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ABSTRACT

The flow of baryons in and out of galaxies is the primary driver for galaxy evolution – inflows bring fresh gas to galaxies that will
eventually compress into molecular gas to form stars, and outflows entrain processed gas outside of galaxies. In addition to depleting
the gas reservoir of galaxies, outflows also enrich their circumgalactic medium (CGM), which can further impact the next stages of
gas accretion, resulting in the presence of molecular gas beyond the stellar component of galaxies out to CGM scales. In this work,
we aim to search for cold molecular gas in the CGM of typical main-sequence (MS) star-forming galaxies (SFGs) at cosmic noon
(zmed ∼ 1.3), where we expect outflows to be particularly prominent. Using Band-3 carbon monoxide (CO) observations from the
Atacama Large Millimeter and submillimeter Array (ALMA), we studied the spatial extent of the cold molecular gas of a sample of
26 SFGs via stacking techniques. We compared this extent to that of the stacked stellar emission of our sample traced by UltraVISTA
Ks-band observations. We also searched for broad wings in the stacked spectrum that can be indicative of ongoing outflows. Within
the noise level of the observations, we find that the total intrinsic cold molecular gas of our sample spatially extends to scales of
RCO ∼ 12 kpc, similarly to the stellar emission (RKs ∼ 13 kpc). We do not find broad wings in the stacked spectrum that could hint at
ongoing molecular outflows, but we find a tentative minor excess of CO(2–1) emission at negative velocities that might be indicative
of outflows, where the redshifted gas is optically thick. The absence of high-velocity molecular gas suggests that molecular outflows
traced by CO(2–1) emission are weak in MS SFGs at cosmic noon. These weak outflows thus fail to expel a significant amount of
molecular gas to CGM scales, as indicated by the absence of molecular emission extending beyond the stellar emission region. This
lack of CO emission at large radii could also imply that the molecular gas does not survive at such distances.
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1. Introduction

The molecular gas reservoir of galaxies gives us insights into
key processes driving galaxy evolution, such as gas flows. The
molecular gas of star-forming galaxies (SFGs) is a crucial com-
ponent impacting the evolution of galaxies, as it hosts and pro-
vides the primary fuel for star formation. Molecular gas is
therefore directly linked to the star formation rate of galaxies,
which drives the overall evolution of galaxies. That reservoir
is replenished through gas accretion originating from outside
galaxies (i.e. on cosmological scales) and recycled gas from
gas fountains, and it is depleted via star formation and repro-
cessed gas outflowing to the outside of galaxies due to stellar and
active galactic nucleus (AGN) feedback (e.g. Kereš et al. 2005;
Hopkins et al. 2012; Somerville & Davé 2015). The molecular
gas of galaxies thus provides clues about the conditions and pro-
cesses that shaped the evolution of galaxies. However, our under-
standing of the relation between the molecular gas reservoir of
galaxies and their outflows is still incomplete.

? Corresponding author: imyoko@cab.inta-csic.es

In the local Universe, observations of molecular outflows
show that metal-enriched cold material can be brought to large
distances, out to circumgalactic scales larger than ∼12 kpc (e.g.
Alatalo et al. 2011; Bolatto et al. 2013a; Veilleux et al. 2017;
Lutz et al. 2020; Girdhar et al. 2024). At cosmic noon (z = 1−3),
the situation is less clear, as it becomes increasingly difficult to
observe gas flows due to their faint nature. Recent studies using
carbon monoxide (CO) observations (tracing the molecular gas)
find an extended molecular-gas reservoir on physical scales of
∼10−100 kpc at z ∼ 2 (e.g. Ivison et al. 2011; Emonts et al.
2018; Cicone et al. 2021; Scholtz et al. 2023; Jones et al. 2024).
However, these studies focused on extreme objects such as pro-
toclusters, quasars, AGN host galaxies, the brightest submillime-
tre galaxies (SMGs), or galaxy mergers. The interpretation of
such extended molecular gas reservoirs is thus not straightfor-
ward, as processes other than stellar-driven outflows (e.g. merg-
ers, cosmic inflows, and interactions) may play a role in pro-
ducing the observed extended molecular gas. Whether stellar-
driven outflows are capable of enriching the surroundings of
typical high-redshift SFGs with cold enriched gas is still an
open question. Focusing on main-sequence (MS) SFGs is highly
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relevant for our global understanding of galaxy evolution
because they represent the population of galaxies responsible
for the bulk of the star formation density of our Universe (e.g.
Speagle et al. 2014 and references therein). Therefore, under-
standing the fate of the cold gas in and out of MS SFGs gives
us critical insights into future stages of galaxy evolution.

Beyond cosmic noon, z > 2, evidence of ∼10 kpc-scale
carbon reservoirs is found around extreme galaxies, such
as dusty starbursts, quasars, or mergers at various redshifts
(e.g. Díaz-Santos et al. 2014; Cicone et al. 2015; Ginolfi et al.
2020; Falgarone et al. 2017; Bischetti et al. 2019a; Stanley et al.
2019; Di Cesare et al. 2024; Fuentealba-Fuentes et al. 2024), but
also around more typical galaxies. Using stacking techniques,
Fujimoto et al. (2019) and Fujimoto et al. (2020) first reported
the identification of the single-ionised carbon atom [CII] 158 µm
(hereafter [CII]) emission out to ∼10 kpc scales in typical SFGs
at z ∼ 6, which is far beyond the stellar component of those
galaxies as traced by the Hubble Space Telescope (HST) obser-
vations. They interpreted this result as evidence of cold-mode
outflows (e.g. Murray et al. 2011; Heckman & Thompson 2017)
driving metal-enriched gas to the CGM. Subsequent work by
Fudamoto et al. (2022) found the [CII] emission presented in
Fujimoto et al. (2019) and Fujimoto et al. (2020) to be more
compact, with a beam-deconvolved effective radius re ∼ 2 kpc.
Although this more careful analysis revealed the [CII] emis-
sion on more compact scales, Fudamoto et al. (2022) still found
that emission to be ∼3× larger than the stellar component
(Fujimoto et al. 2020). Other studies followed and confirmed
the possibility of extended [CII] emission around typical SFGs
at similar redshifts (e.g. Pizzati et al. 2020), suggesting the
capacity for outflows in typical SFGs to drive metal-enriched
gas to their surroundings. However, [CII] can originate from
multiple gas phases, i.e. ionised, atomic, and molecular (e.g.
Sargsyan et al. 2012; Pineda et al. 2013; Rigopoulou et al. 2014;
Cormier et al. 2015; Glover & Clark 2016; Díaz-Santos et al.
2017; Casavecchia et al. 2024, 2025). Therefore, we cannot draw
direct conclusions about molecular outflows and molecular gas
reservoirs based solely on [CII] observations.

Alternatively, we can use CO observations to trace the
molecular gas of SFGs (e.g. Carilli & Walter 2013; Bolatto et al.
2013b). However, CO emission is fainter than [CII]; thus, it is
more difficult to probe in the outskirts of galaxies where the
gas is more diffuse. Jones et al. (2024) and Scholtz et al. (2023)
recently showed evidence for extended (&10 kpc) CO molecu-
lar gas around AGNs and quasars, which is indicative of past
AGN-driven outflows. This observational effort at high redshifts
supports the possibility of observing similar extended metal-
enriched gas around MS SFGs at cosmic noon. The existence
of molecular outflows around MS SFGs at cosmic noon is thus
yet to be confirmed.

While the spatial extent of molecular gas reservoirs can be
a sign of previous stages of outflowing gas, due to the obser-
vational challenge in detecting such extended reservoirs, obser-
vations of broad wings in molecular and atomic emission lines
are more commonly used to identify ongoing outflows (e.g.
Förster Schreiber et al. 2019; Veilleux et al. 2020; Weldon et al.
2024). These broad components in spectral lines can be indica-
tive of high-velocity (speeds of hundreds to thousands of km−1)
gas that is being ejected from the galaxy, likely due to stel-
lar or AGN-driven outflows. These features provide important
insights into the kinematics of the gas, offering valuable hints
to the presence of feedback-driven gas flows and the potential
impact of outflows on the surrounding CGM. While broad wings
linked to the presence of galactic outflows have been observed in

[CII] emission lines of high-redshift galaxies (e.g. Bischetti et al.
2019a; Ginolfi et al. 2020; Akins et al. 2022), observations of
such broad wings in CO emission lines at high redshifts is much
less constrained. With the exception of Barfety et al. (2025), so
far, observations of broad CO wings have been limited to the
local Universe and to extreme objects (e.g. Cicone et al. 2012;
Combes et al. 2013; Fluetsch et al. 2019; Veilleux et al. 2020,
and references therein).

In this work, we searched for signs of molecular outflows
around MS SFGs at cosmic noon (z ∼ 1−2), where the Universe
is at its star formation peak and, hence, where gas-flow activ-
ity could also be at its peak. We looked for spatially extended
molecular gas at large scales (&10 kpc) and low-brightness, high-
velocity molecular gas in the form of broad spectral wings.
We used stacking techniques on a sample of 26 galaxies from
Valentino et al. (2020) with CO(2–1) observations, tracing the
molecular gas. Finding faint extended CO emission may reveal
the presence of a molecular gas reservoir around those galax-
ies and the contribution by unresolved faint satellite galaxies.
Stacking the spectra of our sample can give us clues regard-
ing the origin of such extended CO emission. The structure
of this paper is as follows. In Sect. 2, we describe the sam-
ple and observations used to conduct this study. Sections 3
and 4 detail the different stacking procedures we explored and
the results. In Sect. 5, we discuss our results, and we present
a summary of this study in Sect. 6. The cosmology assumed
throughout this work follows the ΛCDM standard cosmologi-
cal parameters: H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7
(Planck Collaboration VI 2020).

2. Observations and sample description

We selected a sample of galaxies observed with the Ata-
cama Large Millimetre and submillimetre Array (ALMA) in
band 3, targeting the CO(2–1) emission line with an average
synthesised-beam resolution of 1.5′′ (see Valentino et al. 2020
for a complete report of the observations). These galaxies are
part of an ALMA cycle 4 programme (#2016.1.00171.S, PI: E.
Daddi), designed to observe 75 SFGs (with MS and starburst
galaxies) at z = 1.1−1.7, originally identified by Herschel in
the COSMOS area (Scoville et al. 2007). Among those 75 SFGs,
we selected the galaxies with a detection of the CO(2–1) emis-
sion line at a signal-to-noise ratio of S/N ≥ 3, which results
in 33 galaxies. We removed galaxies for which the CO(2–1)
emission shows signs of merging (ID 51599; see Langan et al.
2024) or for which no stellar-mass measurement was reported
(IDs 818, 25015) in Valentino et al. (2020) due to a lack of
robust constraints in the optical (see A.1 for detailed technical
information regarding the observations). Our final sample con-
tains 26 galaxies, with CO(2–1) emission-line detection with
S/N ≥ 3 and stellar-mass and infrared-luminosity measurements
(see Table A.2). In Fig. 1, we show the distributions of the prop-
erties of our sample of typical SFGs. Our sample has the fol-
lowing properties: redshifts of z = 1.15−1.63, stellar masses of
M? = 109.4−11.5, infrared luminosities of LIR = 1011.8−12.7 L�,
and star formation rates = 115−731 M�/yr. Table A.2 sum-
marises the properties of our sample.

This sample fits the goals of this study for multiple reasons.
(1) It provides CO(2–1) emission-line observations, one of the
lowest CO transitions observable at cosmic noon, allowing us to
directly trace the bulk of the molecular gas. Lower CO transi-
tions are more reliable tracers of the bulk of the molecular gas
of galaxies because CO transition ratios involving high CO tran-
sitions suffer from more uncertain assumptions (e.g. excitation
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Fig. 1. Distributions of properties of sample used in this study. Galaxies
with values below (above) the median are marked in yellow (blue).
The median value is shown with the dashed vertical line, except for
the distance to the MS for which we show a cut 3.5 times higher than
(below) the MS. Top left: Stellar mass, M?. Top right: Distance to MS
as reported in Valentino et al. (2020). Bottom left: Infrared luminosity,
LIR. Bottom right: Specific star formation rate (sSFR).

conditions). (2) These observations were taken with a homoge-
nous resolution, ∼1.5′′, allowing a straightforward stack without
introducing beam corrections prior to the stack. (3) A resolu-
tion of ∼1.5′′ (∼12 kpc) is small enough to resolve faint emis-
sion on extended scales (&12 kpc) at the targeted redshifts. (4)
The galaxies in this sample are representative of the global pop-
ulation of SFGs, which are mostly MS SFGs. (5) The sample is
located in the COSMOS field; therefore, it is covered by a wide
range of multi-wavelength observations, enabling us to put our
result in the context of galaxy properties such as stellar mass or
infrared luminosity. We specifically used the IRSA COSMOS
cutout service1 to generate cutouts of the VISTA telescope data
with VIRCAM/Ks filters (see McCracken et al. 2012 for details
of the ESO programme ID 179.A-2005) of our sample (except
for ID 34023, for which the data are missing; see Table A.2).

We used the Common Astronomy Software Applications
(CASA 6.5.5.21) data-processing software (CASA Team 2022)
to perform the following data reduction steps, in a homogenised
manner on all galaxies of our sample. We subtracted the con-
tinuum in the uv plane with a polynomial of the order of zero
(uvcontsub). We imaged the CO(2–1) emission with natural
weighting and the channel width ∆v = 30 km s−1 (tclean). This
results in cleaned CO(2–1) cubes with an average sensitivity of
0.60 mJy/beam in channels of 30 km s−1, with an average beam
size of 1.5′′ (1.6′′ × 1.3′′). For five galaxies, the ALMA obser-
vations consisted of multiple executions taken with very dif-
ferent array configurations, resulting in large differences in the
beam properties between the individual executions. For those
five galaxies, we only used the observations providing a beam
size of ∼1.5′′ to stay consistent with the rest of the sample, which
resulted in cleaned CO(2–1) cubes with an average sensitivity of
0.73 mJy/beam in channels of 30 km s−1.

1 https://irsa.ipac.caltech.edu/data/COSMOS/index_
cutouts.html

3. Results: Stacked CO intensity map

3.1. Intensity-map stacking

We performed the following steps to image the intensity
(moment 0) map from each CO(2–1) cube in our sample. (1)
We extracted the spectrum using a 2′′ radius aperture located at
the centre of the cube. (2) We randomly perturbed the spectrum
by its 1σ noise level and fitted a Gaussian to the perturbed spec-
trum. We repeated this noise perturbation procedure 500 times
and took the median fit of those 500 iterations as the final best
Gaussian fit. (3) We created the intensity-map using ±the full
width at half maximum (FWHM) and ±its error σFWHM of the
best Gaussian fit, using immoments. We show examples of the
extracted spectra and their fit in Fig. A.1.

We spatially realigned each CO(2–1) intensity map to the
peak of the emission before stacking each of them. While out-
flows are often found perpendicular to the major axis of galaxies
and biconical with an opening angle of .40◦ (e.g. Bordoloi et al.
2011; Rubin et al. 2014; Schroetter et al. 2016; Guo et al. 2023),
here we note that we did not perform further morphological
alignments, such as position-angle (PA) alignment, due to a lack
of information (see the discussion in Sect. 5). We performed
stacking, such that for N = 26 (the size of our sample), the
intensity-map stack is

Istack(xi, yi) =

∑N
n=1 In(xi, ji)wn∑N

n=1 wn
, (1)

where wn = 1 in the uniform stack case and wn = 1/σ2
n in the

noise-weighted stack case, with σn being the standard devia-
tion of the intensity map, n, masking the detection at the centre.
The noise-weighted stack showed very similar results due to the
homogeneity of the observations, therefore we proceeded with
uniform stacks only. We computed the stacked synthesised beam
in the exact same way. This procedure resulted in the uniformly
weighted stack-intensity map in Fig. 2. The stacked-intensity
map has a noise level of 0.029 Jy/beam km s−1 and a CO(2–1)
peak detection with S/N = 27. In Fig. 2, we can already observe
faint CO(2–1) emission beyond the beam. However, as noted
above, we are agnostic with regard to the orientation and incli-
nation of our sample. This apparent emission extending beyond
the beam in Fig. 2 could be due to morphological misalignment
rather than spatially extended faint molecular gas emission, as
a result of molecular outflows. Therefore, in Appendix A we
show uniformly weighted stack-intensity maps resulting from
randomly rotating the individual intensity maps prior to stack-
ing. In Fig. A.2, we observe that the shape of the CO(2–1) emis-
sion can vary; depending on the rotation, the stacked-intensity
map shows different degrees of resolved faint emission.

3.2. Surface-brightness radial profiles

We further investigated the CO(2–1) emission, searching for
average low-level, spatially extended emission, by computing
surface-brightness radial profiles (see Fig. A.3 for individual-
brightness radial profiles). While the 2D stacked-intensity map
might vary depending on the orientation of the galaxies, i.e. their
position angle and inclination (Fig. A.2, left), the circularly aver-
aged profiles should stay invariant (Fig. A.2, right), allowing us
to probe the extent of the CO(2–1) emission independently of
the orientation of the galaxies. To compute these radial profiles,
we measured the mean flux normalised by the peak of the emis-
sion within annuli of an increasing radius, r (starting from r = 0
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Fig. 2. Uniformly weighted stack of CO(2–1) intensity maps. Contours
at [3, 5, 7, 9, 13, 17]σ are shown with white contours. The beam is
shown in the bottom left corner.

out to r = 4′′; i.e. ∼0−35 kpc at zmed ∼ 1.3, the median red-
shift of our sample) and a width of 4 pixels (∼0.4′′) to reduce
noise-pixel correlation. The associated error is the standard devi-
ation within each annulus. We tested the method presented in
Jones et al. (2024, see their Appendix B) to compute the uncer-
tainty in the surface-brightness radial profiles; i.e. testing the
errors associated with purely Gaussian noise convolved with the
beam; however, we find that the standard deviation within the
annulus gives higher error values. To stay conservative with our
uncertainty estimates, we chose the standard deviation within the
annulus. The result of the radial-profile computation is shown in
Fig. 3, where the surface-brightness radial profiles of the stacked
CO(2–1) emission and stacked synthesised beam are shown in
purple and beige, respectively. We also show the standard devi-
ation level of the stack-intensity map with the horizontal dashed
pink line. We find that the CO(2–1) surface-brightness radial
profile is more extended than the one of the synthesised beam,
which means there is resolved emission beyond the beam of the
observations.

To test whether or not only a handful of galaxies drive the
observed profiles, we repeated the entire procedure described
here 500 times, starting from creating a stacked intensity map
but randomly removing 30% of the sample each time. In the
bottom panel of Fig. 3, we show the result of this resampling.
Similarly to the results found for the full sample stack shown in
the upper panel of Fig. 3, all iterations (shown with thin grey
lines) are found to be more extended than the synthesised beam.
Therefore, we conclude that when performing circular averag-
ing of the observed CO(2–1) emission (i.e. the 1D radial pro-
file), we robustly detect resolved emission beyond the beam of
the observations. Within the noise limit of the map of the full
sample stack (upper panel of Fig. 3), we find that the CO(2–1)
emission extends out to rmax ∼ 1.9′′ (∼16 kpc at z = 1.3) when
observational convolution effects are not taken into account.

The observed emission in our stack shown in Fig. 2 is the
result of the intrinsic CO(2–1) emission convolved with the
stacked synthesised beam of our observations. To account for
the clean, synthesised beam convolution introduced during the
imaging of the data, and thereby retrieve the intrinsic extent of
the stacked CO(2–1) emission, we fitted Sérsic profiles (Sersic

Fig. 3. Surface-brightness radial profiles of CO(2–1) emission (in pur-
ple) and the synthesised beam (in beige) of the uniform stacked CO(2–
1) intensity map. The dashed pink line shows the noise level of the map.
The upper panel shows the profiles of the entire sample of 26 galax-
ies, and the intrinsic CO(2–1) emission (black line). The bottom panel
shows the profiles of 500 resampling iterations by randomly removing
30% of the sample (grey lines) and the median of these iterations (pur-
ple line). The error bars show the median of the uncertainty associated
with each iteration within each annulus and the horizontal dashed pink
line shows the median standard deviation of the 500 resampled intensity
maps.

1968) to the observed CO(2–1) and synthesised beam radial pro-
files with Re, the half-light radius; Ie, the corresponding log-
normalised intensity; and n, the Sérisc index, as free param-
eters. The best Sérsic fits result in Re,CO = 1.02′′ ± 0.04′′,
Ie,CO = −0.29 ± 0.02, and nCO = 0.50 ± 0.03 for the CO
emission, and Re,beam = 0.84′′ ± 0.04′′, Ie,beam = −0.3 ± 0.03
and nbeam = 0.50 ± 0.04 for the synthesised beam. Finding
n ∼ 0.5 (i.e. a Gaussian distribution) for both the CO(2–1) and
synthesised-beam radial profiles, we can apply an analytical 1D
Gaussian deconvolution to the observed stacked CO(2–1) emis-
sion. In other words, we subtracted, in quadrature, Re,beam from
Re,CO, and find Re,COi = 0.6′′ ± 0.06 as the half-light radius of
the beam-corrected CO(2–1) profile. We show the corresponding
intrinsic radial profile with the solid black line in the upper panel
of Fig. 3. Within the noise limit of our observations (horizontal
pink dashed-line), we find that, on average, the intrinsic CO(2–
1) emission extends out to RCO ∼ 1.4′′ (∼12 kpc at zmed = 1.3),
with a half-light radius of Re = 5 kpc.
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3.3. CO cube stacking

As an alternative to intensity-map stacking, we explored cube
stacking. We first created a stacked cube from which we then
imaged the CO(2–1) intensity map and derived the correspond-
ing surface-brightness radial profiles. For every cube in our sam-
ple, we performed the following steps to create the stacked
cube. We aligned each cube in the velocity space to the peak
of the CO(2–1) emission, according to the best Gaussian fit as
described in step (2), Sect. 3.1. We performed the same veloc-
ity alignment on the synthesised beam cube. We aligned each
cube in the position space to the peak of the CO(2–1) emis-
sion, according to the peak of that emission in the individual-
intensity map (created when performing the stack-intensity
map in Sect. 3.1). We stacked the CO(2–1) and corresponding
synthesised-beam-aligned cubes. From the stack CO(2–1) and
synthesised-beam cubes, we imaged the CO(2–1) intensity map
and computed the corresponding surface-brightness radial pro-
file using the same steps as described in Sect. 3.1. The results are
shown in Fig. 4. In the bottom panel of Fig. 4, we find CO(2–1)
emission extending beyond the synthesised beam, out to ∼1.9′′
(∼16 kpc) within our noise limit. We performed the synthesised
beam correction from the measured CO(2–1) profile (following
the same method as described previously) and found the intrinsic
CO(2–1) emission extending out to ∼1.3′′ (∼12 kpc). Therefore,
we observe consistent results between the two intensity maps
imaged from stacking the individual intensity maps (Fig. 2) or
from first stacking the individual cubes (Fig. 4, top panel).

3.4. Subsample intensity-map stacks

We further investigated potential correlations between the prop-
erties of the galaxies in our sample (i.e. M?, LIR, specific
star formation rate (sSFR) and distance to the MS) and the
surface-brightness radial profiles. We created binned intensity-
map stacks according to a low (high) M?, LIR, sSFR, and dis-
tance to the main sequence. The ’low’ and ’high’ bins are defined
with respect to the median value of the sample for the property
of interest; i.e. M? = 1010.83 M� for M?, LIR = 1.83 × 1012L�
for LIR, and log sS FR = −8.51 yr−1 for the sSFR (see Fig. 1).
For the distance to the MS, we define MS and SB (starburst)
bins according to a distance to the MS of less or more than 3.5
times the scatter of the MS, respectively (following the definition
set in Valentino et al. 2020). We show the stack intensity maps
in different galaxy property bins and their CO(2–1) (and corre-
sponding synthesised beam) surface-brightness radial profiles in
Fig. 5. In all binned stacks, we do not observe a significant differ-
ence (i.e. the radial profiles are consistent within their 1σ uncer-
tainty) in the surface-brightness radial profile that could favour a
galaxy property to drive the observed profiles.

3.5. Comparison to the stellar component

To better understand the physical meaning of the spatial scales
at which we find CO(2–1) emission, we compared our CO(2–1)
stacked-intensity map (Sect. 3.1) to the stacked Ks-band image
of our sample. We realigned every Ks band image to its peak
emission; i.e. we made a comparison of the extent of the CO(2–
1) and Ks band emissions independently. We used information
provided in McCracken et al. (2012) to compute a 2D PSF Mof-
fat model with FWHM = 0.78′′ and β = 3.5, and performed a
Richard-Lucy PSF deconvolution on each Ks band image using
scikit-image. We used photutils (Bradley et al. 2024) to
create segmentation maps to isolate sources from the back-

Fig. 4. Top panel: CO(2–1) intensity map resulting from stacked cube
(uniformly weighted). The beam is shown in the bottom left corner. Bot-
tom panel: Surface-brightness radial profiles of the CO(2–1) emission
(in purple), the synthesised beam (in beige) of the CO(2–1) intensity
map imaged from the uniformly stacked cubes, and the intrinsic CO(2–
1) emission (in black)..

ground sky, and then we estimated the background noise using
the sky pixels only, which we subtracted from each image. In
two cases, we also used these segmentation maps to mask nearby
bright galaxies that do not appear to be located at the same red-
shift as the central galaxy (based on visually cross-matching with
the ALMA CO(2–1) intensity maps). We uniformly stacked the
realigned, PSF-deconvolved, and background-subtracted images
and show the result in the upper panel of Fig. 6.

We computed the corresponding surface-brightness radial
profile using the same method as for the CO surface-brightness
radial profile (Sect. 3.1). In Fig. 6, bottom panel, we show the
radial profiles of the stacked, deconvolved Ks-band emission
(solid purple line), the 500 iterations when resampling the stack
(thin, solid, grey lines), the PSF Moffat model (solid beige line),
and the 3σ standard-deviation level of the stacked, deconvolved
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Fig. 5. Surface-brightness radial profiles of CO(2–1) emission and cor-
responding synthesised beam in different galaxy property bins. The
number of galaxies in each bin is shown in parentheses. Low (MS)
bins are shown in yellow, and high (SB) bins are shown in blue. Top
left: Stellar-mass bin, where low mass is ≤1010.83 M� and high mass
is >1010.83 M�. Top right: Infrared-luminosity bin, with low LIR ≤

1012.26 L� and high LIR > 1012.26 L�. Bottom left: sSFR bin, with (log)
low sSFR≤−8.5 yr−1 and (log) high sSFR>−8.5 yr−1. Bottom right:
Distance to the MS, where MS≤ 3.5 times corresponds to galaxies
within the scatter of the MS, and SB> 3.5 times corresponds to galaxies
above.

Ks (dashed pink line). We observe the intrinsic emission in the
Ks band, tracing the stellar component of our sample, extending
out to ∼1.5′′ (∼13 kpc), down to the noise level of the map.

In Fig. 7, we show a comparison of the intrinsic ALMA
CO(2–1) emission radial profile (in purple) with that of the
Ks band (in yellow); we also provide their respective standard-
deviation levels (dashed horizontal lines, in purple and yellow).
Within the respective noise level of the Ks band and CO stacked
maps, we find that the two Ks-band and CO radial profiles fol-
low each other closely. The two profiles show a similar extent
(∼13 kpc). There is therefore no evidence of CO emission sig-
nificantly more extended than the Ks-band emission.

4. Results: Stacked CO line profile

4.1. Spectrum stacking

We investigated the velocity and velocity dispersion of the
CO(2–1) emission line, searching for faint broad wings that
could be indicative of outflowing gas. We stacked the individ-
ual CO(2–1) emission-line spectra to gain sensitivity and reveal
such potentially faint broad wings. For every cube in our sample,
we performed the following steps to create the stacked spectrum.
(1) We extracted the spectrum using a 2′′ aperture centred on the
cube. (2) We fitted a Gaussian to the resulting CO(2–1) emis-
sion line as explained in Sect. 3.1. (3) We used the centre found
in the best Gaussian fit to realign each spectrum to the peak of
the CO(2–1) emission. (4) We re-binned the spectra to 60 km s−1

instead of the natural 30 km s−1, to reduce noise fluctuations. We
performed uniform stacking as in Eq. (1) using the 60 km s−1

spectra (the entire analysis presented here was also performed
on the 30 km s−1 spectra, i.e. without re-binning, and is shown
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Fig. 6. Top panel: Stacked Ks-band PSF-deconvolved and background
subtracted image. The diameter of the beige circle in the bottom left
corner corresponds to the FWHM of the PSF. Bottom panel: Surface-
brightness radial profiles of deconvolved, stacked Ks-band emission (in
purple), the corresponding PSF (in beige), and the 3σ noise level of
the stacked image (horizontal dashed pink line). The surface-brightness
radial profile of each deconvolved and resampled stack is shown with
thin grey lines.

in Fig. A.4). The resulting stacked spectrum is shown in Fig. 8,
upper panel.

We find a stack CO(2–1) emission line with a Gaussian
shape, a peak flux of 1.36 mJy, a line width FWHM = 393 ±
18 km−1, and a noise level of 0.11 mJy (represented by the hori-
zontal dashed grey line in Fig. 8, upper panel). The average line
width and noise level of the individual spectra are 397 km−1 and
0.51 mJy, showing the strength of the stacking method in reduc-
ing noise levels. To test the presence of broad wings in the stack
spectrum, we performed single-Gaussian (red line, left panel of
Fig. 8, upper panel) and double-Gaussian fitting (red line, right
panel of Fig. 8, upper panel, where the narrow and broad com-
ponents are shown by dashed green and blue lines, respectively).
We computed the residuals and the corresponding reduced chi-
squared, χ̃2, of each fit and show them in the bottom panels of
Fig. 8, upper panel. If the combination of a narrow component
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Fig. 7. Comparison of intrinsic radial profiles of the ALMA CO(2–
1) (purple) and Ks-band (yellow) emissions. The respective standard-
deviation levels are shown with horizontal dashed lines and matching
colours. We observe no evidence of extended CO emission compared to
the Ks emission, within the noise limits.

and a broad component (double-Gaussian fit) results in a fit with
a significantly higher quality (χ̃2 closer to 1), it is indicative of
outflowing material. In the single-Gaussian fit, χ̃2 = 0.832, and
in the double-Gaussian fit, χ̃2 = 0.830. Therefore, we find no dif-
ference in the quality of the fits. We note the presence of weak
flux excess at negative velocities.

To test the systematics of the stacked spectrum, we repeated
the uniform stacking of the spectra 500 times, randomly remov-
ing 30% galaxies of the full sample at each iteration. We repeated
the single-Gaussian and two-Gaussian fitting procedure and
found a marginal improvement of the fit in the single-Gaussian
case with χ̃2 = 0.835 (χ̃2 = 0.816 for the two-Gaussian fit). The
lack of broad wings in both the full sample stack and resampled
stack spectra thus indicate the absence of prominent strong out-
flowing material. However, we cannot exclude that the S/N of
our stacked spectra might prevent us from detecting an outflow
signature (see the discussion in Sect. 5).

4.2. CO cube stacking

We investigated the outcome of stacking individual cubes first,
to then create the stacked spectrum. Starting from the stacked
cube (see Sect. 3.3), we performed the same steps described pre-
viously in Sect. 4.1 to create the stacked spectrum. We show
the result in the bottom row of Fig. 8. The resulting spectrum
shows similar results to the one obtained from stacking the indi-
vidual spectra; i.e. we find a Gaussian-shaped CO(2–1) emission
line with a peak flux of 1.46 mJy, line width FWHM = 399 ±
19 km−1, and noise level of 0.12 mJy. The double-Gaussian fit is
marginally better than the single-Gaussian fit, with χ̃2 = 0.854
and χ̃2 = 0.813, respectively. Therefore, the two methodolo-
gies, i.e. stacking individual cubes first or stacking the individual
spectra first to then create a stacked spectrum, show comparable
results.

4.3. Subsample spectrum stacks

We explored potential correlations between the properties of
the galaxies in our sample and their stacked CO(2–1) emis-
sion line. We binned our sample in bins of M?, LIR, sSFR and

Fig. 8. Top panel: Spectrum of the uniformly stacked CO(2–1) emis-
sion (in black). Bottom panel: Spectrum of the CO(2–1) emission (in
black) extracted from the uniformly stacked CO(2–1) cubes. In the left
panel, we show a single-Gaussian fit (in red) and its residuals and cor-
responding reduced χ2 in the bottom panel. In the right panel, we show
a two-Gaussian fit (the sum of the two Gaussians in red) composed of
a narrow component (green dashed line) and a broad component (blue
dashed line).

position with respect to the MS prior to stacking the spectra,
as explained in Sect. 4.1. We show the results in Fig. 9. In all
stacks, the single-Gaussian and double-Gaussian fits show sim-
ilar residuals in their χ̃2; i.e. no broad component is required to
improve the fit. However, the width of the CO(2–1) emission line
varies across the different bins. The most striking case is in the
MS and SB bins, where the FWHM = 478 ± 27km s−1 and the
FWHM = 249 ± 18km s−1, respectively. The FWHM varies by a
factor of almost two. Similar to the case of the full sample stack
(Fig. 8), we note a weak asymmetry of the emission line with
a marginal flux excess at negative velocities. This asymmetry is
especially noticeable in the high LIR and high sSFR bins, where
we find three consecutive channels (180 kms−1) with a a residual
larger than the noise of the corresponding data, corresponding to
a flux excess with a S/N = 3 This marginal flux excess might be
a sign of outflows.

5. Discussion

5.1. The spatial extent of the molecular gas of MS SFGs

One piece of evidence for the capacity of outflows to entrain
molecular gas to CGM scales is the presence of cold molecular
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Fig. 9. Stacks according to the properties of the galaxies. From top to bottom, we show the stellar mass bin, the infrared luminosity bin, the
specific star formation rate bin, and the bin according to the position with regard to the MS. The first panel of the left and right columns shows
single-Gaussian fits, while the second panel shows two-Gaussian fits.
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gas on such scales (typically &10 kpc, well beyond the stellar
emission). Through stacking 26 ALMA CO(2–1) intensity maps,
corresponding to 26 MS SFGs at cosmic noon (zmed = 1.3), we
detect marginally resolved CO emission when comparing the
surface-brightness radial profile of the stacked observations to
the one of the stacked beam. This observed resolved CO emis-
sion extends to scales of ∼15 kpc (∼1.9′′, at zmed = 1.3), and the
beam-corrected CO emission extends out to scales of ∼12 kpc
(1.3′′; see Sect. 3.1). A caveat to our analysis to note is that we
did not perform PA alignment. This will be addressed in future
work; however, limited spatial resolution and dust obscuration
could prevent accurate alignment and thus need to be addressed
carefully. When repeating the stacking in bins of different galaxy
properties (i.e. M?, LIR, sSFR and ∆MS ), we find no differ-
ences in the extent of the CO emission within the different bins.
However, we find marginally resolved CO emission in all bins.
Our resampling test confirms that this extended CO detection is
robust and representative of our sample of MS SFGs at cosmic
noon.

Jones et al. (2024) recently found molecular gas, traced by a
stack of ALMA CO(3–2) observations of AGN-host galaxies at
cosmic noon, on scales of ∼13 kpc (observed scales). They also
examined the extent of the stellar component, traced by stacking
HST/i band observations of their sample, and found the stellar
component (convolved with the synthesised beam) to not extend
further than 10 kpc. Therefore, they concluded that the observed
faint CO emission is distinct from the stellar component, tracing
molecular gas around their galaxies (i.e. on CGM scales). The
difference in the results found in Jones et al. (2024) and in our
analysis of our sample of SFGs at cosmic noon could be inter-
preted as AGN-driven outflows being more effective in expelling
molecular gas to large radii than star formation-driven outflows.

Puglisi et al. (2019) showed a comparison between sizes
traced by Ks-band observations (i.e. stellar sizes) and sizes
traced by multiple CO transition and/or dust-continuum obser-
vations of MS SFGs at the same redshift as our work, including
our sample. They find that the ‘ALMA size’ (corresponding to
the effective radius of multiple CO, [CI], and dust-continuum
observations) does not exceed re ∼ 7 kpc (mostly upper limits)
at all stellar masses, and it is more compact than the sizes traced
by the Ks-band observations (convolved with the synthesised
beam of their observations). Our results on stacked CO(2–1)
observations show that the half-light radius2 of the cold molec-
ular gas emission is re ∼ 6 kpc, which is consistent with the
results of Puglisi et al. (2019). Indeed, our Ks-band-stack-to-
ALMA-CO-stack comparison (Fig. 7) shows that the two cor-
responding profiles follow each other, indicating no CO emis-
sion beyond the stellar emission. Simulations (e.g. Bahé et al.
2016; Pillepich et al. 2019) show stellar and ionised-gas com-
ponents of MS galaxies at cosmic noon extending to ∼10 kpc,
with sizes varying with stellar mass. However, the spatial extent
of CO emission in simulations remains mostly unexplored, leav-
ing a gap in comparison with observations. In conclusion, our
comparison of ALMA CO emission and UltraVISTA Ks-band
data reveals molecular gas distributed on large physical scales,
with no clear evidence of these scales extending beyond the stel-
lar discs of our sample of cosmic noon MS SFGs, in agreement
with recent findings in Howatson et al. (2025).

While this conclusion stands, individual visual inspection
of the Ks-band images sometimes showed disturbed morpholo-
gies, which could hint towards satellite galaxies or recent

2 For a Gaussian profile, the Sérsic half-light radius and effective
radius are equivalent.

mergers contributing to stellar emission on large scales. High-
resolution integral field spectroscopy observations are needed to
test whether the large-scale stellar emission is dynamically asso-
ciated with the central galaxies or driven by faint satellites and
mergers.

5.2. The molecular-gas kinematics of MS SFGs

Another piece of evidence for outflows entraining cold molec-
ular gas to the CGM would be observations of low-level,
high-velocity (broad wings) CO emission. We note that find-
ing broad wings in the CO kinematics does not necessarily
imply molecular gas surrounding galaxies, hence our inves-
tigation of spatially extended CO emission discussed in the
previous paragraph. In Sect. 4.1, we show no clear detection
of broad wings in the stack spectrum (Fig. 8). Barfety et al.
(2025) stacked 154 typical massive SFGs at z = 0.5−2.6 with
different CO observations (CO(3–2), CO(2–1) and CO(6–5)),
and found similar results; i.e. no clear outflow signatures are
found when stacking the spectra of their full sample. Never-
theless, the lack of detected broad wings does not rule out the
presence of outflows altogether. It rules out the presence of
prominent, fast, ongoing outflows. Indeed, several studies have
shown that molecular outflows in extreme objects such as ultra-
luminous infrared galaxies (ULIRGs) or quasars can be sev-
eral tens of times fainter than the bulk of the emission from
the central source (e.g. Feruglio et al. 2010; Cicone et al. 2012;
Feruglio et al. 2015; Pereira-Santaella et al. 2016; Veilleux et al.
2017; Pereira-Santaella et al. 2018; Saito et al. 2018; Brusa et al.
2018; Bischetti et al. 2019b; Cicone et al. 2020). While our sam-
ple of galaxies represent a different population of galaxies, the
lack of detected broad wings might reflect insufficient observa-
tional depth.

In nearly all the stacked spectra (i.e. stacking the entire sam-
ple or bins), we note the presence of a tentative excess of CO(2–
1) emission at negative velocities. This asymmetry could sug-
gest the presence of outflows, with the receding part not visi-
ble due to an optical-depth effect caused by dense CO gas in
galaxies. This interpretation is further supported by the stronger
separation observed between the emission at the galaxy’s sys-
temic velocity and the emission at negative velocities observed in
the stacked, high-infrared-luminosity and high-sSFR bins (sug-
gestive of high dust and gas content), corresponding to more
recent star-formation that could produce stellar-driven outflows.
These results and interpretation corroborate the ones presented
in Bischetti et al. (2019a), where an excess of [CII] emission at
negative velocities is found for a stack of 48 quasars z ∼ 5.5.

Outflows are commonly detected in their ionised phase,
typically in the form of broad wings present in Hα emission
out to z ∼ 2.5 in SFGs (e.g. Förster Schreiber et al. 2019;
Rodríguez del Pino et al. 2019). Multi-phase, including cold-
phase, outflows were also detected in typical SFGs in the liter-
ature using [CII] emission (e.g. Ginolfi et al. 2020). Therefore,
we might have expected to detect them in our sample as well. If
not due to the lack of observational depth, the lack of observed
prominent broad wings in our stack of CO emission of MS SFGs
suggest the different phases of outflows undergo different physi-
cal mechanisms (e.g. Toba et al. 2017).

5.3. A brief contrast with uv-plane analysis

We conducted our analysis in the image plane. Loss of infor-
mation can occur and non-physical artefacts can be induced
when imaging interferometric data. A uv-plane analysis (e.g.
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Vio et al. 2017, 2019; Tsukui et al. 2022, 2023) would provide
a complementary approach to test the robustness of the results
presented here. For instance, Rybak et al. (2025) very recently
conducted a uv-plane stacking analysis of Early Karl. G. Jan-
sky Very Large Array (JVLA) CO(1–0) observations of a sam-
ple of 19 dusty SFGs at z = 2.0−4.5. Their stacked CO(1–
0) spectrum is best fitted by a single-Gaussian profile, reveal-
ing the absence of broad wings, albeit a positive excess of flux
at negative velocities. While the results of our analysis on the
CO(2–1) stacked spectrum of our sample are consistent with
the results presented in Rybak et al. (2025), our results regard-
ing the spatial extent of the CO emissions differ. The uv-plane
stack in Rybak et al. (2025) reveals CO(1–0) emission out to
∼4 kpc (half-light radius), beyond the stellar emission as traced
by James Webb Space Telescope (JWST) NIRCam 4.4 µm imag-
ing. Compared to our sample, the sample in Rybak et al. (2025)
consists of higher redshift, more-star-forming, and dustier galax-
ies. These properties can have an impact on the capacity of out-
flows in driving molecular gas outside galaxies.

6. Summary and outlook

In this paper, we present a stacking analysis of the CO(2–1)
emission of 26 galaxies on and above the MS at cosmic noon,
first presented in Valentino et al. (2020). Our goal in this work
was to understand if outflows in typical cosmic-noon SFGs are
capable of ejecting molecular gas into the CGM. To achieve this
goal, our means were twofold. (1) We aimed to quantify the spa-
tial extent of the molecular gas. For this purpose, we stacked the
ALMA archival CO(2–1) intensity maps of our sample. (2) We
searched for the presence of ongoing outflows in our sample, in
the form of low-brightness, high-velocity molecular gas. To this
end, we stacked the CO(2–1) emission spectra and performed
double-Gaussian fits to reveal the presence (or absence) of broad
wings.

– Stacking 26 individual CO(2–1) intensity maps and comput-
ing the corresponding surface-brightness radial profiles (i.e.
of the stack CO(2–1) emission and synthesised beam), we
find marginally resolved faint CO(2–1) emission. The beam-
resolved faint emission extends out to 1.9′′ (∼16 kpc), with
a median beam of 1.5′′ for our observations. Our Gaussian
beam correction shows intrinsic CO(2–1) emission present
out to 1.4′′ (∼12 kpc).

– Resampling the intensity-map stack and corresponding
radial profiles shows that the marginally resolved faint emis-
sion is a ubiquitous feature of our sample of MS SFGs.

– No significant difference in the radial profile is found when
separating the stacks in low- and high-M?, LIR, and sSFR
bins, respectively, and bins of MS versus starburst galaxies.

– Comparing the intrinsic CO(2–1) stacked radial profile to the
one of the deconvolved Ks-band stack reveals coincidental
emissions, with both emissions present out to ∼12−13 kpc.
Therefore, there is no evidence of CO emission significantly
extending beyond the stellar emission.

– Stacking 26 individual CO(2–1) emission-line spectra, we do
not observe the presence of prominent molecular outflows
traced by broad wings.

– When performing binned stacks of the CO(2–1) emission-
line spectra according to different galaxy properties, we do
not observe the presence of prominent molecular outflows
traced by broad wings.

– We note the presence of a tentative ‘blue bump’, i.e. an
excess of flux at negative velocities, in the stacked spectrum
of all 26 individual spectra and nearly all binned spectra.

This blue bump could be indicative of outflows, with the red-
shifted part being optically thick.

In this study, although we found no evidence of molecular out-
flows, our stacking analysis has revealed compelling evidence
of CO molecular emission extending over large spatial scales,
exceeding 10 kpc. To accurately quantify the full extent of CO
emission and explore its correlation with the stellar and star-
formation properties of SFGs, deep ALMA observations of indi-
vidual sources will be essential. These observations will yield
more precise measurements, which, when combined with state-
of-the-art JWST observations for instance, will enable a compre-
hensive understanding of the relationship between the molecular
gas and the star formation content of SFGs, ultimately shed-
ding light on broader galaxy-evolution processes. At the same
time, mapping the diffuse, low-surface-brightness CGM on such
scales, where molecular outflows might have entrained gas, will
require facilities beyond ALMA’s interferometric capabilities. In
this context, AtLAST, with its large collecting area and wide
field of view, will be uniquely suited to capturing the extended
emission missed by interferometers, providing a vital comple-
ment to ALMA and the JWST in connecting galaxies with their
surrounding gaseous haloes (Schimek et al. 2024).
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Bradley, L., Sipőcz, B., Robitaille, T., et al. 2024, astropy/photutils: 2.0.1
Brusa, M., Cresci, G., Daddi, E., et al. 2018, A&A, 612, A29
Carilli, C. L., & Walter, F. 2013, ARA&A, 51, 105
CASA Team, Bean, B., Bhatnagar, S., et al. 2022, PASP, 134, 114501
Casavecchia, B., Maio, U., Péroux, C., & Ciardi, B. 2024, A&A, 689, A106
Casavecchia, B., Maio, U., Péroux, C., & Ciardi, B. 2025, A&A, 693, A119
Cicone, C., Feruglio, C., Maiolino, R., et al. 2012, A&A, 543, A99
Cicone, C., Maiolino, R., Gallerani, S., et al. 2015, A&A, 574, A14
Cicone, C., Maiolino, R., Aalto, S., Muller, S., & Feruglio, C. 2020, A&A, 633,

A163
Cicone, C., Mainieri, V., Circosta, C., et al. 2021, A&A, 654, L8
Combes, F., García-Burillo, S., Casasola, V., et al. 2013, A&A, 558, A124
Cormier, D., Madden, S. C., Lebouteiller, V., et al. 2015, A&A, 578, A53
Di Cesare, C., Ginolfi, M., Graziani, L., et al. 2024, A&A, 690, A255
Díaz-Santos, T., Armus, L., Charmandaris, V., et al. 2014, ApJ, 788, L17
Díaz-Santos, T., Armus, L., Charmandaris, V., et al. 2017, ApJ, 846, 32
Emonts, B. H. C., Lehnert, M. D., Dannerbauer, H., et al. 2018, MNRAS, 477,

L60
Falgarone, E., Zwaan, M. A., Godard, B., et al. 2017, Nature, 548, 430
Feruglio, C., Maiolino, R., Piconcelli, E., et al. 2010, A&A, 518, L155
Feruglio, C., Fiore, F., Carniani, S., et al. 2015, A&A, 583, A99

A209, page 10 of 15

http://linker.aanda.org/10.1051/0004-6361/202554297/1
http://linker.aanda.org/10.1051/0004-6361/202554297/2
http://linker.aanda.org/10.1051/0004-6361/202554297/3
http://linker.aanda.org/10.1051/0004-6361/202554297/4
http://linker.aanda.org/10.1051/0004-6361/202554297/5
http://linker.aanda.org/10.1051/0004-6361/202554297/6
http://linker.aanda.org/10.1051/0004-6361/202554297/7
http://linker.aanda.org/10.1051/0004-6361/202554297/8
http://linker.aanda.org/10.1051/0004-6361/202554297/9
http://linker.aanda.org/10.1051/0004-6361/202554297/11
http://linker.aanda.org/10.1051/0004-6361/202554297/12
http://linker.aanda.org/10.1051/0004-6361/202554297/13
http://linker.aanda.org/10.1051/0004-6361/202554297/14
http://linker.aanda.org/10.1051/0004-6361/202554297/15
http://linker.aanda.org/10.1051/0004-6361/202554297/16
http://linker.aanda.org/10.1051/0004-6361/202554297/17
http://linker.aanda.org/10.1051/0004-6361/202554297/18
http://linker.aanda.org/10.1051/0004-6361/202554297/18
http://linker.aanda.org/10.1051/0004-6361/202554297/19
http://linker.aanda.org/10.1051/0004-6361/202554297/20
http://linker.aanda.org/10.1051/0004-6361/202554297/21
http://linker.aanda.org/10.1051/0004-6361/202554297/22
http://linker.aanda.org/10.1051/0004-6361/202554297/23
http://linker.aanda.org/10.1051/0004-6361/202554297/24
http://linker.aanda.org/10.1051/0004-6361/202554297/25
http://linker.aanda.org/10.1051/0004-6361/202554297/25
http://linker.aanda.org/10.1051/0004-6361/202554297/26
http://linker.aanda.org/10.1051/0004-6361/202554297/27
http://linker.aanda.org/10.1051/0004-6361/202554297/28


Langan, I., et al.: A&A, 705, A209 (2026)

Fluetsch, A., Maiolino, R., Carniani, S., et al. 2019, MNRAS, 483, 4586
Förster Schreiber, N. M., Übler, H., Davies, R. L., et al. 2019, ApJ, 875, 21
Fudamoto, Y., Smit, R., Bowler, R. A. A., et al. 2022, ApJ, 934, 144
Fuentealba-Fuentes, M., Lira, P., Díaz-Santos, T., et al. 2024, A&A, 687, A62
Fujimoto, S., Ouchi, M., Ferrara, A., et al. 2019, ApJ, 887, 107
Fujimoto, S., Silverman, J. D., Bethermin, M., et al. 2020, ApJ, 900, 1
Ginolfi, M., Jones, G. C., Béthermin, M., et al. 2020, A&A, 643, A7
Girdhar, A., Harrison, C. M., Mainieri, V., et al. 2024, MNRAS, 527, 9322
Glover, S. C. O., & Clark, P. C. 2016, MNRAS, 456, 3596
Guo, Y., Bacon, R., Bouché, N. F., et al. 2023, Nature, 624, 53
Heckman, T. M., & Thompson, T. A. 2017, arXiv e-prints [arXiv:1701.09062]
Hopkins, P. F., Quataert, E., & Murray, N. 2012, MNRAS, 421, 3522
Howatson, E. L., Richings, A. J., Roediger, E., et al. 2025, MNRAS, 543, 3428
Ivison, R. J., Papadopoulos, P. P., Smail, I., et al. 2011, MNRAS, 412, 1913
Jones, G. C., Übler, H., Perna, M., et al. 2024, A&A, 682, A122
Kereš, D., Katz, N., Weinberg, D. H., & Davé, R. 2005, MNRAS, 363, 2
Langan, I., Popping, G., Ginolfi, M., et al. 2024, A&A, 689, A283
Lutz, D., Sturm, E., Janssen, A., et al. 2020, A&A, 633, A134
McCracken, H. J., Milvang-Jensen, B., Dunlop, J., et al. 2012, A&A, 544, A156
Murray, N., Ménard, B., & Thompson, T. A. 2011, ApJ, 735, 66
Pereira-Santaella, M., Colina, L., García-Burillo, S., et al. 2016, A&A, 594, A81
Pereira-Santaella, M., Colina, L., García-Burillo, S., et al. 2018, A&A, 616,

A171
Pillepich, A., Nelson, D., Springel, V., et al. 2019, MNRAS, 490, 3196
Pineda, J. L., Langer, W. D., Velusamy, T., & Goldsmith, P. F. 2013, A&A, 554,

A103
Pizzati, E., Ferrara, A., Pallottini, A., et al. 2020, MNRAS, 495, 160
Planck Collaboration VI. 2020, A&A, 641, A6
Puglisi, A., Daddi, E., Liu, D., et al. 2019, ApJ, 877, L23
Rigopoulou, D., Hopwood, R., Magdis, G. E., et al. 2014, ApJ, 781, L15

Rodríguez del Pino, B., Arribas, S., Piqueras López, J., Villar-Martín, M., &
Colina, L. 2019, MNRAS, 486, 344

Rubin, K. H. R., Prochaska, J. X., Koo, D. C., et al. 2014, ApJ, 794, 156
Rybak, M., Jansen, J. T., Frias Castillo, M., et al. 2025, A&A, 700, A278
Saito, T., Iono, D., Ueda, J., et al. 2018, MNRAS, 475, L52
Sargsyan, L., Lebouteiller, V., Weedman, D., et al. 2012, ApJ, 755, 171
Schimek, A., Decataldo, D., Shen, S., et al. 2024, A&A, 682, A98
Scholtz, J., Maiolino, R., Jones, G. C., & Carniani, S. 2023, MNRAS, 519,

5246
Schroetter, I., Bouché, N., Wendt, M., et al. 2016, ApJ, 833, 39
Scoville, N., Aussel, H., Brusa, M., et al. 2007, ApJS, 172, 1
Sersic, J. L. 1968, Atlas de Galaxias Australes (Universidad Nacional de

Córdoba)
Somerville, R. S., & Davé, R. 2015, ARA&A, 53, 51
Speagle, J. S., Steinhardt, C. L., Capak, P. L., & Silverman, J. D. 2014, ApJS,

214, 15
Stanley, F., Maiolino, R., Gallerani, S., et al. 2019, A&A, 631, A78
Toba, Y., Komugi, S., Nagao, T., et al. 2017, ApJ, 851, 98
Tsukui, T., Iguchi, S., Mitsuhashi, I., & Tadaki, K. 2022, in Millimeter,

Submillimeter, and Far-Infrared Detectors and Instrumentation for
Astronomy XI, eds. J. Zmuidzinas, & J. R. Gao, SPIE Conf. Ser., 12190,
121901C

Tsukui, T., Iguchi, S., Mitsuhashi, I., & Tadaki, K. 2023, J. Astron. Telesc.
Instrum. Syst., 9, 018001

Valentino, F., Daddi, E., Puglisi, A., et al. 2020, A&A, 641, A155
Veilleux, S., Bolatto, A., Tombesi, F., et al. 2017, ApJ, 843, 18
Veilleux, S., Maiolino, R., Bolatto, A. D., & Aalto, S. 2020, A&A Rev., 28, 2
Vio, R., Vergès, C., & Andreani, P. 2017, A&A, 604, A115
Vio, R., Andreani, P., Biggs, A., & Hayatsu, N. 2019, A&A, 627, A103
Weldon, A., Reddy, N. A., Coil, A. L., et al. 2024, MNRAS, 531, 4560

A209, page 11 of 15

http://linker.aanda.org/10.1051/0004-6361/202554297/29
http://linker.aanda.org/10.1051/0004-6361/202554297/30
http://linker.aanda.org/10.1051/0004-6361/202554297/31
http://linker.aanda.org/10.1051/0004-6361/202554297/32
http://linker.aanda.org/10.1051/0004-6361/202554297/33
http://linker.aanda.org/10.1051/0004-6361/202554297/34
http://linker.aanda.org/10.1051/0004-6361/202554297/35
http://linker.aanda.org/10.1051/0004-6361/202554297/36
http://linker.aanda.org/10.1051/0004-6361/202554297/37
http://linker.aanda.org/10.1051/0004-6361/202554297/38
https://arxiv.org/abs/1701.09062
http://linker.aanda.org/10.1051/0004-6361/202554297/40
http://linker.aanda.org/10.1051/0004-6361/202554297/41
http://linker.aanda.org/10.1051/0004-6361/202554297/42
http://linker.aanda.org/10.1051/0004-6361/202554297/43
http://linker.aanda.org/10.1051/0004-6361/202554297/44
http://linker.aanda.org/10.1051/0004-6361/202554297/45
http://linker.aanda.org/10.1051/0004-6361/202554297/46
http://linker.aanda.org/10.1051/0004-6361/202554297/47
http://linker.aanda.org/10.1051/0004-6361/202554297/48
http://linker.aanda.org/10.1051/0004-6361/202554297/49
http://linker.aanda.org/10.1051/0004-6361/202554297/50
http://linker.aanda.org/10.1051/0004-6361/202554297/50
http://linker.aanda.org/10.1051/0004-6361/202554297/51
http://linker.aanda.org/10.1051/0004-6361/202554297/52
http://linker.aanda.org/10.1051/0004-6361/202554297/52
http://linker.aanda.org/10.1051/0004-6361/202554297/53
http://linker.aanda.org/10.1051/0004-6361/202554297/54
http://linker.aanda.org/10.1051/0004-6361/202554297/55
http://linker.aanda.org/10.1051/0004-6361/202554297/56
http://linker.aanda.org/10.1051/0004-6361/202554297/57
http://linker.aanda.org/10.1051/0004-6361/202554297/58
http://linker.aanda.org/10.1051/0004-6361/202554297/59
http://linker.aanda.org/10.1051/0004-6361/202554297/60
http://linker.aanda.org/10.1051/0004-6361/202554297/61
http://linker.aanda.org/10.1051/0004-6361/202554297/62
http://linker.aanda.org/10.1051/0004-6361/202554297/63
http://linker.aanda.org/10.1051/0004-6361/202554297/63
http://linker.aanda.org/10.1051/0004-6361/202554297/64
http://linker.aanda.org/10.1051/0004-6361/202554297/65
http://linker.aanda.org/10.1051/0004-6361/202554297/66
http://linker.aanda.org/10.1051/0004-6361/202554297/67
http://linker.aanda.org/10.1051/0004-6361/202554297/68
http://linker.aanda.org/10.1051/0004-6361/202554297/68
http://linker.aanda.org/10.1051/0004-6361/202554297/69
http://linker.aanda.org/10.1051/0004-6361/202554297/70
http://linker.aanda.org/10.1051/0004-6361/202554297/71
http://linker.aanda.org/10.1051/0004-6361/202554297/71
http://linker.aanda.org/10.1051/0004-6361/202554297/72
http://linker.aanda.org/10.1051/0004-6361/202554297/72
http://linker.aanda.org/10.1051/0004-6361/202554297/73
http://linker.aanda.org/10.1051/0004-6361/202554297/74
http://linker.aanda.org/10.1051/0004-6361/202554297/75
http://linker.aanda.org/10.1051/0004-6361/202554297/76
http://linker.aanda.org/10.1051/0004-6361/202554297/77
http://linker.aanda.org/10.1051/0004-6361/202554297/78


Langan, I., et al.: A&A, 705, A209 (2026)

Appendix A: Additional material

Table A.1. Technical information about the interferometric data used this paper, as reported in Valentino et al. 2020.

ID RA DEC Line sens. 10km/s Restoring beam Observing time Angular resolution
[mJy/beam] [arcsec] [s] [arcsec]

2299 10h02m15.36s +01d54m5.33s 1.784 1.6×1.17 725.760 1.054
2993 10h00m2.07s +02d01m32.7s 2.445 1.6×1.4 272.160 1.066

13205 10h02m17.96s +01d56m52.3s 2.451 1.6×1.4 272.160 1.114
13854 10h02m32.91s +02d00m27.61s 2.451 1.6×1.4 272.160 1.114
15069 09h58m47.07s 02d07m21.43s 1.890 1.8×1.4 483.840 1.138
18911 10h00m11.55s +02d28m3.77s 2.445 1.6×1.4 272.160 1.070
19021 10h00m14.11s +02d28m38.6s 1.890 1.8×1.4 483.840 1.141
21060 10h00m29.94s +02d40m7.03s 2.451 1.6×1.4 272.160 1.116
21820 10h02m32.69s +02d44m39.72s 1.784 1.6×1.2 725.750 1.058
26925 10h01m51.24s +01d52m59.92s 2.445 1.6×1.4 272.160 1.067
27172 10h01m40.24s +01d55m49.66s 1.890 1.8×1.4 483.840 1.136
30122 10h00m8.76s +02d19m1.96s 2.445 1.6×1.4 272.160 1.065
30694 09h58m38.46s +02d24m39.56s 2.445 1.6×1.4 272.160 1.075
31880 10h00m50.46s +02d33m55.51s 1.784 1.6×1.2 725.760 1.058
34023 09h59m51.31s +02d52m48.86s 1.784 1.6×1.2 725.760 1.057
35349 10h01m59.76s +01d43m28.06s 1.890 1.7×1.3 483.840 1.132
37250 09h58m28.35 +02d11m36.46s 2.445 1.6×1.4 272.160 1.081
38053 10h02m13.64s +02d23m29.04s 2.445 1.6×1.4 272.160 1.075
41210 09h59m31.48s +02d27m2.52s 2.451 1.6×1.4 272.160 1.117
41458 10h00m53.56s +02d41m25.37s 2.451 1.6×1.4 272.160 1.116
42925 10h01m53.27s +01d50m37.97s 2.451 1.6×1.4 272.160 1.114
44641 10h02m38.05s +02d19m4.29s 2.445 1.6×1.4 272.160 1.079
44694 10h01m36.15s +02d20m3.98s 1.890 1.8×1.4 483.840 1.138
48881 09h59m8.22s +01d54m45.79s 2.445 1.6×1.4 272.160 1.077
51330 09h59m57.97s +01d43m27.26s 2.451 1.7×1.4 272.160 1.113
51936 09h59m24.46s +02d43m6.92s 1.784 1.6×1.2 725.760 1.058

Notes. For all data, the observations were taken in array configuration C40-4.

Fig. A.1. Examples of spectra (grey) and the median Gaussian fit (red solid line) used to image the intensity maps in Sect. 3.1. The channels used
to create the intensity maps (i.e., FWHM±σFWHM of the median Gaussian fit) are highlighted with the light-brown shaded area. The horizontal
dashed line shows the 1σ noise level of the spectrum.
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Table A.2. Key properties of the sample used in this paper, as provided in Valentino et al. (2020).

ID Redshift Log Stellar Mass [M�] Infrared Luminosity [1012 L�] Log SFR [M� yr−1] S/N CO(2–1)
2299† 1.3948 ± 0.00025 10.8221 4.911 ± 0.06045 2.864 15
2993 1.1917 ± 0.00031 10.9888 1.997 ± 0.1152 2.473 7
13205 1.2659 ± 0.00038 11.1442 1.619 ± 0.1395 2.382 5
13854 1.2695 ± 0.00024 11.0327 2.260 ± 0.1609 2.527 7
15069 1.2119 ± 0.00025 10.61 1.213 ± 0.09902 2.257 4
18911 1.1710 ± 0.00023 10.6379 0.801 ± 0.06477 2.077 3
19021 1.2581 ± 0.00024 10.2025 3.276 ± 0.09806 2.688 8
21060 1.2818 ± 0.00024 9.8400 1.834 ± 0.1005 2.436 4
21820† 1.3790 ± 0.00032 10.9209 1.863 ± 0.06887 2.443 6
26925 1.1671 ± 0.00030 11.2428 0.842 ± 0.07139 2.098 7
27172 1.2348 ± 0.00032 10.757 1.002 ± 0.09275 2.174 4
30122 1.4626 ± 0.00031 11.08 2.086 ± 0.09912 2.492 9
30694 1.1611 ± 0.00021 10.7949 0.877 ± 0.09839 2.116 8
31880† 1.3999 ± 0.00034 11.0176 1.888 ± 0.06537 2.449 7

34023†,∧ 1.3461 ± 0.00032 10.97 1.694 ± 0.09633 2.402 3
35349 1.2553 ± 0.00045 11.1876 1.221 ± 0.03919 2.259 8
37250 1.1525 ± 0.00034 10.95 1.831 ± 0.08732 2.436 14
38053 1.1550 ± 0.00036 10.7301 1.074 ± 0.1345 2.204 6
41210 1.3145 ± 0.00021 10.5562 2.580 ± 0.1015 2.585 12
41458 1.2949 ± 0.00022 10.8348 3.083 ± 0.1544 2.662 9
42925 1.6028 ± 0.00054 9.4012 4.900 ± 0.2856 2.863 6
44641 1.1509 ± 0.00024 11.55 1.054 ± 0.04951 2.196 5
44694 1.2056 ± 0.00036 10.7568 0.776 ± 0.1006 2.063 6
48881 1.1569 ± 0.00022 10.86 1.641 ± 0.1714 2.388 5
51330 1.6317 ± 0.00041 10.2205 4.675 ± 0.4038 2.843 6
51936† 1.4030 ± 0.00029 10.243 2.034 ± 0.1167 2.481 9

Notes. † indicates the five galaxies where only one measurement set was kept to preserve beam consistency througout the sample. ∧Ultravista Ks
band data is missing for this galaxy.

Fig. A.2. Left: CO(2–1) intensity maps resulting from uniformly stacking the individual CO(2–1) intensity maps with random rotation. Contours
at [3, 5, 7, 9, 13, 17]σ are shown with white contours. The stacked beam is shown in the bottom left corner of each map. Each map is 5× 5 arcsec.
Right: Surface brightness radial profiles corresponding to each intensity map shown on the left, with matching their frame colors. Crosses represent
the CO(2–1) radial profile and triangles represent the corresponding synthesised beam profile.
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Fig. A.3. Stamps showing the surface brightness radial profile of each galaxy in our sample. The galaxy ID number is shown at the bottom left
corner of each stamp. The colour-code is the same as in the main text, i.e. the horizontal pink dashed-line shows the 1σ standard deviation level
of the map, the beige solid line shows the radial profile of the synthesised beam and the purple solid line shows the radial profile of the CO(2–1)
emission.
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Fig. A.4. Spectra (with natural binning of 30 km−1) stacks in galaxy property bins. From top to bottom, we show the stellar mass bin, the infrared
luminosity bin, the specific star formation rate bin, and the distance to the MS bin. The first panel of the left and right columns shows single-
Gaussian fits, while the second panel shows two-Gaussian fits.
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