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Abstract

Context. After more than 10 years of ALMA operations, the community interest in conducting deep extra-galactic millimetre surveys resulted in varying strategic compromises between areal size and map depth to survey the sky. The current bias leans towards a galaxy population found in the field or towards rich starbursty proto-cluster groups, which are both tendentiously surveyed at coarse spatial resolutions.

Aims. We describe a survey that addresses these biases. A deep 3 mm survey was conducted with ALMA at long baselines in a 1 × 1 arcmin2 region in the Hubble Deep Field South (HDFS) that was also covered by the Multi Unit Spectroscopic Explorer (MUSE) in order to assess resolved molecular gas properties in galaxies in group environments at z > 1.

Methods. ALMA observations comprising a four-pointing mosaic with a single band 3 (3 mm) spectral tuning were conducted to cover CO transitions from different groups identified by MUSE. This work consists of a total effective on-source time of 61 hours in configurations with baselines up to 15 km.

Results. The final dataset yields an angular resolution of 0.15″–0.2″ (depending on the imaging weights) and maximum recoverable scales of 1″–2″. The final continuum map reaches an unprecedented sensitivity of RMS ∼ 2 μJy/beam, which allowed us to detect three sources at 3 mm (only one of which with multi-wavelength counterparts from the rest-frame UV to radio). Moreover, we detected six line emitters associated with CO J = 2 − 1 at zspec = 1.284, one of which was not previously detected by MUSE, and none of which was detected in 3 mm continuum. The inter-stellar medium gas masses range from ∼2 × 109 to ∼9 × 1010 M⊙ (adopting αCO = 4 M⊙/(K.km/s.pc2), including helium). This galaxy group is quite diverse overall, and no two galaxies are alike. Some are clearly offset physically with respect to Hubble imaging that traces the rest-frame ultra-violet emission. We also derived cosmic molecular gas mass densities using this sample as a reference for group environments and found that their densities are similar to that of the galaxy population found in field environments.
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1. Introduction
The advent of the Atacama Large (sub-)Millimetre Array (ALMA; Brown et al. 2004; Cortes et al. 2025) enabled the community to conduct multiple deep extra-galactic surveys at unprecedented angular resolution and sensitivity with which the inter-stellar medium (ISM) gas in galaxies in the early Universe was studied (Hatsukade et al. 2016; Walter et al. 2016; Dunlop et al. 2017; Franco et al. 2018; Hatsukade et al. 2018; Hill et al. 2024). Different groups gave priority to either survey depth or size, but ALMA brought another capability to the table that revolutionised our knowledge of the molecular gas content until cosmic noon and beyond (z ≳ 2). By planning deep fields to be covered at multiple frequency setups (the so-called spectral scans) in different ALMA bands, the community was able to blindly detect the faint dust and molecular gas emissions from galaxy populations while simultaneously determining their distance (e.g., Walter et al. 2016). This resulted in exquisite galaxy samples with which the carbon monoxide (CO) luminosity functions, and by extension, molecular gas (H2) mass functions, were determined (Decarli et al. 2016, 2019; Riechers et al. 2019; Lenkić et al. 2020). Although this was expected based on relations such as the Schmidt-Kennicutt law (Schmidt 1959; Kennicutt 1998), the community finally saw, for the first time, that the cosmological evolution of H2 mass density (ρH2) is indeed closely followed by the density evolution of the star formation rate (Decarli et al. 2016, 2019; Magnelli et al. 2020; Walter et al. 2020), which both peak around 10 Gyr ago (z ∼ 2; the so-called cosmic noon).
For practical reasons, all these surveys are detection experiments in nature. They were conducted with compact configurations in order to avoid resolving out extended emission. As a result, the spatial resolutions of these surveys are planned to be of arcsecond scales. Moreover, because they are blind surveys within known extra-galactic fields, the underlying bias of these samples was towards field galaxy populations. It is now well known, however, that the group environment plays a major role in the evolution of galaxies (Fujita 2004; Vulcani et al. 2015, 2017; Bianconi et al. 2018). The surveys conducted by ALMA that targeted galaxy groups are clearly biased towards rich proto-clusters (e.g., Miller et al. 2018; Oteo et al. 2018), where extremely starbursting galaxies lie close to each other (≪1 Mpc). On the other hand, ALMA surveys towards peaks in the cosmic infrared background (e.g., Kneissl et al. 2019; Hill et al. 2025) also showed groups of main-sequence galaxies with extreme star-forming rates (see also Miller et al. 2018; Oteo et al. 2018). In order to change this trend, we conducted a 1 × 1 arcmin2 deep single-tuning survey at sub-arcsecond scales with ALMA to target two galaxy groups identified at zspec = 1.284 and 4.699 in a deep survey (27 h on source; Bacon et al. 2015, B15) conducted with the Multi Unit Spectroscopic Explorer (MUSE; Bacon et al. 2010) on the European Southern Observatory Very Large Telescope (European Southern Observatory 1998).
The structure of this paper is as follows: Section 2 describes the field selection, the choice of spatial and spectral coverage, the observational strategy, and the resulting survey properties. The initial results are presented in Section 3, with a characterisation of the survey depth, the achieved angular and maximum recovered scales, and a first characterisation of the line and continuum emitters in the field. We present our concluding remarks in Section 4. Throughout this work, we adopt a flat cosmology with the following parameters1: H0 = 67.66 km s−1 Mpc−1, ΩΛ = 0.69, and ΩM = 0.31 (Planck Collaboration VI 2020).
2. Observations
2.1. Field selection
We used the ALMA Observatory Project2 2022.A.00034.S (PI B. Dent), which conducted band 3 long-baseline extremely deep observations towards the Hubble Deep Field South (HDFS; Ferguson et al. 2000). In this field, galaxy group environments were historically studied, and it comprises two patches of sky surveyed by the Hubble Space Telescope (HST). One of these patches lies towards a known quasar (J2233-6033 at zspec = 2.25), and the other is a deep survey of a blank field westward of the quasar. This blank field was later covered by a MUSE-3D 1 arcmin × 1 arcmin footprint (Bacon et al. 2015). It comprises 27 h of on-source integration that results in a limit of the emission-line surface brightness of σ = 1 × 10−19 erg s−1 cm−2 arcsec−2 and in a point-source emission line 5σ level of 3 × 10−19 erg s−1 cm−2 (within an aperture of 1 arcsec). These survey specifications allowed numerous galaxy groups to be identified at different epochs of the Universe (Bacon et al. 2015), and as a result, these groups were considered potential targets of this ALMA survey.
2.2. Choice of the spatial and spectral coverage
In order to cover the 1 arcmin × 1 arcmin MUSE 3D survey region in ALMA band 3, a mosaic comprising four pointings was observed. Figure 1 shows the ALMA coverage compared with the coverage from the HDFS (background grey map3; Ferguson et al. 2000) and MUSE3D (blue region). Table 1 provides the absolute positions of the four observed pointings.
	[image: thumbnail]	Fig. 1. Comparison of the ALMA coverage (red isocontours at primary beam attenuation levels of 0.8, 0.6, 0.4, and 0.2) with those of HDFS (WFPC2/F814W; background grey map) and MUSE3D (1 × 1 arcmin2 blue region). The blue stars and circles indicate the positions of the group members at zspec = 1.284 and 4.699, respectively (two of the high-redshift members lie too close to each other for their two circles to be distinguished). The HDFS imaging was aligned with Gaia-DR3 reference (Gaia Collaboration 2023) making use of three stars in the field (black diamonds) at RA, Dec = 22:32:50.513, −60:34:00.94 (used for the MUSE Slow Guiding System); 22:32:56.999, −60:34:05.82 (brightest star in the field); and 22:32:50.513, −60:32:18.83. The image is oriented such that north is up, and west is to the right.



Table 1. 
Adopted coordinates for the ALMA mosaic pointing.

The ALMA spectral tuning was set to the frequency division mode (FDM) setup in band 3 with four 1.875 GHz wide spectral windows (SPWs; i.e. a total continuum bandwidth of 7.464 GHz). The SPWs are centred at 87.00, 88.86, 99.06, and 100.93 GHz (νLO1 = 93.96 GHz; λ = 3.2 mm). Each SPW has 240 channels with an effective spectral resolution of 8.197 MHz (∼24 km/s at 100.93 GHz). Table 2 summarises the coverage of potential transitions from MUSE-identified galaxy groups by the single spectral setup of our observations. The tuning was chosen such that CO transitions were optimally covered towards two galaxy groups identified by MUSE. Specifically, the CO (2-1) and (5-4) transitions of the groups identified by Bacon et al. (2015) at z = 1.284 (nine members) and 4.699 (six members) were redshifted to the highest-frequency SPW in the dataset (Figure 2). Moreover, [CI] (3P1 − 3P0) at z = 4.699 is redshifted to the lowest-frequency SPW. Nevertheless, different transitions of other galaxy groups might also be covered by the other SPWs, but the observation setup is not ideal for either of the two additional groups. Either the long-baseline configurations might resolve out extended emission from the members of the zspec = 0.172 group, or the systemic velocity uncertainty of the members within the zspec = 3.013 group combined with the velocity spread of the group causes the CO transitions to fall outside our spectral coverage. In the end, we were only able to identify CO emission from the members of the group at zspec = 1.284, as detailed below.
Table 2. 
Covered galaxy groups identified by MUSE.

	[image: thumbnail]	Fig. 2. Spectral tuning used in the survey, chosen to target the transitions CO (2-1) and (5-4) towards the two galaxy groups identified by the MUSE 3D survey at z = 1.284 and 4.699, with nine and six reported members, respectively (the vertical lines correspond to each member). For the z = 4.699 group, the [CI] (1-0) transition is also covered.



2.3. Observing strategy and calibration
The observations were carried out from 2023 September 05th to 2023 November 30th. During this period, the 12 m array was reconfigured to cover ALMA configurations C-9 to C-7 (see Cortes et al. 2022, for ALMA technical details). During the period between 2023 October 30th and 2023 November 27th, the array was in a hybrid configuration, between C-8 and C-7, which we refer to as C-7hybrid (or C-7h) throughout. Table 3 lists the number of execution blocks (EBs) in each distinct configuration, and further detail is given in Appendix A.
Table 3. 
Summary of the ALMA scheduling EBs per configuration.

The phase calibration for our science target was made with the quasar J2239-5701 (3.6 deg away) with a cycle time of 54 s that was unchanged during the period within which the project was observed. The check source was J2207-5346 (5.4 deg away from J2239-5701). Finally, in each execution, the bandpass and flux calibration made use of a single calibrator source (J2357-5311 or J2258-2758).
Each execution was expected to run for 1.8 h (∼50 min on-source). Overall, the total of 70 observing executions at ALMA resulted into 61 h of effective time on-source, distributed over the four pointings. The data were calibrated with the ALMA pipeline version 2022.2.0.68 (Hunter et al. 2023) and CASA 6.4.1.12 (CASA Team 2022), which took the equivalent of 48 days of single-cluster-node continuous computing time to process. Appendix A provides more detailed information on each of the considered EBs.
2.4. Survey depth and noise properties
Since observations were executed in a range of configurations, we assessed the survey noise properties on a subset of 47 EBs with common baseline ranges (from 70 − 90 m to 8.3 km) to avoid the contribution from additional baseline coverage (namely at > 8.3 km scales). We first determined the noise RMS on a per-EB basis, and we then sorted it accordingly. The sensitivity assessment was then performed on continuum maps with an incremental number of EBs of 1, 2, 4, 8, 16, 32, and 47 EBs (starting from the lowest-noise EB and gradually adding the next EBs in line). We only created dirty maps (without deconvolution) using natural weighting (i.e. no image weights were applied, which resulted in highest sensitivity) with the same pixel and image size. Figure 3 shows the sensitivity as a function of time on-source (TOS) and compares it with the expectation from the radiometric equation (see Equation (9.8) in Section 9.2.1 in Cortes et al. 2025, lower region bound) and the ALMA sensitivity calculator4 (upper region bound). The noise expectation from the latter is slightly higher (+10%) than the former. The natural-weighted map combining 47 EBs reaches RMS = 1.7 μJy/beam, and the final continuum map combining all observed 70 EBs reaches RMS = 1.4 μJy/beam. The map created by the standard ALMA pipeline with robust parameter equal to 0.5 reaches 1.9 μJy/beam.
	[image: thumbnail]	Fig. 3. Sensitivity (noise RMS) as a function of integration time as measured in a sensitivity-ordered sub-sample of 47 EBs with a fixed range of baseline length. The upper plot shows the measured image RMS (blue squares) and the theoretical RMS expected from the radiometric equation and ALMA sensitivity calculator (red shaded region) vs. TOS. The cyan datapoint with the error bar shows the median RMS and the standard deviation of the per-EB continuum map RMS values. The solid green curve shows the expected RMS decrease from this median datapoint with a simple scaling by the square root of the exposure time. The lower plot shows the same information normalised by the solid green curve in the upper plot.



2.5. Angular scales
The continuum-synthesised beam obtained by combining data over all spectral windows and imaging with Briggs weighting (robust = 0.5; Briggs 1995) is 0.13″ × 0.15″ at PA = 33 deg. At zspec = 1.284 and 4.699, this implies intrinsic spatial scales of 1.2 kpc and 0.9 kpc, respectively. Throughout this paper, we also make reference to data cubes and continuum maps imaged with natural weighting, which results in a larger synthesised beam of 0.22″ × 0.19″ at PA = 49 deg in the continuum map. Natural weighting is preferred because in addition to its higher sensitivity, it is also more desirable for a detection in the angular scale range.
When several configurations are covered regardless of tailored observing times (see Section 7.8 of Cortes et al. 2022), as in the case of our dataset, the best possible baseline length distribution (BLD) for the most Gaussian beam shape is not achieved. An analysis using the tools developed by Petry et al. (2024) showed that the achieved BLD deviated from an ideal shape for the same angular resolution of ∼0.12″ and a maximum recoverable scale of 1″. Figure 4 (left panel) shows that the observed BLD (blue) has an excess sensitivity at the shortest and longest baseline lengths and corresponding sensitivity deficits at intermediate baseline lengths between ∼1500 m and 5000 m. This is partially a design feature of the ALMA configurations and partially due to the combination of configurations, but is not expected to affect the imaging reconstruction negatively. The excess at short baselines is even beneficial for the detection aspect of the experiment. On the other hand, as already indicated by the near-circular beam, the right panel of the same figure shows that the azimuthal coverage of our observations is almost perfectly homogeneous (with only a very slight under-exposure at azimuth 0–45° and baseline lengths ∼2000–4000 m). This is a result of the approximately symmetric array configurations and the wide range of observing hour angles.
	[image: thumbnail]	Fig. 4. Assessment of the quality of the uv coverage of our combined data using the tools developed by Petry et al. (2024). (Left) Observed and expected 1D BLDs, i.e. histogram of the baseline lengths of the visibilities for the representative frequency channel (87 GHz) of the dataset (blue) and the corresponding expected histograms for the ideal shape to achieve the most Gaussian PSF given an angular resolution range ±20% around the nominal value of ∼0.13″ (green and grey histograms). (Right) Plot of the ratio of the observed and expected BLD in 2D, i.e., also showing the baseline orientation. A value of 1.0 indicates that observation and expectation agree exactly. Higher values indicate an over-exposure, and lower values show an under-exposure.



Overall, following the prescription detailed by Petry et al. (2024) and using the ASSESS_MS 3 software (Petry et al. 2025), we found the following statistics on the final combined MS (scales are referenced to 87 GHz):

	
the longest baseline is 14.9 km,



	
the shortest baseline is 29 m,



	
the shortest and longest expected BL for a Gaussian beam shape are 152 m and 7283 m,



	
the 80th percentile baseline length (L80) is 2863 m, which is equivalent to an angular resolution (AR) = 0.14″,



	
the 5th percentile baseline length (L05) is 258 m, which is equivalent to a maximum recoverable scale (MRS) of 2.7″,



	
an almost homogeneous sensitivity is reached for the entire baseline length range,



	
the baseline orientation is sufficiently homogeneous in all baseline ranges.




3. Results
3.1. Continuum map
In order to identify continuum detections at the observed wavelength of 3.2 mm, we focused on the natural-weighted primary-beam (PB) uncorrected map with a 0.5″uv taper, for which the average map noise RMS is 2.4 μJy/beam, and the lowest negative peak in the map is −10.5 μJy/beam. As a result, we conservatively only considered regions in the map as detections with peak fluxes above 10.5 μJy/beam (i.e. > 4.4 σ; resulting in fewer than one false detection in our map) and within the region in which the PB attenuation factor is ≳0.5. Table 4 lists the three identified continuum detections and fitting results from the CASA task imfit. Only ID 1 of the three detected sources is associated with a Spitzer/IRAC detection (Appendix B) and also shows a faint counterpart in HDFS/F814W imaging (i814 = 25.5 ± 0.03 AB; Casertano et al. 2000). Moreover, multi-frequency radio observations (Huynh et al. 2005, 2007) with the Australia Telescope Compact Array (Wilson et al. 2011) show clear detections from ∼1 mJy (S/N = 104) at 1.4 GHz down to ∼0.2 mJy (S/N = 19) at 8.7 GHz. Together with the ALMA detection, we measure a spectral index of α ∼ −0.8, which is consistent with synchrotron emission. It is beyond the scope of this paper to push the continuum detections beyond simple point or compact sources towards extended structures or into the noise limit.
Table 4. 
Continuum source detections.

3.2. Line emitters
As mentioned in Section 2.2, at least two galaxy groups are identified by MUSE (Bacon et al. 2015) whose specific CO transitions are covered by the adopted tuning.
With a special focus on the highest-frequency spectral window and using a natural-weighted cube, we conducted a two-step line search of the velocity-integrated (moment-0) maps towards the location of the MUSE-detected sources at the frequency at which the CO line is expected to be redshifted based on the redshift reported by MUSE. Briefly, we first started building moment-0 maps within ±600 km/s around the expected line frequency. This value was chosen to accommodate potentially broad line profiles as well as significant offsets with respect to the redshift reported by MUSE. This is quite important because the z = 4.7 group is identified via the Lyman-α line alone, and this line is known to present significant velocity offsets with respect to the systemic redshift of the host galaxy (e.g., Verhamme et al. 2018). When a significant detection in the moment-0 map was obtained (i.e. above five times the median absolute deviation, MAD), we extracted a preliminary spectrum of the source within the significantly detected region. This spectrum was then used to fine-tune the frequency range within which a new moment-0 map was to be retrieved. The updated significantly detected region was subsequently used to extract the final spectrum that was used to determine the spectral range within which the velocity and dispersion maps were to be obtained. The results are displayed in Figures 5 through 9, where we report the CO (2-1) line detections towards five out of the nine group members detected by MUSE. Furthermore, we present in Figure 10 one serendipitous detection near B15-114 that itself does not show CO (2-1) emission.
	[image: thumbnail]	Fig. 5. CO (2-1) emission towards B15-10. The cube used for the analysis was imaged with natural weighting and with a smoothing of four channels (i.e. resulting in a spectral resolution of ∼90 km/s). We present the detection spectrum in the top panel, and the velocity-integrated flux map (moment-0, M0) and the velocity map (moment-1, M1) are shown in the bottom left and right panels, respectively. Both maps have the same size (i.e., 3.4″ wide, or ∼29 kpc). The moment-0 contours are overlaid on both maps (solid black contours indicate levels at [image: equation] RMS, where n = 0,  1, …,  and the dashed white contours indicate −3σ). The maps are centred at the position reported by Bacon et al. (2015). The top panel with the spectrum displays a filled spectrum within which the flux was integrated and the moments were obtained. The vertical dashed red line at zero velocity assumes the light-weighted centre frequency, and the dotted vertical red line shows the expected frequency assuming the MUSE-derived redshift. The horizontal shaded grey region shows ±1 times the STD. The thick line shows the single-component Gaussian best fit for the raw spectral resolution (∼24 km/s) cube, and the dashed line shows this for the four-channel-smoothed cube.



Table 5 reports the observed properties of each of the six line detections. The conversion of the CO (2-1) luminosity (L′CO(2 − 1)) and molecular gas mass (MH2) was firstly made using a factor of 0.75 ± 0.11 to turn L′CO(2 − 1) into CO (1-0) luminosities (Boogaard et al. 2020), and secondly, using a CO-to-H2 conversion factor of αCO = 4 M⊙/(K.km/s.pc2) (including helium; Dunne et al. 2022). We acknowledge that the underlying assumption of this value is that these galaxies are metal enriched (Z/Z⊙ ≳ 0.5; Dunne et al. 2022). Although no metallicity estimates are available for the members in the targeted group, we adopted the stellar masses reported by Contini et al. (2016) for four of the group members (10, 13, 27, and 35 with log10(M* [M⊙]) = 9.9 − 10.8, assuming a Chabrier 2003 initial mass function) and converted them into metallicities assuming the mass-metallicity relation. Based on observations (adopting local samples, e.g., Blanc et al. 2019) or theory (considering redshift evolution, e.g., Ma et al. 2016), we obtained [image: equation] or 0.3–0.6, respectively. This shows that the sample mostly lies still within the applicable metallicity range.
Table 5. 
CO (2-1) line detections towards the galaxy group at zspec = 1.284.

We finally note that half of the detected sample shows MH2 values at and below the H2 mass limit reached by the deepest ALMA line surveys at similar redshifts so far (MH2 = 0.63 − 9.7 × 1010 M⊙ at 1.09 < z < 1.55; Decarli et al. 2019).
We also fitted the detected lines with single-component Gaussian profiles. The best-fit solutions are shown in the spectra in the top panels in Figures 5 through 10. The best fit is shown by the thick line for the raw spectral resolution (24 km/s) cube and by the dashed line for the four-channel-smoothed cube. Table 6 reports the fitting results, and Table 7 lists the difference in the redshift determination between CO and optical estimates.
Table 6. 
Gaussian fit results to the line detections.

Table 7. 
Redshift comparison between ALMA and MUSE.

The diversity found in this group is clear overall, as is the proximity of the galaxies to each other. For reference, the brightest three galaxies we found (B15-10, 15, and 27) lie within ∼50 to ∼140 kpc (projected) from each other, and Contini et al. (2016) reported evidence of low surface brightness emission between B15-10 and B15-27, which indicates that these two galaxies might already have interacted. B15-27 is an interesting case on its own when we compare its dynamical map with that based on [OII]3729 (Contini et al. 2016) and the rest-frame UV map (Appendix C). While the rotation pattern of this galaxy is very clear, the CO(2-1) velocity-integrated flux centroid is clearly offset from its rest-frame UV counterparts. The latter even appears to show a very disturbed system, and the [OII]3729 velocity map is clearly extended to the west. This agrees with the location of one or two close-by companion clumps detected in CO(2-1) (∼5 kpc away and offset in velocity up to −500 km/s; one of the clumps might show a rotation pattern as well). We also found indications for a higher-velocity feature (at 100–150 km/s) north-east of B15-35, but despite the clear alignment between the velocity patterns between ionised and molecular gas, Contini et al. (2016) reported no significant evidence of this feature in the [OII]3729 velocity map. Because of the multi-wavelength richness towards the detected sources, we defer a more complete dynamical analysis to a future work.
Moreover, we found a significant (σ ∼ 6) serendipitous CO (2-1) detection north-east of B15-114 (which we label ALMA-114). B15-114 itself remains undetected in CO (2-1), but its MUSE [OII]-derived redshift of zspec = 1.2844 is very close to the redshift obtained for this companion, zspec = 1.28349 ± 0.00059.
Finally, we did not detect any line emission towards the other groups listed in Table 2 or within the whole field. It is beyond the scope of this paper to pursue a more detailed detection analysis (e.g. stacking), especially towards the high-redshift group for which the systemic redshifts are uncertain. We note that the shallower but wider ASPECS-3mm survey (Decarli et al. 2019) reported no CO(5-4) detections at z > 4 either. The COLDz survey (Riechers et al. 2019) reported detections of CO(2-1) at z ∼ 5 towards three previously known dusty star-forming galaxies (DSFGs). The CO(5-4) line fluxes reported therein for the same galaxies would have been detectable in our survey. This also shows that this MUSE-identified galaxy group does not include such DSFGs within 200 kpc (projected) from the identified group members. More reliable conclusions on the source properties for this group require the knowledge of the systemic redshift, which the Lyman-α line emission does not guarantee.
We also made use of the source-finding application (version 2.5.1, SoFiA-2; Serra et al. 2015; Westmeier et al. 2021)5 to blindly search for emission lines in each of the four spectral windows. Only four of the detections reported before were automatically considered significant by SoFiA-2, however, which shows that in this case, it is better to know where the sources are located with an initial guess of the systemic redshift.
3.3. Cosmic molecular gas-mass density in group environments
Despite the small projected survey size (1 arcmin2), we attempted to estimate the cosmic molecular gas density (ρH2) from the galaxy population in group environments. We used this [OII]3727, 3729-identified group at zspec = 1.284 as reference, which we assumed to be representative.
We adopted the 1/Vmax formalism (Schmidt 1968). The zmin and zmax were estimated with two slightly different approaches. The consideration of the MUSE sensitivity profile (or passband) from 480 to 930 nm is common to both limits. This allowed us to take the sensitivity dips (that translate to reduced completeness; Drake et al. 2017) in the whole spectral range into account. We obtained it from the VLT/MUSE exposure time calculator, which emulates the observing conditions of the MUSE observations taken around 29 July 2014. The obtained trend was smoothed to the line FWHM reported in Table 6.
We recall that the redshift estimate of a source for which only the [OII] doublet is detected depends on the resolution of the doublet (which MUSE is capable of) and on the detection of the fainter line at a rest frame of 3727 Å. We therefore adopted it as reference and a 3729–3727 Å line ratio of 1.3 (Kaasinen et al. 2017) because only the combined flux of the doublet was reported by Bacon et al. (2015).
The zmin was estimated only based on the MUSE coverage of [OII]3727, 3729 together with the sensitivity profile, guaranteeing an S/N > 5, which resulted in zmin = 0.289. On the other hand, zmax was estimated based on the [OII]3727, 3729 and CO (2-1) integrated-line fluxes. Briefly, zmax was limited to MUSE coverage of [OII]3727, 3729 at z ∼ 1.49. On a case-by-case basis, this value might be lower, depending on the observed [OII]3727, 3729 and CO (2-1) properties.
We adopted two additional corrections. The first correction is related to the strong sensitivity dips in the MUSE sensitivity profile (e.g. at ∼860 − 870 nm), which for a narrow redshift range might result in a non-detection (hence lower completeness; Drake et al. 2017), but at higher redshifts is considered detectable again. To account for this, we corrected the full initial volume (from zmin to zmax) for the fraction of bins in this range that would yield a detection. This value was found to be between 0.924 and 0.975, and it is only a small correction in this case. In the second correction, we note that Bacon et al. (2015) identified groups as those with three or more members, hence this group would be identified as such until the last three brightest members would be detectable. In this case, they would be B15-10, B15-15, and B15-35, and zmax was capped at z = 1.4935.
We did not attempt to correct for the intrinsic evolution of this group, in other words, for the fact that the star formation rate density (hence [OII] emission related to star formation) strongly declines from z = 1.49 to z = 0.289. Our ability to identify these types of numerous groups might therefore decline as well. We note, however, that this would further increase the reported molecular gas-mass volumetric density.
	[image: thumbnail]	Fig. 6. Same as in Figure 5, but for B15-15.



	[image: thumbnail]	Fig. 7. Same as in Figure 5, but for B15-25.



	[image: thumbnail]	Fig. 8. Same as in Figure 5, but for B15-27.



Finally, we considered cosmic variance and low-number statistics. To account for this, we followed Trenti & Stiavelli (2008) and used their calculator Version 1.03 (24 July 2020) https://www.ph.unimelb.edu.au/~mtrenti/cvc/CosmicVariance.html to compute the total fractional error (Poisson uncertainty and cosmic variance) on the number counts based on redshift range, field size, and number of sources. This value is about 0.5 in our case. Based on the low number statistics, whenever we refer to the statistical uncertainty, it was estimated as [image: equation]6, where the negative and positive signs refer to the lower and upper errors, respectively.
Nevertheless, despite what we described in the previous two paragraphs, we highlight that other surveys conducted with MUSE down to similar or deeper levels (Bacon et al. 2017, 2023; Fossati et al. 2019) also show groups at similar redshifts with many members. For instance, Fossati et al. (2019) reported two groups with more than ten members at zspec ∼ 0.678 and 1.053. The catalogues provided by Bacon et al. (2023) based on the deepest MUSE survey ever taken also show two clear redshift peaks at zspec ∼ 0.659 and 1.089. Bacon et al. (2015) also reported a group with seven members at zspec ∼ 0.564 in addition to the group that is the focus of this work. This therefore appears to show that [OII]-identified groups might be a common observable at an age of the Universe between 5.5 and 7.5 Gyr.
The molecular hydrogen mass function (MF) obtained for this group at zspec = 1.284 is presented in Figure 11. We compared this result with work from the literature that is representative of the galaxy population in the field environment by (Decarli et al. 2019, 2020, 1.0 < z < 1.7), (Lenkić et al. 2020, 1.2 < z < 1.7), and (Messias et al. 2024, 1.0 < z < 1.8). We additionally show the results reported by Berta et al. (2013), who adopted two different scalings with the star formation rate to derive the H2 MF at different redshift ranges in between 0.2 < z < 2.0. All data were made consistent by adopting the same CO-to-H2 conversion factor (αCO = 4 including helium fraction; Dunne et al. 2022) and cosmology. The figure shows that group and field environments apparently show similar MFs (within the current uncertainties), but, more noticeably, our survey reaches almost by 0.5 dex deeper in molecular mass at these redshifts than ASPECS (Decarli et al. 2019, 2020) and Berta et al. (2013). At these levels, the results show that the molecular gas MF still increases with decreasing luminosity, but is still consistent with the flat light-end of the H2 MF observed as late as 0.2 < z < 0.6.
	[image: thumbnail]	Fig. 9. Same as in Figure 5, but for B15-35.



	[image: thumbnail]	Fig. 10. Same as in Figure 5, but for ALMA-114. We detect no emission towards the location of B15-114, but in the north-east towards a source labelled ALMA-114 in this work. The moment-0 map (centred on the new source detection) shows a significant detection (S/N ∼ 6) associated with a broad CO (2-1) line detection, very close in redshift to B15-114 (indicated with the vertical dotted line in the spectrum). The lower S/N feature in the south-west of the image is not associated with the B15-114 source, which is instead located 0.5″ south of it.



	[image: thumbnail]	Fig. 11. Molecular gas-mass function derived from the observed group at zspec = 1.284 compared to works in the literature by (Decarli et al. 2019, 2020, D19 and D20, at 1.0 < z < 1.7), (Lenkić et al. 2020, L20, at 1.2 < z < 1.7), and (Messias et al. 2024, M24, at 1.0 < z < 1.8). The results by Berta et al. (2013, different line types for different redshift ranges) were derived from empirical scaling relations, instead of inferring MH2 from CO as the previously cited works. The empty boxes show the results from our study. These are 0.5 dex wide in molecular gas mass (centred at each step of 0.25 dex), and the vertical width shows the statistical uncertainty.



Figure 12 reports the cosmic molecular gas-mass density in group environments compared to results from the literature either based on surveys that directly detected CO rotational transitions (Decarli et al. 2020; Messias et al. 2024, grey-line boxes) or on sub-millimeter continuum relations (Scoville et al. 2017, continuous grey-line region). We highlight that the molecular gas-mass densities recovered by this survey7 are comparable to those of blind CO surveys in the literature. The implications for this are discussed in Section 4.
	[image: thumbnail]	Fig. 12. Cosmic molecular gas-mass density in group environments derived using the group identified by MUSE and detected by ALMA in CO (2-1) at z = 1.284 (blue data point and error bar). For reference, literature estimates are also included. The CO-derived estimates reported by Decarli et al. (2020) from z = 0.271 to 4.475 appear as filled grey boxes, and those at 1 ≲ z ≲ 3 reported by Messias et al. (2024) appear as empty boxes. The sub-millimeter continuum derived trend from Scoville et al. (2017) is displayed as a continuous filled grey region. The cosmic mass density is plotted as the ratio to the critical cosmic density.



4. Conclusions
We described a 1 × 1 arcmin2 deep single-tuning survey at sub-arcsecond scales conducted by ALMA in the Hubble Deep Field South (HDFS). The spectral tuning was especially chosen to trace CO transitions in galaxies belonging to two groups identified by MUSE at zspec = 1.284 and 4.699 (Section 2).
This survey was conducted as an ALMA observatory project (filler in nature) that resulted in a total time on source of 61 h, which yielded a continuum sensitivity of RMS = 1.4 μJy/beam (adopting natural weighting; Section 2.4). The unprecedented uv coverage range for a millimeter survey yields a spatial resolution of 0.13″ × 0.15″ (adopting Briggs weighting with robust = 0.5) and maximum recoverable scales of 1–2 arcsec (Section 2.5).
We reported CO (2-1) detections toward five out of the nine members of the galaxy group at zspec = 1.284 and further identified a previously unknown member of the same group without an optical or NIR counterpart (Section 3.2). The expected molecular gas masses of half of the sample detected by ALMA are at and below the mass cut reached by previous deep spectral-scan surveys covering similar redshifts. The gas detections are highly diverse, and no two sources are alike in terms of their size and dynamical states. Only one source shows a smooth rotation pattern, but also evidence of two satellite features, and it is clearly offset with respect to its rest-frame UV-optical emission. The observed line widths vary, and the sizes vary from point-like to 10 kpc.
Based on the CO (2-1) detections towards this group, we attempted to estimate the molecular gas-mass function (MF) and the cosmic molecular gas-mass density (ΩH2) in the group environments. We found evidence that the MFs of the group environments cannot be distinguished from those of field galaxies (within the observed uncertainties), and at the survey depth, the MFs show no indication of a decrease in number density with decreasing molecular gas, but are still consistent with the flat light-end of the MFs observed at z < 1. The recovered ΩH2 is comparable to that of populations with larger H2 contents found in wider and shallower surveys. Because the projected survey size is small, we acknowledge that there is room for a large uncertainty in the result, but we note that this group does not appear to be a rare observable at similar redshifts in other deep MUSE fields. We are therefore confident that our result might indeed be representative of group environments when the Universe was approximately half its current age (Section 3.3). Moreover, this should be evidence that our current knowledge of ΩH2 and its evolution back in time is still rather incomplete at z > 1. In other words, we still do not know when ΩH2 peaked, and any estimate of how much it has decreased since z ∼ 1 − 2 needs to be taken as a lower limit. Nevertheless, the potential no-evolution scenario of the H2 MF light-end (MH2 ≲ 1010 M⊙) between z ∼ 0.2 and ∼1.3 might help us to compensate for the increased incompleteness that affects current surveys at earlier cosmic times.
Finally, we detected three significant sources in the continuum map (S/N > 4.4σ), only one of which shows multi-wavelength counterparts from rest-frame UV to radio frequencies. The other two continuum detections are expected to be thermal in nature because a synchrotron SED is expected to result in clear detections in existing data at 1.4 GHz.
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1 There are slight differences between the values reported in the right column in Table 2 in Planck Collaboration VI (2020) and the ASTROPY.COSMOLOGY.PLANCK18 package. Specifically, for ΩM, with reported values of 0.3111 and 0.30966, respectively. The difference is related to the parameter definition, namely the inclusion or exclusion of massive neutrinos (as reported in issue 10957 in GITHUB).


2 More information on observatory projects: https://almascience.eso.org/alma-data/observatory-projects


3 https://archive.stsci.edu/pub/hdf_south/


4 https://almascience.org/proposing/sensitivity-calculator


5 https://gitlab.com/SoFiA-Admin/SoFiA-2


6 This alternative is proposed by the Collider Detector at Fermilab Statistics Committee and also accessible within the ASTROPY.STATS package, in the function POISSON_CONF_INTERVAL, by setting INTERVAL = ‘PEARSON’.


7 We note that removing ALMA-114 from the analysis would only reduce ρH2 by 2%.




Appendix A:  Observation details
Table A.1 lists the 70 execution blocks (EBs) used to build the continuum maps and cubes. The columns contain: EB unique identifiers (UIDs), date of observation, number of antennas in the array, configuration, minimum and maximum baseline, J-name of the bandpass calibrator (also used for flux calibration), phase calibrator, and time on science target.
Table A.1. 
Details of the observed EBs.


Appendix B:  Comparison with near-IR emission
In Figure B.1, we compare the ALMA 3 mm continuum map (natural-weighted with a 0.5” uv-taper as used for continuum source detection) with Spitzer/IRAC-3.6 μm map. Only one of the three reliable continuum detections has a match with an IRAC-detected source. Moreover, we note that we do find evidence for a ∼3σ detection (21.3 ± 6.9 μJy) towards an IRAC source at RA, Dec = 22:32:57.55, -60:33:06.2 (at a PB attenuation of 0.54). The five main line detections (Figures 5 through 9) are all detected in IRAC (rest-frame ∼1.6 μm), while the serendipitously found line emitter ALMA-114 is not. Finally, it is worth noting that the filamentary structure, with B15-10 and ALMA-114 placed at its extremes (∼20” or ∼170 kpc apart), is showing evidence of the type of environment these sources are found in.
	[image: thumbnail]	Fig. B.1. The natural-weighted 3mm continuum map with a 0.5” uv-taper (gray scale) with contours overlaid from the IRAC-3.6 μm map (red isocontour levels at 3, 6, and 12σ). Sources that revealed CO (2-1) line emission are marked with open blue stars, while the continuum detections reported in Table 4 are marked as blue circles. The potential 3σ continuum detection toward an IRAC source is marked with a blue square.




Appendix C:  Comparison with rest-frame UV-optical emission
In this section we provide a comparison between the CO (2-1) emission from sources within the group at zspec = 1.284 and the rest-frame UV-optical emission traced by HST imaging. Specifically the longest-wavelength WFPC2 filter F814W (λ = 827 ± 88 nm) traces λrest = 362 ± 40 nm) at zspec = 1.284. HST imaging was aligned with Gaia-DR3 (Gaia Collaboration 2023) making use of three stars in the field (details in Figure 1). Figure C.1 shows F814W maps with CO (2-1) maps overlaid on the six sources with detected CO emission. One can clearly see the spatial offset between star-formation regions traced by HST and the molecular gas emission in B15-27 and B15-35. This is especially interesting since B15-27 is the source showing the cleanest rotation pattern in the sample (see more discussion in Section 3.2). ALMA-114 is clearly undetected by HST, while its companion B15-114 is in the South-West region.
	[image: thumbnail]	Fig. C.1. Comparison between HST WFPC2/F814W imaging (background gray image) and the CO (2-1) maps (red contours) for the detected sources. Cutouts are 4″ wide (∼34 kpc). The contours indicate levels at [image: equation] RMS, where n = 0,  1,  .... B15-114 is detected by HST in the South-West corner of the ALMA-114 panel, but not in CO (2-1).
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	[image: thumbnail]	Fig. 1. Comparison of the ALMA coverage (red isocontours at primary beam attenuation levels of 0.8, 0.6, 0.4, and 0.2) with those of HDFS (WFPC2/F814W; background grey map) and MUSE3D (1 × 1 arcmin2 blue region). The blue stars and circles indicate the positions of the group members at zspec = 1.284 and 4.699, respectively (two of the high-redshift members lie too close to each other for their two circles to be distinguished). The HDFS imaging was aligned with Gaia-DR3 reference (Gaia Collaboration 2023) making use of three stars in the field (black diamonds) at RA, Dec = 22:32:50.513, −60:34:00.94 (used for the MUSE Slow Guiding System); 22:32:56.999, −60:34:05.82 (brightest star in the field); and 22:32:50.513, −60:32:18.83. The image is oriented such that north is up, and west is to the right.
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	[image: thumbnail]	Fig. 2. Spectral tuning used in the survey, chosen to target the transitions CO (2-1) and (5-4) towards the two galaxy groups identified by the MUSE 3D survey at z = 1.284 and 4.699, with nine and six reported members, respectively (the vertical lines correspond to each member). For the z = 4.699 group, the [CI] (1-0) transition is also covered.
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	[image: thumbnail]	Fig. 3. Sensitivity (noise RMS) as a function of integration time as measured in a sensitivity-ordered sub-sample of 47 EBs with a fixed range of baseline length. The upper plot shows the measured image RMS (blue squares) and the theoretical RMS expected from the radiometric equation and ALMA sensitivity calculator (red shaded region) vs. TOS. The cyan datapoint with the error bar shows the median RMS and the standard deviation of the per-EB continuum map RMS values. The solid green curve shows the expected RMS decrease from this median datapoint with a simple scaling by the square root of the exposure time. The lower plot shows the same information normalised by the solid green curve in the upper plot.
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	[image: thumbnail]	Fig. 4. Assessment of the quality of the uv coverage of our combined data using the tools developed by Petry et al. (2024). (Left) Observed and expected 1D BLDs, i.e. histogram of the baseline lengths of the visibilities for the representative frequency channel (87 GHz) of the dataset (blue) and the corresponding expected histograms for the ideal shape to achieve the most Gaussian PSF given an angular resolution range ±20% around the nominal value of ∼0.13″ (green and grey histograms). (Right) Plot of the ratio of the observed and expected BLD in 2D, i.e., also showing the baseline orientation. A value of 1.0 indicates that observation and expectation agree exactly. Higher values indicate an over-exposure, and lower values show an under-exposure.
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	[image: thumbnail]	Fig. 5. CO (2-1) emission towards B15-10. The cube used for the analysis was imaged with natural weighting and with a smoothing of four channels (i.e. resulting in a spectral resolution of ∼90 km/s). We present the detection spectrum in the top panel, and the velocity-integrated flux map (moment-0, M0) and the velocity map (moment-1, M1) are shown in the bottom left and right panels, respectively. Both maps have the same size (i.e., 3.4″ wide, or ∼29 kpc). The moment-0 contours are overlaid on both maps (solid black contours indicate levels at [image: equation] RMS, where n = 0,  1, …,  and the dashed white contours indicate −3σ). The maps are centred at the position reported by Bacon et al. (2015). The top panel with the spectrum displays a filled spectrum within which the flux was integrated and the moments were obtained. The vertical dashed red line at zero velocity assumes the light-weighted centre frequency, and the dotted vertical red line shows the expected frequency assuming the MUSE-derived redshift. The horizontal shaded grey region shows ±1 times the STD. The thick line shows the single-component Gaussian best fit for the raw spectral resolution (∼24 km/s) cube, and the dashed line shows this for the four-channel-smoothed cube.
In the text



	[image: thumbnail]	Fig. 6. Same as in Figure 5, but for B15-15.
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	[image: thumbnail]	Fig. 7. Same as in Figure 5, but for B15-25.
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	[image: thumbnail]	Fig. 8. Same as in Figure 5, but for B15-27.
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	[image: thumbnail]	Fig. 9. Same as in Figure 5, but for B15-35.
In the text



	[image: thumbnail]	Fig. 10. Same as in Figure 5, but for ALMA-114. We detect no emission towards the location of B15-114, but in the north-east towards a source labelled ALMA-114 in this work. The moment-0 map (centred on the new source detection) shows a significant detection (S/N ∼ 6) associated with a broad CO (2-1) line detection, very close in redshift to B15-114 (indicated with the vertical dotted line in the spectrum). The lower S/N feature in the south-west of the image is not associated with the B15-114 source, which is instead located 0.5″ south of it.
In the text



	[image: thumbnail]	Fig. 11. Molecular gas-mass function derived from the observed group at zspec = 1.284 compared to works in the literature by (Decarli et al. 2019, 2020, D19 and D20, at 1.0 < z < 1.7), (Lenkić et al. 2020, L20, at 1.2 < z < 1.7), and (Messias et al. 2024, M24, at 1.0 < z < 1.8). The results by Berta et al. (2013, different line types for different redshift ranges) were derived from empirical scaling relations, instead of inferring MH2 from CO as the previously cited works. The empty boxes show the results from our study. These are 0.5 dex wide in molecular gas mass (centred at each step of 0.25 dex), and the vertical width shows the statistical uncertainty.
In the text



	[image: thumbnail]	Fig. 12. Cosmic molecular gas-mass density in group environments derived using the group identified by MUSE and detected by ALMA in CO (2-1) at z = 1.284 (blue data point and error bar). For reference, literature estimates are also included. The CO-derived estimates reported by Decarli et al. (2020) from z = 0.271 to 4.475 appear as filled grey boxes, and those at 1 ≲ z ≲ 3 reported by Messias et al. (2024) appear as empty boxes. The sub-millimeter continuum derived trend from Scoville et al. (2017) is displayed as a continuous filled grey region. The cosmic mass density is plotted as the ratio to the critical cosmic density.
In the text



	[image: thumbnail]	Fig. B.1. The natural-weighted 3mm continuum map with a 0.5” uv-taper (gray scale) with contours overlaid from the IRAC-3.6 μm map (red isocontour levels at 3, 6, and 12σ). Sources that revealed CO (2-1) line emission are marked with open blue stars, while the continuum detections reported in Table 4 are marked as blue circles. The potential 3σ continuum detection toward an IRAC source is marked with a blue square.
In the text



	[image: thumbnail]	Fig. C.1. Comparison between HST WFPC2/F814W imaging (background gray image) and the CO (2-1) maps (red contours) for the detected sources. Cutouts are 4″ wide (∼34 kpc). The contours indicate levels at [image: equation] RMS, where n = 0,  1,  .... B15-114 is detected by HST in the South-West corner of the ALMA-114 panel, but not in CO (2-1).
In the text





    
      Fig. 1. 

      
        [image: thumbnail]
      

      
        Comparison of the ALMA coverage (red isocontours at primary beam attenuation levels of 0.8, 0.6, 0.4, and 0.2) with those of HDFS (WFPC2/F814W; background grey map) and MUSE3D (1 × 1 arcmin2 blue region). The blue stars and circles indicate the positions of the group members at zspec = 1.284 and 4.699, respectively (two of the high-redshift members lie too close to each other for their two circles to be distinguished). The HDFS imaging was aligned with Gaia-DR3 reference (Gaia Collaboration 2023) making use of three stars in the field (black diamonds) at RA, Dec = 22:32:50.513, −60:34:00.94 (used for the MUSE Slow Guiding System); 22:32:56.999, −60:34:05.82 (brightest star in the field); and 22:32:50.513, −60:32:18.83. The image is oriented such that north is up, and west is to the right.

      

    

  
    
      Table 1. 

      Adopted coordinates for the ALMA mosaic pointing.

      
        


	Pointing
	RA
	Dec



	
	[h:m:s]
	[d:m:s]





	South
	22:32:55.64
	−60:34:12.5



	West
	22:32:53.64
	−60:33:47.0



	East
	22:32:57.64
	−60:33:47.0



	North
	22:32:55.64
	−60:33:21.5





      

    

  
    
      Table 2. 

      Covered galaxy groups identified by MUSE.

      
        


	z
	linesopt
	vrms
	Nm
	CO
	νobs



	
	
	[km/s]
	
	Jup
	[GHz]





	0.172
	Hα, [OIII], Hβ
	65
	3
	1
	98.354



	1.284
	[NeIII], [OII], MgII
	354
	9
	2
	100.936



	3.013
	Lyα, S II, C IV, C II
	350
	3
	3
	86.169



	4.699a
	Lyα
	430
	6
	5
	101.117





      

      
Notes. The different groups identified by Bacon et al. (2015) at different redshifts (z; via different optical lines, linesopt) for which the selected spectral tuning covers the expected observed frequency (νobs) of redshifted CO transitions (CO Jup). The number of constituents of each group is reported in column Nm. The systemic velocity of groups identified via the Lyman-α line is uncertain because this line tends to be significantly offset with respect to the systemic redshift of the host galaxy (e.g., Verhamme et al. 2018). aThe [CI] (1-0) emission from this group is also covered by the lowest-frequency SPW.



    

  
    
      Fig. 2. 

      
        [image: thumbnail]
      

      
        Spectral tuning used in the survey, chosen to target the transitions CO (2-1) and (5-4) towards the two galaxy groups identified by the MUSE 3D survey at z = 1.284 and 4.699, with nine and six reported members, respectively (the vertical lines correspond to each member). For the z = 4.699 group, the [CI] (1-0) transition is also covered.

      

    

  
    
      Table 3. 

      Summary of the ALMA scheduling EBs per configuration.

      
        


	Array
	Number of



	Config.
	PASS EBs





	C-9
	3



	C-8
	52



	C-7h
	13



	C-7
	2





      

    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Sensitivity (noise RMS) as a function of integration time as measured in a sensitivity-ordered sub-sample of 47 EBs with a fixed range of baseline length. The upper plot shows the measured image RMS (blue squares) and the theoretical RMS expected from the radiometric equation and ALMA sensitivity calculator (red shaded region) vs. TOS. The cyan datapoint with the error bar shows the median RMS and the standard deviation of the per-EB continuum map RMS values. The solid green curve shows the expected RMS decrease from this median datapoint with a simple scaling by the square root of the exposure time. The lower plot shows the same information normalised by the solid green curve in the upper plot.

      

    

  
    
      Fig. 4. 

      
        [image: thumbnail]
      

      
        Assessment of the quality of the uv coverage of our combined data using the tools developed by Petry et al. (2024). (Left) Observed and expected 1D BLDs, i.e. histogram of the baseline lengths of the visibilities for the representative frequency channel (87 GHz) of the dataset (blue) and the corresponding expected histograms for the ideal shape to achieve the most Gaussian PSF given an angular resolution range ±20% around the nominal value of ∼0.13″ (green and grey histograms). (Right) Plot of the ratio of the observed and expected BLD in 2D, i.e., also showing the baseline orientation. A value of 1.0 indicates that observation and expectation agree exactly. Higher values indicate an over-exposure, and lower values show an under-exposure.

      

    

  
    
      Table 4. 

      Continuum source detections.

      
        


	ID
	RA (ICRS)
	Dec (ICRS)
	PBcorr
	[image: equation]
	[image: equation]
	S/N
	Size | Orientation



	
	[22:32:ss ± arcsec]
	[−60:mm:ss ± arcsec]
	
	[μJy/beam]
	[μJy]
	
	[arcsec] × [arcsec]



	
	
	
	
	
	
	
	[degrees]





	1
	58.631 ± 0.099
	33:46.39 ± 0.13
	0.806
	16.9 ± 2.6
	36.0 ± 7.6
	6.5
	< (2.10 × 0.32)



	2
	56.450 ± 0.054
	33:49.398 ± 0.083
	0.982
	13.6 ± 2.4
	22.0 ± 5.9
	5.6
	(0.74 ± 0.27) × (0.30 ± 0.25)



	
	
	
	
	
	
	
	14 ± 28



	3
	59.526 ± 0.055
	34:16.886 ± 0.038
	0.495
	28.9 ± 7.9
	22.4 ± 4.4
	7.9
	(0.93 ± 0.13) × (0.75 ± 0.09)



	
	
	
	
	
	
	
	85 ± 22





      

      
Notes. The sources were identified in the natural-weighted continuum map with a 0.5″uv taper. The coordinates, flux, and size estimates were determined with CASA task imfit. Only detections above 4.4 σ and within the region in which the PB response is ≳0.5 are reported here (see text for details). The reported flux densities are corrected for PB response (see the column PBcorr). Figure B.1 shows the locations of these sources in the field.



    

  
    
      Fig. 5. 

      
        [image: thumbnail]
      

      
        CO (2-1) emission towards B15-10. The cube used for the analysis was imaged with natural weighting and with a smoothing of four channels (i.e. resulting in a spectral resolution of ∼90 km/s). We present the detection spectrum in the top panel, and the velocity-integrated flux map (moment-0, M0) and the velocity map (moment-1, M1) are shown in the bottom left and right panels, respectively. Both maps have the same size (i.e., 3.4″ wide, or ∼29 kpc). The moment-0 contours are overlaid on both maps (solid black contours indicate levels at [image: equation] RMS, where n = 0,  1, …,  and the dashed white contours indicate −3σ). The maps are centred at the position reported by Bacon et al. (2015). The top panel with the spectrum displays a filled spectrum within which the flux was integrated and the moments were obtained. The vertical dashed red line at zero velocity assumes the light-weighted centre frequency, and the dotted vertical red line shows the expected frequency assuming the MUSE-derived redshift. The horizontal shaded grey region shows ±1 times the STD. The thick line shows the single-component Gaussian best fit for the raw spectral resolution (∼24 km/s) cube, and the dashed line shows this for the four-channel-smoothed cube.

      

    

  
    
      Table 5. 

      CO (2-1) line detections towards the galaxy group at zspec = 1.284.

      
        


	Sourcea
	HDFSb
	RAJ2000
	DecJ2000
	redshift
	νobs
	ΔvSν
	L′CO(2 − 1)
	MH2



	
	
	[h:m:s]
	[d:m:s]
	
	[GHz]
	[mJy.km/s]
	[109 K.km/s.pc2]
	[109 M⊙]





	B15-10
	1539
	22:32:53.018
	−60:33:28.55
	1.2846
	100.9086
	219 ± 14
	5.02 ± 0.31
	15.1 ± 2.4



	B15-15
	1334
	22:32:52.883
	−60:33:17.00
	1.2842
	100.9259
	1275 ± 69
	29.2 ± 1.6
	88 ± 14



	B15-25
	1557
	22:32:54.991
	−60:33:29.08
	1.2834
	100.9641
	27.5 ± 4.3
	0.628 ± 0.098
	1.89 ± 0.40



	B15-27
	1650
	22:32:53.407
	−60:33:33.06
	1.2843
	100.9228
	579 ± 33
	13.24 ± 0.75
	39.7 ± 6.2



	B15-35
	1800
	22:32:53.979
	−60:33:41.66
	1.2801
	101.1074
	120.0 ± 9.5
	2.73 ± 0.22
	8.2 ± 1.4



	ALMA-114
	–
	22:32:54.403
	−60:33:45.70
	1.2834
	100.9618
	30.5 ± 5.0
	0.70 ± 0.12
	2.09 ± 0.46





      

      
Notes. (a)IDs in Bacon et al. (2015). (b)IDs in Casertano et al. (2000).



    

  
    
      Table 6. 

      Gaussian fit results to the line detections.

      
        


	
	Smoothed Spectrum
	Raw Spectrum



	
	[Δv ∼ 90 km/s]
	[Δv ∼ 24 km/s]





	Source
	Sνpeak
	FWHM
	ΔvSν
	Sνpeak
	FWHM
	ΔvSν



	
	[mJy]
	[km/s]
	[Jy.km/s]
	[mJy]
	[km/s]
	[Jy.km/s]



	




	B15-10
	1.54 ± 0.14
	96 ± 12
	0.158 ± 0.024
	1.39 ± 0.13
	98 ± 10
	0.146 ± 0.020



	B15-15
	6.08 ± 0.18
	132.7 ± 4.4
	0.860 ± 0.038
	4.00 ± 0.26
	121.5 ± 9.1
	0.517 ± 0.051



	B15-25
	0.052 ± 0.014
	400 ± 130
	0.0220 ± 0.0092
	0.068 ± 0.019
	370 ± 120
	0.027 ± 0.011



	B15-27
	1.220 ± 0.054
	328 ± 16
	0.426 ± 0.028
	0.903 ± 0.076
	331 ± 32
	0.318 ± 0.041



	B15-35
	0.458 ± 0.046
	177 ± 20
	0.086 ± 0.013
	0.419 ± 0.067
	169 ± 31
	0.075 ± 0.018



	ALMA-114
	0.042 ± 0.012
	510 ± 170
	0.0224 ± 0.0097
	0.032 ± 0.014
	460 ± 230
	0.016 ± 0.010





      

      
Notes. The fits resulting from adopting the raw and smoothed spectra are displayed in Figures 5 through 10 as solid and dashed black lines, respectively.



    

  
    
      Table 7. 

      Redshift comparison between ALMA and MUSE.

      
        


	Source
	Freqcent [GHz]
	zCO
	zopt
	linesopt
	Δ vopt [km/s]





	B15-10
	100.9093 ± 0.0021
	1.284607 ± 2.7E-5
	1.2840
	[OII], MgII
	−80



	B15-15
	100.9275 ± 0.0019
	1.284195 ± 2.4E-5
	1.2838
	[OII], MgII
	−52



	B15-25
	100.967 ± 0.024
	1.28330 ± 3.0E-4
	1.2826
	[OII], [NeIII]
	−92



	B15-27
	100.9285 ± 0.0065
	1.284171 ± 8.2E-5
	1.2853
	[OII], MgII
	+148



	B15-35
	101.1107 ± 0.0063
	1.280056 ± 8.0E-5
	1.2806
	[OII], MgII
	+72



	ALMA-114
	100.959 ± 0.046
	1.28349 ± 5.9E-4
	–
	–
	–





      

      
Notes. The Freqcent and zCO columns refer to the best-fit line centroid found in the raw spectral resolution cube (thick line Gaussian fit in the bottom left panels in Figures 5 through 10). The zopt and linesopt columns were extracted from Bacon et al. (2015).



    

  
    
      Fig. 6. 

      
        [image: thumbnail]
      

      
        Same as in Figure 5, but for B15-15.

      

    

  
    
      Fig. 7. 
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        Same as in Figure 5, but for B15-25.

      

    

  
    
      Fig. 8. 
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        Same as in Figure 5, but for B15-27.

      

    

  
    
      Fig. 9. 
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        Same as in Figure 5, but for B15-35.

      

    

  
    
      Fig. 10. 

      
        [image: thumbnail]
      

      
        Same as in Figure 5, but for ALMA-114. We detect no emission towards the location of B15-114, but in the north-east towards a source labelled ALMA-114 in this work. The moment-0 map (centred on the new source detection) shows a significant detection (S/N ∼ 6) associated with a broad CO (2-1) line detection, very close in redshift to B15-114 (indicated with the vertical dotted line in the spectrum). The lower S/N feature in the south-west of the image is not associated with the B15-114 source, which is instead located 0.5″ south of it.

      

    

  
    
      Fig. 11. 

      
        [image: thumbnail]
      

      
        Molecular gas-mass function derived from the observed group at zspec = 1.284 compared to works in the literature by (Decarli et al. 2019, 2020, D19 and D20, at 1.0 < z < 1.7), (Lenkić et al. 2020, L20, at 1.2 < z < 1.7), and (Messias et al. 2024, M24, at 1.0 < z < 1.8). The results by Berta et al. (2013, different line types for different redshift ranges) were derived from empirical scaling relations, instead of inferring MH2 from CO as the previously cited works. The empty boxes show the results from our study. These are 0.5 dex wide in molecular gas mass (centred at each step of 0.25 dex), and the vertical width shows the statistical uncertainty.

      

    

  
    
      Fig. 12. 

      
        [image: thumbnail]
      

      
        Cosmic molecular gas-mass density in group environments derived using the group identified by MUSE and detected by ALMA in CO (2-1) at z = 1.284 (blue data point and error bar). For reference, literature estimates are also included. The CO-derived estimates reported by Decarli et al. (2020) from z = 0.271 to 4.475 appear as filled grey boxes, and those at 1 ≲ z ≲ 3 reported by Messias et al. (2024) appear as empty boxes. The sub-millimeter continuum derived trend from Scoville et al. (2017) is displayed as a continuous filled grey region. The cosmic mass density is plotted as the ratio to the critical cosmic density.

      

    

  
    
      Table A.1. 

      Details of the observed EBs.

      
        


	EB
	Date
	Number of
	Approx
	Baseline
	Amplitude, Bandpass
	Phase
	Time on source



	
	
	antennas
	Config
	min [m]
	max [km]
	calibrator
	calibrator
	[mm:ss]





	uid://A002/X10c5c57/X2e6b
	2023-09-05
	46
	C-9
	83.1
	14.9
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10c6fac/X341d
	2023-09-07
	46
	C-9
	83.1
	14.9
	J2357-5311
	J2239-5701
	53:30



	uid://A002/X10c6fac/X8a9e
	2023-09-08
	46
	C-9
	83.1
	14.9
	J2258-2758
	J2239-5701
	53:24



	uid://A002/X10ca5ad/X7b50
	2023-09-12
	49
	C-8
	66.8
	11.9
	J2357-5311
	J2239-5701
	10:25



	uid://A002/X10ca5ad/Xb62f
	2023-09-13
	47
	C-8
	66.8
	11.9
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10cc13c/Xe4a
	2023-09-14
	45
	C-8
	83.1
	11.9
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10cc13c/X1c61
	2023-09-14
	45
	C-8
	83.1
	11.9
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10cc13c/Xa4fb
	2023-09-15
	46
	C-8
	83.1
	9.7
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10cc13c/Xb109
	2023-09-15
	45
	C-8
	83.1
	9.7
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10cc13c/Xb95d
	2023-09-15
	48
	C-8
	83.1
	9.7
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10cc13c/X121fd
	2023-09-16
	46
	C-8
	92.1
	8.8
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10ce151/X26a4
	2023-09-17
	41
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10ceb22/X1990
	2023-09-18
	43
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10ceb22/X2d5e
	2023-09-18
	43
	C-8
	92.1
	8.5
	J2357-5311
	J2239-5701
	53:26



	uid://A002/X10ceb22/Xa64c
	2023-09-19
	41
	C-8
	97.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10ceb22/Xaf86
	2023-09-19
	45
	C-8
	92.1
	8.5
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10ceb22/X11957
	2023-09-20
	46
	C-8
	92.1
	8.5
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10d12a2/X3ff
	2023-09-21
	43
	C-8
	92.1
	8.5
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10d12a2/X6b30
	2023-09-22
	44
	C-8
	92.1
	8.5
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10d12a2/X70b8
	2023-09-22
	44
	C-8
	92.1
	8.5
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10d12a2/Xe1a2
	2023-09-23
	44
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:25



	uid://A002/X10d12a2/Xed89
	2023-09-23
	45
	C-8
	89.6
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10d4e2e/X36ee
	2023-09-26
	45
	C-8
	92.1
	8.5
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10d4e2e/X4034
	2023-09-26
	45
	C-8
	92.1
	8.5
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10d4e2e/X4740
	2023-09-26
	45
	C-8
	92.1
	8.5
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10d4e2e/Xc316
	2023-09-27
	46
	C-8
	92.1
	8.5
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10d4e2e/X109f6
	2023-09-28
	47
	C-8
	92.1
	8.5
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10dc577/X2e95
	2023-10-07
	44
	C-8
	92.1
	8.5
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10dc577/X42bc
	2023-10-07
	44
	C-8
	92.1
	8.5
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e09b4/X4b1
	2023-10-11
	42
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e09b4/Xa9f2
	2023-10-13
	45
	C-8
	92.1
	8.5
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e2702/X597
	2023-10-13
	43
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e2702/X2b89
	2023-10-14
	44
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	16:17



	uid://A002/X10e318c/X1b4b
	2023-10-15
	41
	C-8
	89.6
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e318c/X22cb
	2023-10-15
	41
	C-8
	89.6
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e3e4c/Xa19
	2023-10-15
	42
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e3e4c/X11d3
	2023-10-16
	42
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e3e4c/X1c6e
	2023-10-16
	41
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e492f/X35b3
	2023-10-16
	44
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e492f/X41b8
	2023-10-17
	44
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e492f/X4ffc
	2023-10-17
	44
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e492f/Xb325
	2023-10-17
	46
	C-8
	92.1
	8.5
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e492f/Xc5f6
	2023-10-18
	43
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e6d25/X2460
	2023-10-20
	42
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e6d25/X352e
	2023-10-20
	45
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e6d25/X93f5
	2023-10-20
	45
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e6d25/Xa314
	2023-10-21
	46
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e8a11/X14a7
	2023-10-21
	47
	C-8
	92.1
	8.5
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e8a11/X1f2d
	2023-10-22
	47
	C-8
	92.1
	8.5
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e9b60/X162b
	2023-10-24
	43
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e9b60/X2419
	2023-10-24
	43
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10e9b60/Xa45b
	2023-10-25
	45
	C-8
	92.1
	8.3
	J2357-5311
	J2239-5701
	45:55



	uid://A002/X10e9b60/Xb860
	2023-10-25
	44
	C-8
	113
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10eced8/X139b
	2023-10-29
	49
	C-8
	66.8
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10ed869/X2125
	2023-10-30
	45
	C-8
	89.6
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10ed869/X15ed8
	2023-11-02
	43
	C-7 hybrid
	85.2
	6.6
	J2357-5311
	J2239-5701
	42:00



	uid://A002/X10ed869/X1bc53
	2023-11-02
	41
	C-7 hybrid
	85.2
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10ed869/X1cb97
	2023-11-03
	41
	C-7 hybrid
	85.2
	8.3
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10f13dc/X44fa
	2023-11-03
	43
	C-7 hybrid
	85.2
	6.6
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10f262c/X4cb
	2023-11-04
	42
	C-7 hybrid
	30.9
	6.6
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10f262c/Xe18
	2023-11-05
	42
	C-7 hybrid
	30.9
	6.6
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10f262c/X179d
	2023-11-05
	42
	C-7 hybrid
	30.9
	6.6
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10f30e6/X561
	2023-11-05
	43
	C-7 hybrid
	85.2
	6.6
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10f30e6/X119d
	2023-11-06
	43
	C-7 hybrid
	85.2
	6.6
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10f3768/X2d99
	2023-11-06
	44
	C-7 hybrid
	85.2
	6.6
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10f3768/X3951
	2023-11-06
	44
	C-7 hybrid
	85.2
	6.6
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10f3768/Xf62d
	2023-11-08
	49
	C-7 hybrid
	85.2
	6.6
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X10fdea7/X4b22
	2023-11-23
	42
	C-7 hybrid
	45
	5.2
	J2357-5311
	J2239-5701
	53:35



	uid://A002/X1103e51/X13a
	2023-11-29
	42
	C-7
	41.4
	3.6
	J2357-5311
	J2239-5701
	53:24



	uid://A002/X1104ab5/X2ed
	2023-11-30
	43
	C-7
	64.1
	3.1
	J2357-5311
	J2239-5701
	53:24





      

    

  
    
      Fig. B.1. 

      
        [image: thumbnail]
      

      
        The natural-weighted 3mm continuum map with a 0.5” uv-taper (gray scale) with contours overlaid from the IRAC-3.6 μm map (red isocontour levels at 3, 6, and 12σ). Sources that revealed CO (2-1) line emission are marked with open blue stars, while the continuum detections reported in Table 4 are marked as blue circles. The potential 3σ continuum detection toward an IRAC source is marked with a blue square.

      

    

  
    
      Fig. C.1. 

      
        [image: thumbnail]
      

      
        Comparison between HST WFPC2/F814W imaging (background gray image) and the CO (2-1) maps (red contours) for the detected sources. Cutouts are 4″ wide (∼34 kpc). The contours indicate levels at [image: equation] RMS, where n = 0,  1,  .... B15-114 is detected by HST in the South-West corner of the ALMA-114 panel, but not in CO (2-1).
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