object via Line Obser-
vations (3D-BAROLO; Di Teodoro & Fraternali 2015), finding
that this object is likely to be an extended dispersion-dominated
galaxy. HST/ACS F814W imaging (Koekemoer et al. 2007)
from the COSMOS survey, targetting the rest-frame UV, reveal
extended emission over 1′′ scales. VC8326 is in the central
regions of the most massive component of the PCl J1001+0220
protocluster (Lemaux et al. 2018; Staab et al. 2024).

2.3. DC8187

DEIMOS_COSMOS_818760 (hereafter, DC 8187) consists of
three galaxies at z = 4.56038, z = 4.56628, and z = 4.56229,
extensively studied in Jones et al. (2020). The eastern and cen-
tral sources are the two largest and brightest and are found to be
close both spatially and in velocity. Therefore, they are consid-
ered to be undergoing a major merger. A third source (separate
in velocity by ∼300 km s−1 and spatially by 18 kpc) is detected
nearby. It is likely going to merge with the main system in the
future. The velocity map of this galaxy showed signs of rotation
or tidal disruption and it was found in Jones et al. (2020) to have
the lowest [CII] luminosity of the three sources.

3. Data processing and analysis

3.1. Observations and data reduction

The data used in this paper were obtained between 2020 and
2021 as part of the ALMA project 2019.1.00226.S (P.I.: E. Ibar).
Configurations C43-5 and C43-3 were used, producing resolu-
tions of 0.15′′ (high resolution, HR) and 0.3′′ (medium reso-
lution, MR), respectively. Objects were observed for 937 s and
1975 s in C43-5 and C43-3, respectively, for each object (which
corresponds to only a fraction of the 30 h originally planned
for the observations). The spectral setup was such that all three
galaxies were able to be observed within a loop with exactly the
same spectral setup, using the same phase calibrator; this was to
reduce the overheads and maximise the total integration times.
Additionally, we also included in the analysis the lower resolu-
tion (LR) data, available from ALPINE (2017.1.00428.L, P.I.:
Le Fèvre).

The high-resolution, medium-resolution, and low-resolution
data were processed, independently for each observation, using
the standard ALMA pipeline to produce calibrated uv datasets
for each observation and for each source. The pipeline calibra-
tion was manually checked and no issues were found with the
calibration. Channels containing line emission were identified
and excluded, a buffer of 10 km s−1 either side of the emission
was ensured to prevent any contamination from the wings of
the line emission. The continuum was then subtracted using the
CASA task uvcontsub to produce the continuum subtracted
visibility file for each resolution.

Due to the nature of interferometry, high-resolution images
typically fail to pick up extended emission. In the case of these
observations, the maximum recoverable scale is larger than the
size of the galaxies and thus diffuse emission can be detected by
these high-resolution observations (if they have sufficient expo-
sure time). However, with ALMA, high-resolution observations
are noisier than low-resolution observations. This means high-
resolution observations fail to pick up fainter, diffuse emission

Table 1. RMS of each [CII] intensity map (moment 0) in
Jy km s−1 beam−1.

Galaxy HR+MR HR+MR+LR

VC8326 64 70
DC8737 76 59
DC8187 78 67

Table 2. Beam size of each resolution concatenation in arc seconds.

Galaxy HR+MR beam HR+MR+LR beam

VC8326 0.232× 0.158 0.313× 0.242
DC8737 0.224× 0.154 0.349× 0.273
DC8187 0.241× 0.179 0.294× 0.231

Notes. These are the best-fit 2D Gaussian FWHMs of the synthesised
beam.

without long integration times – which are unrealistic in the case
of a competitive interferometer such as ALMA. However, it is
possible to concatenate low-resolution data with higher resolu-
tion data to build up a picture of both the compact and extended
emission. Therefore, a combination of visibility files is used in
this paper. First, a concatenation of the high and medium resolu-
tion was made using concat for each source. It was decided to
combine the highest resolutions observations (0.15′′ and 0.3′′) to
a single concatenation in order to maximise the S/N. Secondly, a
high+medium+low resolution concatenation was made using the
CASA task concat for each source. This concatenation allows
for a better coverage of the uv-plane, allowing the tracing of
both extended and compact components of emission. From here
on out, we refer to these concatenations as HR+MR+LR for
all three resolutions combined and HR+MR – for the high and
medium resolution concatenation.

To produce the final data cubes, cleaning was under-
taken using the CASA task tclean, a Briggs weighting (with
robust = 0.5) was chosen to best compromise between resolution
and sensitivity. A dirty image was produced and the RMS per
pixel (of the peak channel) estimated using an aperture located
outside of the galaxy (to avoid emission from the galaxy). All
galaxies were cleaned to a threshold of 2.5×RMS. The resultant
RMS per pixel and synthesised beam for each moment 0 map
are shown in Tables 1 and 2.

3.2. Production of moment 0 and 1 maps

For each source, at each resolution, moment 0 and moment 1
maps were produced for channels that contain line emission. The
moment 0 map shows the spatial distribution of line emission,
whereas the moment 1 map shows the velocity distribution of
line emission. The optimum velocity range of the 1D spectra
which maximises the S/N of the line emission was found using
the procedure used in Zanella et al. (2018), this is described
as follows. The total signal-to-noise ratio (S/N) was measured
within an aperture of diameter 3′′ (for the HR+MR+LR reso-
lution concatenation) or 1.5′′ for the HR+MR cubes. This was
calculated for all possible channel ranges in the data-cube, not-
ing the velocity range that maximised the S/N is considered to
be the channel range containing the line emission.

Moment 0 and 1 maps were produced using the CASA task
immoments using the channels previously selected to contain
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Fig. 1. Summary of maps produced for DC8737. Top line shows the moment 0 maps, from left to right: HR+MR (with S/N contours from
±5, 6, 7, . . . σ) and HR+MR+LR with S/N contours of ±5, 6, 7, . . . σ, along with HST/ACS F814W (Koekemoer et al. 2007; blue; 3, 5, 7, 9σ) and
K-band (red; 3, 4σ) continuum map (with continuum and [CII] contours from 5σ in purple and black, respectively). The second line shows the
moment 1 maps cut to 5σ, for the HR+MR and the HR+MR+LR configurations and the PV diagram taken in the HR+MR+LR concatenation –
using the slit shown on the top line – with contours of 0.7, 0.8, and 0.9x the peak value.

line emission. For the HR+MR and HR+MR+LR moment 1
maps, aσ-cut was made (between 3−5σ depending on the galax-
ies morphology); that is, any pixel with a S/N less than defined
above was set to null. This ensures the velocity map is only
showing pixels likely to be a constituent of the galaxy.

Continuum maps were produced for each source. These were
produced directly from non-continuum subtracted visibility files.
The same concatenations as described in Sect. 3.1 were cre-
ated. All spectral windows in the band were selected, how-
ever the channels found to contain line emission (as described
above) were excluded. Using tclean, with a mfs mode and a
Briggs weighting (robust = 0.5), a dirty continuum image was
produced for each observation. Using an aperture of an empty
background region, the RMS was estimated and cleaning was
repeated to 2.5 × RMS in order to produce clean continuum
maps.

The moment 0 maps and moment 1 maps are shown in
Figs. 1–3. For the HR+MR+LR maps, which give the best view
of the compact + extended emission, K-band, VISTA observa-
tions (matching the rest-frame optical), and HST observations
(matching the rest-frame ultraviolet) are contoured to compare
the stellar distribution and obscured star formation to the [CII]
distribution. The continuum maps are also shown in the same
figures, along with [CII] contours to compare the obscured star
formation (from continuum) and gas distributions (shown by the
[CII]).

3.3. Fidelity of galaxy components

The moment 0 maps show that the high-resolution observations
reveal complex components (i.e. clumps, compact regions) that
were previously not observable due to the coarse resolution of

the ALPINE survey. However, there is a risk that spurious emis-
sion from noise can be misidentified as emission from the galaxy.
Therefore, to ensure any detections are significant, we adopted
the method from Walter et al. (2016); thus, we assumed that the
noise is Gaussian and the number of positive and negative peaks
above a given flux limit should be the same, if no detection is
present. Real and robust detections should instead only appear
as positive peaks. Using Eq. (1), we estimate the term coined in
Walter et al. (2016), namely, the “fidelity” as:

Fidelity(S/N) = 1 −
Nneg(S/N)
Npos(S/N)

· (1)

In practice, the fidelity compares the ratio of non physical neg-
ative noise peaks to potentially real positive peaks for a given
S/N. The S/N where this fidelity is equal to 60% is the value that
is considered the minimum for a detection to be considered real
for a given number of connected pixels. In order to estimate the
fidelity of individual components, we count the number of pos-
itive sources of comparable or larger number of connected pix-
els as the component at a given S/N and the same is conducted
for negative sources; the comparison of the two, according to
Eq. (1), gives the fidelity of such component.

3.4. [CII] flux analysis

Performing the photometry of the [CII] and continuum emis-
sion in these galaxies is a non-trivial task. DC8737, DC8187,
and VC8326 have clumpy or irregular morphologies which are
poorly fit by a two-dimensional (2D) Gaussian. Therefore, aper-
ture photometry was conducted on the moment 0 maps, with
aperture sizes that must be carefully selected as not to miss
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Fig. 2. Summary of maps produced for VC8326. Top line shows the moment 0 maps of VC8326, from left to right: HR+MR (with contours from
±3, 4, 5, . . . σ) and HR+MR+MR – with contours from ±3, 4, 5, . . . σ, along with HST/ACS F814W (Koekemoer et al. 2007; blue; 3, 5, 7, 9σ)
and a K-band (red; 3, 13, 23, 33σ) continuum map (with continuum and [CII] contours from 3σ in purple and black, respectively). The second
line shows PV diagram (from the slit shown on the top line taken in the HR+MR concatenation) with contours of 0.7, 0.8, and 0.9 times the peak
value) and the moment 1 maps which are cut to 3 and 5σ, respectively.

Fig. 3. Summary of maps produced for DC8187. The top row shows the moment 0 maps, from left to right: HR+MR (with contours from
±5, 6, 7, . . . σ) and HR+MR+LR (with contours from ±5, 6, 7, . . . σ), along with HST/ACS F814W (Koekemoer et al. 2007; blue; 3, 5, 7, 9σ)
and a K-band (red; 3, 4, 5, 6σ) continuum map (with continuum and [CII] contours from 5σ in purple and black, respectively). The second line
shows the moment 1 maps shown in the HR+MR concatenation and are cut to 5σ. On the right the second line shows the PV diagram, taken in an
east-west slit in the HR+MR concatenation with contours of 0.7, 0.8, and 0.9 times the peak value.

extended faint emission, at the same time, minimising the noise
(which increases with aperture size). The noise was estimated
with a consistent method to that used in the ALPINE survey
(Béthermin et al. 2020) by scaling the error associated to a sin-
gle beam with the number of synthesised beams per aperture.
We note that we did not include flux calibration errors, which
can amount to 10% of the total flux.

In the HR+MR+LR concatenation, apertures were selected
from diameters smaller than 3′′ in diameter for all sources, which
this is consistent with the size chosen for the original ALPINE
sources in Béthermin et al. (2020). To minimise the effect of
noise (which increases with larger aperture sizes), while prevent-
ing emission from being missed. The aperture radius is selected
by finding the radius where the S/N is maximised. Beyond this
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Table 3. Summary of integrated [CII] intensities for each source.

Galaxy MR+HR flux Aperture radius LR+MR+HR flux Aperture radius LR ALPINE flux
(Jy km s−1) (kpc) (Jy km s−1) (kpc) (Jy km s−1)

DC8737 4.32 ± 0.27 2.5 6.8 ± 0.26 4.5 5.84 ± 0.27
VC8326 2.89 ± 0.36 4.0 3.31 ± 0.29 4.0 2.92 ± 0.23
DC8187(E) 3.05 ± 0.19 2.9 3.54 ± 0.23 4 2.6 ± 0.20
DC8187(C) 4.37 ± 0.19 2.25 5.3 ± 0.23 4.4 4.9 ± 0.30
DC8187(W) 0.74 ± 0.15 1.0 0.95 ± 0.19 1.4 0.8 ± 0.20

point, the additional flux (from an increased aperture) becomes
less significant than the increased error (from noise) to minimise
the error, whilst ensuring no flux is lost. For the HR+MR con-
catenation the apertures are generally significantly smaller than
the HR+MR+LR concatenation due to fact they trace prefer-
entially the compact emission (and have higher RMS values).
We emphasise that when the same aperture is used as in the
HR+MR+LR concatenation the HR+MR+LR flux is recovered
(within the large errors).

For flux measurements of features within galaxies (clumps
or other components), the apertures were manually adjusted, as
they are poorly fit by a 2D Gaussian. In these cases, we made
sure to ensure that the aperture size was larger than the synthe-
sised beam to ensure an accurate measurement by preventing its
flux from being lost.

The integrated fluxes measured for each source are reported
in Table 3. For DC8187, photometric measurements were con-
ducted individually for each constituent of the merging system
(whilst ensuring no overlap between the apertures). It is clear
that the [CII] flux measured for the objects varies significantly
across different concatenations, as described in detail in the fol-
lowing.

3.4.1. DC8737

DC8737 is the galaxy with the brightest [CII] Luminosity in the
ALPINE survey and shows the largest discrepancy between [CII]
fluxes measured in the different configurations. The [CII] emis-
sion appears to be dominated by a single component, in all con-
figurations (see the first two lines of Fig. 1).

The total emission in the HR+MR+LR concatenation is
6.80± 0.26 Jy km s−1, 60% larger than the flux of the HR+MR
concatenation (4.32± 0.27 Jy km s−1). This indicates that this
object has a significant extended component, indicative of dif-
fuse gas, which is not recovered by the configurations with the
highest resolutions. The ALPINE flux is 5.84± 0.27 Jy km s−1;
whilst this is lower than the flux recovered in this paper, it still
supports the presence of an extended gas component.

3.4.2. VC8326

The [CII] emission in VC8326 is resolved into two compact
regions when the HR and MR resolution data are included, as
can be seen in line 1 of Fig. 2. These compact regions could be
interpreted as two merging galaxies (or clumps).

Differently from DC8737, the [CII] fluxes measured for
VC8326 in the different configurations all agree within the
errors: the fluxes are 2.89 and 3.31 Jy km s−1 for the MR+HR and
LR+MR+HR, respectively. The total recovered fluxes in these
new concatenations are, within uncertainties, comparable to the
original ALPINE flux.

Table 4. Resolved flux measurements of VC8326, all clumps are
detected with 100% fidelity.

Source Flux (HR+MR) Aperture diameter
(Jy km s−1) (kpc)

Clump SE 0.87 ± 0.15 1.5× 1.5
Clump NW 0.41 ± 0.13 1.2× 1.2
Integrated galaxy 3.3 ± 0.48 4× 4

In addition, we estimated, in the HR+MR+LR concatena-
tion, the amount of [CII] emission that can be associated to the
two main components of the objects identified in Fig. 2. We
report in Table 4 the apertures that we used and the results of this
analysis. We find that the two compact regions make up 26% and
12% of the total [CII] emission of the galaxy VC8326, respec-
tively. Together, therefore, they contain about 38% of the total
[CII] flux. The two components are clearly real components as
they correspond to a fidelity of 100% (at the 4σ level). As seen in
this section and discussed later in the paper, this system is likely
a merger; therefore, the remaining emission can be considered a
diffuse gas component in this case as well. However, since that
in this case the emission is picked up in all concatenations, it is
likely less diffuse than in DC8737.

3.4.3. DC8187

DC8187 is constituted of three galaxies at about the same red-
shift; with the caveat of assuming the observed emission is [CII].
The moment 0 map, shown in Fig. 3, indicates that two of these
galaxies (the eastern and central galaxy) are currently interact-
ing, with evidence of two clumps surrounding the central galaxy.
The western source (as found in previous papers, see Sect. 2) has
no indication of ongoing merging activity and is instead a poten-
tial future merger.

The western source is compact. The fluxes are 0.95 and
1.24 Jy km s−1 for the MR+HR and LR+MR+HR concatena-
tions, respectively. Hence, the fluxes are comparable within the
error bounds and thus there is no evidence of flux loss between
resolutions – indicating that there is no significant extended and
diffuse gas component.

The central source presents some flux loss between the
HR+MR+LR and HR+MR observations: the fluxes in these two
different configurations are 5.3 and 4.37 Jy km s−1, respectively.
This suggests that this object is constituted by both a compact
and an extended component.

The new observations clearly show that the central source
appears to be surrounded by two fainter clumps (as shown
in Fig. 3). For this observation, the S/N at which the fidelity
reaches 60% is 3.6: the clump in the south-east is detected at 5σ,
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Table 5. Resolved flux measurements of DC8187 in HR+MR+LR con-
catenation, all clumps detected with 100% fidelity.

Source HR+MR+LR flux Aperture diameter
(Jy km s−1) (kpc)

Galaxy C 5.3 ± 0.71 8.8× 8.8
Clump SW 0.68 ± 0.23 2.0× 2.0
Clump NE 0.30 ± 0.13 1.1× 1.1

corresponding to a fidelity of 100%; the north-western clump
is detected at approximately 4σ – indicating it is a real object.
In Table 5, the flux from the clumps is reported. The clumps
make up 12 and 5% of the total emission of the central galaxy,
respectively; this is a much smaller fraction than for the clumps
in VC8326.

The flux loss is less prominent in the eastern source due
to the poor detection at the highest resolution and thus large
errors associated with it. However, as in the case of the cen-
tral source, there does appear to be flux loss between the
HR+MR and HR+MR+LR concatenations: the fluxes are 3.05
and 3.54 Jy km s−1 for the HR+MR and HR+MR+LR, respec-
tively.

The flux loss in both the central and eastern sources appears
to indicate that there is a diffuse gas component. This gas com-
ponent is likely a consequence of the merger, which is disrupting
gas and leading to the formation of gas bridges, extended emis-
sion, and clumps – as seen in the moment 0 maps.

3.5. Continuum analysis and radial profiles

As previously mentioned, the 158 µm continuum is detected in
all three systems. In this section, we compare the location and
intensity of the FIR emission and that of the [CII], whilst also
exploiting [CII] and continuum radial profiles. The radial pro-
files are obtained integrating the signal ([CII] or continuum)
within circular apertures of increasing size (step 1 pixel), start-
ing with a circle that has the same radius as the major axis of
the beam. The profiles are centred on the barycentre of the [CII]
emission (indicated as a white cross in Figs. 1–3). We note that
while for DC8737, this also corresponds to the peak of the [CII]
and continuum emission, for VC8326 this barycentre does not
correspond to the peak of the [CII] emission (that is concentrated
on the two clumps).

We convert the [CII] flux (in Jy km s−1) to a luminosity (in
L�) using the following equation from Solomon et al. (1992).

L[CII] = 3.25 × 107 SCO∆vνobsD2
L, (L�), (2)

where DL is the luminosity distance in Mpc, S[CO]∆v is the [CII]
flux in Jy km s−1, and ν[obs] is the observed frequency in GHz. As
[CII] is often used as a tracer for molecular gas (Zanella et al.
2018), we converted the [CII] luminosity, for each aperture, to
the molecular gas mass surface density, using Eq. (3):

Σgas = α[CII]
1

D2
A

L[CII],

(
M�

Mpc2

)
, (3)

where α[CII] is the conversion factor between [CII] and molecu-
lar gas mass (31 M�/L�, Zanella et al. 2018), m[CII] is the [CII]
Luminosity in L�, and DA is the angular diameter distance in
Mpc.

The continuum at 158 µm is assumed to represent obscured
star formation. We converted the continuum flux to surface den-
sity of obscured star formation using Eq. (4):

ΣSFRIR = κIR
1

D2
A

LIR

L158
v[CII]

4πD2
L

1 + z
m158,

(
M�

Mpc2 yr

)
, (4)

where L[IR]/L[158] is the ratio between the total infrared luminos-
ity and the 158 µm rest-frame monochromatic luminosity (we
use the value of 1/0.113 as found by Béthermin et al. 2020),
ν[CII] is the rest-frame velocity of [CII], m[158] is the flux in
Jy of the continuum and κ[IR] is the conversion factor 1.47 ×
10−10 M�/L� yr−1.

The surface density of molecular gas mass and obscured star
formation (taken for each aperture) are plotted against the phys-
ical of the corresponding aperture. This gives a radial profile of
emission of gas and obscured star formation for each Galaxy.
These are shown in Fig. 4 and discussed in the next subsections.

3.5.1. DC8737

As discussed in the previous section, DC8737 consists of a com-
pact and an extended [CII] component. From the third panel in
the top row of Fig. 1, it is clear that the continuum emission
is aligned with the [CII] emission, and is much more compact
than the [CII] one. In addition, from the top left panel of Fig. 4,
we again see that the obscured SFR, traced by the continuum, is
more compact than the molecular gas, traced by [CII].

3.5.2. VC8326

VC8326 consists of two distinct components in [CII], which
could be two merging galaxies. However, the continuum shows
a radically different morphology: as shown by the right panel
of the top row in Fig. 2, the continuum emission is divided into
three components, one of which is located at the centre of the
galaxy, near the barycentre of the [CII] emission. The other two
continuum components (one in the south-western clump and
one further south of the galaxy) are both detected at 5σ, cor-
responding to a fidelity of 100%. It is worth noting, as can be
seen in the central panel of the top row in Fig. 2, that this sys-
tem is also well detected in the F814W image by HST and in
the K-band image by UVISTA (tracing the UV and optical rest-
frame, respectively). Both emissions significantly differ from the
appearance of the [CII] or continuum emission, as they show
only a single component well centred on the barycentre of the
[CII] emission, with no evidence of substructure.

From Fig. 4, it is again evident that the [CII] and continuum
emission are offset with respect to each other: while the contin-
uum emission monotonically decreases from the centre (chosen
as the barycentre of the [CII] emission, shown as a white cross
in the top right panel of Fig. 2), the [CII] emission increases
for increasingly large apertures until the flux from the two main
peaks is included (for the aperture with a 2.5 kpc radius) and then
starts decreasing.

This presence of continuum emission in the centre of the
system suggests that some amount of obscured star-formation
is taking place, although no [CII] emission is detected there. The
south-western [CII] component also shows continuum emission,
suggestive of a large amount of obscured star formation, which
could be feeding from the large gas reservoir traced by [CII].

Finally, there is evidence of a third continuum component
with no corresponding [CII] emission (nor HST or VISTA), indi-
cating that there may be an additional component with obscured
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Fig. 4. Radial profiles of the galaxies in this paper with both [CII] and continuum emission (using the HR+MR+LR concatenation). The [CII]
emission was converted to a molecular gas surface density and the continuum to an obscured SFR. The aperture of which the galaxies fluxes in
Sect. 3.4 were taken in the HR+MR+LR concatenation which is shown by the blue line.

star-formation and with a large quantity of dust (explaining the
lack of visible HST emission).

3.5.3. DC8187

As shown by the third panel in the top row of Fig. 3, continuum
emission is only significantly detected for the central and west-
ern galaxies, while there is no detection in the eastern source.
The continuum emission in the central component is coming
from three clumps and a central region, as shown in the top row
of Fig. 3, and it is concentrated within an area of ∼3 kpc in diam-
eter, as shown by the radial profile in Fig. 4. At larger radii, the
profile drops off – before becoming noise dominated. The clump
to the north east is detected at 3σ which is below a 60% fidelity.
However the clumps to the south and north-west are detected
at 4σ corresponding to 80% fidelity – indicating they are likely
to be real. The UV and optical rest-frame emission, traced by
HST/ACS F814W and K-band UVISTA, are very well detected
for the central component and aligned with the [CII] emission.

The western galaxy is quite interesting: it is extremely com-
pact at less than ∼2 kpc in diameter (as it can be seen in Figs. 3
and 4), both in the [CII] and continuum, which have similar pro-
files.

3.6. Position-velocity diagrams

Position-velocity (PV) diagrams can give important insights on
the kinematic properties of galaxies and were therefore produced

for each individual source. PV diagrams are primarily extracted
on the HR+MR concatenations or (except for DC8737, where
the HR+MR+LR concatenation is used due to the extended
nature of the source). The reason for this choice is that this con-
figuration offers the best compromise between resolution and
S/N.

PV slits were selected to go through the peak emission for
each galaxy – with the slit oriented to, preferentially, go through
extended emission or clumps (where detected); a slit width of
the average of the minor and major axis of the beam was chosen
for all sources. All PV diagrams have contours at fractions of
0.7, 0.8, and 0.9 times of the peak flux in the PV diagram itself.
The contours were drawn with this method instead of using the
RMS as the RMS is variable within each channel. PV diagrams
are shown in the bottom-right panels of Figs. 1–3 and will be
analysed in the next sections to constrain the kinematics of these
galaxies.

3.7. Spectra

Spectra around the channels containing the [CII] emission were
produced for each source (including the individual components
of DC8187). Spectra were generated using aperture photom-
etry on each individual channel in the data-cube. The spec-
tra presented in Fig. 4 are extracted in the HR+MR concate-
nation, with the exception of DC8737, which was obtained
from the HR+MR+LR configuration, to cover both the extended
and compact components. The HR+MR concatenations of all
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Fig. 5. Spectra of [CII]. Top panel shows the spectrum for DC8737 along with the residuals (middle panel) when the Gaussian fit is subtracted
from the data. The bottom three panels show from left to right: the spectra for VC8327, DC8187 (central and east galaxies), and, finally, DC8737
(west galaxy).

sources have a channel width of 6.75 km s−1, the HR+MR+LR
of DC8737 has a channel width of 13.5 km s−1. For all sources,
the apertures are the same as in Sect. 3.4.

For each source, Gaussian models were fit to the data, includ-
ing allowing the possibility of multiple Gaussians to fit the data.
For all objects but DC8737, one single Gaussian was enough
to reproduce the emission. For DC8737, some excess emission
around +400 km s−1 was detected and we therefore added a sec-
ond Gaussian around that velocity to improve the fit. The middle
panel of Fig. 5 shows that the excess emission at ∼+400 km s−1

is significant at ∼3σ.

4. Outflows or mergers in DC8737

Outflows of molecular gas are identified as additional broad
emissions, usually offset with respect to the main emission (i.e.
Ginolfi et al. 2020b; Herrera-Camus et al. 2021). The presence
of outflows would imply that the total line emission would be
best fit by two or three Gaussians, as opposed to a single Gaus-
sian component. As seen in the top panel of Fig. 5, for DC8737
there is evidence of a broad component at ∼400 km s−1, in addi-
tion to the global emission from the source. In the middle panel
of Fig. 5, we show the residual emission when the main Gaussian
is subtracted from the total spectrum: the additional emission at
∼+400 km s−1 is evident as a clear peak that has an integrated
S/N of 10.8 (with a peak value of 3σ). We note that there is a
second, much smaller peak at ∼−400 km s−1, with an integrated
S/N of 3.6 only. This peak therefore cannot be conclusively dis-
tinguished as genuine emission from noise. The fact the two
peaks at ±400 km s−1 are of different S/N, and only one is fit by
a broad component, is not consistent with the typical scenario of
biconical outflow; it would appear that we detect with high sig-
nificance only the side of the outflow receding from us and not

the approaching side. Although it must be noted that orientation
effects are such that even in the case of biconical outflows, only
one wing may be observed. The source of this outflow could be
the intense star formation identified in the centre of DC8737, we
cannot rule out the presence of an active galactic nucleus (AGN),
which could also produce such outflows.

We present as well a second scenario, which is consistent
with the observed second component at ∼+400 km s−1: a merg-
ing object falling onto the central one at that velocity would be
observed an additional emission component, offset with respect
to the main one. In Fig. 6, a moment 0 map of only the chan-
nels that contribute to the broad component is shown. The map
displays a 0.3′′ offset to the south-west compared to the total
[CII] emission (comparable to the ALMA beam) further sup-
porting the merger scenario compared to the outflow scenario.
However, it is interesting to note that this alleged merging com-
ponent is not detected neither in the HST/ACS F814W image
nor in the K-band UVISTA one (the only emission in those bands
is close to the barycentre of the [CII] emission, see Fig. 1). For
the UVISTA, this is expected due to the large PSF (0.7′′).

By looking at the [CII] moment 0 map for the HR+MR con-
figuration, in the top-left panel of Fig. 1, there is evidence of two
smaller additional components: one to the west and the other
to the north of the central region. These are well detected at
over 4σ, corresponding to a fidelity of 100%, indicating that
they are real components. The moment 1 maps, reported in the
bottom left panel of the same figure, indicate that these regions
both move at an uniform velocity of −200 km s−1 with respect
to the main component. This suggests that they could be other
minor mergers or simply clumps of star formation within the
main object. Upcoming JWST data from the COSMOS-Web sur-
vey Casey et al. (2023) and with NIRSpec IFU (P.I.: A. Faisst)
will allow for this issue to be conclusively determined. These
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Fig. 6. Map of [CII] for the broad component of DC8737. The contours
from ±3, 4, 5, . . . are shown in white. The [CII] map created over all line
emission is shown by red.

additional components support the hypothesis that DC8737 con-
sists of multiple merging components, thereby explaining its
high velocity dispersion. For further details, we refer to the dis-
cussion of a similar object Ginolfi et al. (2020a).

5. Discussion

There is only a limited number of high-resolution sub-mm obser-
vations of very-high-redshift galaxies (z > 4) – targeting molec-
ular gas or continuum emission. The majority of these targets
are starbursts which are much brighter and thus easier to detect
at a high S/N. Our sample targets the molecular gas and contin-
uum of three MS galaxy systems, which are constituents of five
galaxies.

In this section, we summarise all the information that we
gathered for the objects in the sample and we discuss the prop-
erties of each one individually. We discuss our findings in rela-
tion to other observational results and simulations for galaxies
observed at the same epoch.

5.1. DC8737

Low-resolution observations (from the original ALPINE sur-
vey) of DC8737, the brightest galaxy in the ALPINE survey in
[CII], showed no signs of rotation. This suggests the object is
an extended dispersion-dominated galaxy. However, the addition
of high-resolution observations we present in this work indicate
that this object is definitely more complex than initially thought.

In Sect. 3.4, we show that approximately 50% of emission is
traced by the HR+MR observations compared to HR+MR+LR.
This indicates that there appear to be two components in [CII]:
a compact and bright central region and a fainter, more extended
component. The higher resolution concatenations only detect the
central, compact region, indicating that higher resolutions trace
the compact emission as expected; however, these higher reso-
lution concatenations lack the integration time needed to detect
the extended components above the noise.

The extended [CII] component is interpreted as a diffuse
gas component, similarly to Fujimoto et al. (2020). The compact
central region is also detected in HST F160W imaging and in the
FIR continuum, indicating a highly star forming centre, as pre-
sented in Béthermin et al. (2023).

The PV diagram and the HR+MR+LR moment 1 map,
shown in Fig. 1, show that the galaxy appears dispersed (with
multiple velocities), with no evidence of ordered velocity gradi-
ents that could be suggesting rotation. These groups are con-
centrated in the central, compact region detected in the high-
resolution observations. This indicates that the central region
could be made up of distinct velocity components. In, the
HR+MR map, there is evidence for two components to the north
and west of the central region at a velocity of (<−200 km s−1).
This could be indicative of galaxy components (i.e. minor
merger), as discussed in Sect. 4.

DC8737 appears to show evidence of an additional [CII]
component at ∼+400 km s−1, which could be interpreted either
as outflowing gas or as a minor merger, as discussed in detail in
Sect. 4. In support of the outflow scenario, we highlight that the
FIR continuum, [CII] and HST maps show intense star forma-
tion occurring in the dusty central region, which is expected to
drive outflows (Ginolfi et al. 2020b); although we note the pres-
ence of an AGN cannot be excluded for this galaxy. Moreover,
the evidence for an extended [CII] halo around the more compact
central emission, is in agreement with the recent semi-analytical
model by Pizzati et al. (2022), whereby star formation-driven
outflows can produce these extended gas halos. In a recent study,
Romano et al. (2023) traced outflowing gas in a sample of local
dwarf galaxies (analogs of high-z SFGs) from [CII] emission:
they found that [CII] is about two times more extended than UV
emission, with 40% of the gas possibly pushed outside of the
galaxies by the otuflow (thus enriching the CGM around those
galaxies).

If the additional component were instead due to a minor
merger, together with the evidence of fainter, but statistically sig-
nificant, [CII] components in the moment 0 map (Fig. 1), this
could be an indication of a very turbulent environment in which
smaller components (or minor mergers) are continuously falling
onto the main central galaxy, determining the very large velocity
dispersion of the system.

5.2. VC8326

VC8326 is the most complex source in the sample. There is
consistency in [CII] flux between the three concatenations for
VC8327 – although 62% of the flux is located outside of com-
pact regions (see Sect. 3.4). The fact the [CII] flux from this
underlying component is detected in all concatenations suggests
that it is less diffuse than the [CII] halo in DC8737. Both con-
catenations show two clear compact clumps in [CII], which are
clearly real emission. For VC8326, the low-resolution observa-
tions from ALPINE was unable to resolve the two clumps and
the [CII] emission appeared to come from a single component,
which was dispersion-dominated; high-resolution data are there-
fore crucial to reveal the real nature of this system.

Understanding whether VC8326 is composed of two merg-
ing galaxies or rather a single galaxy with two in situ clumps is
not trivial. The separation of the two [CII] components, around
5 kpc, is much larger than typical galaxies at the same redshift
(Ito et al. 2024), this suggests that they could indeed be two
individual merging galaxies. The south-western clump is dusty
(seen by emission in the continuum maps in Fig. 2). The size of
the clump is consistent with smaller galaxies (i.e. DC8187(W)),
which could indicate this is an individual galaxy. There is [CII]
located between the two main [CII]components which is com-
parable to the diffuse [CII] in the rest of the galaxy; the moment
0 map shows an unresolved dip in [CII] that is not real and is,
in fact, an effect from the cleaning process. There is strong HST
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emission in the centre (and dust continuum emission), which can
be explained by merger-induced star formation.

On the other hand, there is some evidence to argue against
this scenario. As shown in the middle panel of Fig. 2, rest-frame
UV observations from HST indicate intense star formation in the
central region, exactly mid-way between the two [CII] compact
regions); moreover, this is corroborated by a tentative detection
of continuum in the centre (top-right panel of Fig. 2). In addition,
there is no HST emission from the clumps and K-band emission
tracing the rest-frame optical. Therefore, it is very possible that
VC8326 is indeed a large galaxy in formation, with two main
clumps of star formation. The brightest is very star-forming and,
thus, it has been detected both in [CII] and also in the continuum,
while the faintest is not detected in continuum: this could be sim-
ply because the latter is less star-forming; therefore, it could be
under the ALMA detection limit for the continuum or it could
just be younger and therefore less dust-rich.

In any case, we highlight again the presence of a third clump
south-west of the [CII] emission that is only detected in contin-
uum (and not in [CII]): this could after-all be an old clump that
has exhausted all the gas within it or a less massive dust-rich
merging component.

5.3. DC8187

The ALPINE data of this triple system indicated that it was
made of three galaxies, but the poor resolution prevented us from
analysing their internal properties (Jones et al. 2021). The addi-
tion of the high-resolution data in this paper allows us to begin
resolving the three sources, leading, for the first time, to the
detection of clumps in this system.

In particular, the central galaxy (that is currently interact-
ing with the eastern source) exhibits [CII] clumps surrounding
the main component that were not identified with the original
ALPINE data (top left panel of Fig. 3). These clumps exhibit
a clear separation in velocity from the rest of the galaxy, as
shown by the moment 1 map in Fig. 3. These clumps are denser
and thus more highly star forming compared to the underlying
disk. They are also less bright and less massive than the big
clumps seen in VC8326, as they make up only a tiny fraction
of the total [CII] emission. This is consistent with simulations
(Pallottini et al. 2022), which suggest that mergers may indeed
induce clumpy morphologies.

There is also evidence of two clumps detected in the contin-
uum, as shown in the top right panel of Fig. 3 and discussed in
Sect. 3.5. These have high fidelity and therefore appear to be real
components. It is important to highlight that they are not coin-
cident with the [CII] clumps – this could indicate that clumps
with dust obscured star formation are also produced in merging
galaxies

Both the central and eastern sources appear to have compact
and faint components. This is much more evident in DC8187(C),
which appears to have a dusty star-forming, compact centre
(detected in the continuum and HST; see Fig. 3) along with a
faint diffuse gas component.

The western-most galaxy (which is not strongly interacting
with the other two) is compact in [CII] (with an approximate size
of 0.3′′ size – 1.1 kpc) when observed in the HR+MR configu-
ration. The velocity map (bottom-left panel of Fig. 3) shows a
velocity gradient consistent with rotation. There is no signs of
rotation from the PV diagram, likely due to an insufficient S/N,
leading to a poor detection in the PV diagram. If this is truly a
rotating disk, this presents a case of a low mass disk z ∼ 4.5.

5.4. Comparison to simulations and literature

So far, the majority of high-resolution [CII] observations at
z > 4.5 have already been obtained for star-bursting galaxies;
therefore, a comparison with our sample of MS galaxies is not
straightforward. In particular, Roman-Oliveira et al. (2023) stud-
ied a sample of five starbursts and found that four of them are
disks, while the remaining galaxy is a merger. All the disks
show evidence of non-circular motions (indicative of outflows
or minor mergers), different from the smooth rotation seen at
lower redshifts. These non-circular motions are consistent with
what we have found in our sample, where all galaxies have dis-
played evidence of mergers or outflows. However we do not see
a comparable fraction of disks in our sample (although we note
our small sample size).

Herrera-Camus et al. (2021) presented high-resolution [CII]
data for a MS galaxy at z ∼ 5.5. Interestingly, the authors found
evidence of outflows and a surrounding gas halo, similarly to
what we presented here for our galaxy DC8737, which also
shows an extended [CII] halo, a star-forming centre, and evi-
dence of outflows.

Interesting insights can be also derived by comparing our
observational results with predictions from simulations. For
example, SERRA simulations (Pallottini et al. 2022) predict that
the majority of galaxies at z ∼ 6 have recently undergone a
merger. Remarkably, while in the low-resolution ALPINE data,
DC8737 and VC8326 were classified as dispersion-dominated
galaxies, the high-resolution observations presented in this paper
show that these both have signatures of minor mergers, in agree-
ment with the prediction of the SERRA simulations.

We also find a intriguing similarity between some of the fea-
tures that we presented for DC8187 with the simulated Dahlia
galaxy, presented in Pallottini et al. (2017). Simulated observa-
tions of Dahlia in [CII] suggested that only 3 out of the 14 satel-
lite clumps identified in the simulation would be detectable with
ALMA, with observations similar to the ones presented here; in
the case of DC8187, we indeed detected 2 satellite clumps in
[CII], consistent with the simulated observations of Dahlia.

The SERRA simulations indicate that mergers can induce
clump formation and lead to periods of enhanced star formation,
which could be occurring in our identified merging galaxies. The
three systems studied in this paper were also the brightest in
the ALPINE survey. Whilst [CII] is more tightly correlated with
M(H2) than with SFR, the increased [CII] flux could be at least
partly due to enhanced star formation. However, all our galaxies
are MS galaxies, indicating that any mergers are not causing any
of our galaxies to be pushed off the MS. In Frias Castillo et al.
(2022) a z = 3.4 galaxy on the upper end of the MS is studied
in CO(1−0). The authors identified that the galaxy is an interme-
diate merger and, thus, the authors highlighted that mergers can
drive physical transformations of galaxies without pushing them
off the MS.

It is interesting to highlight that the galaxies we present in
this paper turned out to be very diverse; in fact, DC8187(W) is
found to be an extremely compact (1.1 kpc) rotating disk. Recent
JWST observations (Ferreira et al. 2022) have found that 40%
of galaxies at z ∼ 5 could have disk-like structures, a fraction
that is 10 times higher than what was previously found by HST.
This suggests that disk formation happens at an earlier epoch
and high-redshift galaxies could be much more mature than pre-
viously thought. These aforementioned studies with JWST have
relied purely on the visual photometric morphologies of such
galaxies – and are only tracing star formation in these galaxies.
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Our observations of DC8187(W) demonstrate (spectroscopi-
cally) that mature disks exist at z = 4.5.

6. Conclusions and summary

Using new 0.15′′ resolution ALMA observations in band 7,
we have gained new insights into the nature of three primor-
dial MS galaxy systems (one of which is composed of three
galaxies) at z ∼ 4.5, which had previously been studied as part
of the ALPINE survey Le Fèvre et al. (2020), Béthermin et al.
(2020), Faisst et al. (2020). The new high-resolution data, while
it does not reach the sensitivity that was originally requested,
have nonetheless revealed many more details than the original
ALPINE data. The main conclusions are as follows:
1. VC8326 and DC8737 are the first and third bright-

est [CII] systems in ALPINE, sharing similar morpho-
kinematic properties in the low-resolution data. However,
when observed at high resolution, they turn out to be very
different. DC8737 shows a very bright and concentrated
[CII] emission in the centre, surrounded by a [CII] halo
and a few [CII] fainter clumps. A [CII] component offset
by 400 km s−1 is also revealed, but we could not conclude
whether this indicates an outflow or a merging component.
The continuum emission is also aligned with [CII] (although
much less extended).

2. VC8326, on the other hand, is resolved by the high-
resolution data presented in this paper into two [CII] regions,
embedded into an underlying broader component (not as dif-
fuse as the one around DC8737). It is unclear whether these
two main [CII] components can be considered two merg-
ing galaxies (as suggested by their size and separation) or
they are large star-forming regions within the same galaxy
(as suggested by the morphology of the UV and optical rest-
frame light, revealed by HST and UVISTA, respectively).
Moreover, for this object, the continuum emission is also
spatially offset with respect to the [CII] emission (except for
one of the clumps).

3. DC8187, that is composed of three galaxies, two of which
are in the process of interacting with each other, gave us
the opportunity to study the effect of mergers on the inter-
nal properties of the interacting galaxies. We revealed [CII]
and dust bright clumps that were not identified by the low-
resolution ALPINE data, which could have been induced by
merger activity, as suggested by recent simulations.

4. Remarkably, we also revealed that the third non-interacting
galaxy in DC8187 is a compact object that is very likely to
be rotating. If confirmed by upcoming JWST NIRSpec-IFU
observations, this could be one of the most distant settled
disk ever identified.

5. As we increase resolution, the merger fraction increases,
indicating we may be underestimating how much mergers
contribute to the mass assembly in primordial galaxies.

The addition of these high-resolution observations has interest-
ing implications for our knowledge of galaxy evolution in the
first billion year after the Big Bang. The most striking point
is that there is evidence of mergers or components in both
dispersion-dominated galaxies in this sample. These observa-
tions indicate that mergers can be more frequent than what found
in the ALPINE survey (Romano et al. 2021). Whilst our sam-
ple remains small, a higher merger fraction would indicate that
mergers remain important to the mass assembly of galaxies in
this early epoch. It must be noted that the sources identified as
potential major mergers (VC8326 and DC8187) are located in

the centre and edge, respectively, of the J1001+0220 protoclus-
ter (Lemaux et al. 2018; Staab et al. 2024). This highlights how
environment may be important in shaping galaxy evolution at
such redshifts.

We also identify a potential low-mass disk galaxy at redshift
z ∼ 4.5, DC8187(W), in agreement with recent JWST obser-
vations: Ferreira et al. (2022) have indicated that disk galaxies
might settle much earlier than previously thought, with a larger
than expected number of disks in the very early Universe. Fur-
thermore since DC8187(W) is the galaxy with the lowest gas
mass in [CII], among those in the triple merger system. This indi-
cates that disks are not necessarily the most mature or massive
galaxies at these redshifts.

We also identify clumps in [CII] for a major merging sys-
tem: DC8187. This supports simulations which show that major
mergers can induce clump formation (Pallottini et al. 2022). In
our observations, we observe two distinct categories of clumps:
those only visible in [CII] and those only visible in the contin-
uum, but neither of these clumps are visible in HST observations
of this galaxy system.

We interpret these clumps as sites of merger-induced star
formation: the two categories of clumps are explained by the
fact that as time passes, molecular gas is being consumed in
the production of stars (and, hence, dust). Therefore, the clumps
observed in [CII] might be younger clumps with higher quanti-
ties of molecular gas, but still relatively low star-formation activ-
ity, whereas the continuum clumps are older clumps where the
molecular gas has been fully consumed, but which have larger
dust content. The presence of two types of clump indicates star
formation may occur over a short period; otherwise, we would
only observe one type of clump. The simulations of clumps
from Bournaud et al. (2014), Mandelker et al. (2014) indicates
that clumps with short bursts of star formation can survive stel-
lar feedback for longer periods (>500 Myr). This indicates that
these clumps could survive timescales long enough for them to
migrate to the central component – and be involved the evolution
of the galaxy into a settled disk.

Planned JWST observations with NIRSpec/IFU will allow
us to perform spatially resolved SED fitting to understand the
properties of these clumps and determine if they are comparable
to clumps observed at cosmic noon.
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