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ABSTRACT

Context. The SPT0311–58 system resides in a massive dark-matter halo at z ∼ 6.9. It hosts two dusty galaxies (E and W) with a com-
bined star formation rate (SFR) of ∼3500 M� yr−1, mostly obscured and identified by the rest-frame IR emission. The surrounding
field exhibits an overdensity of submillimetre sources, making it a candidate protocluster.
Aims. Our main goal is to characterise the environment and the properties of the interstellar medium (ISM) within this unique system.
Methods. We used spatially resolved low-resolution (R = 100) and high-resolution (R = 2700) spectroscopy provided by the
JWST/NIRSpec Integral Field Unit to probe a field of ∼17× 17 kpc2 around this object, with a spatial resolution of ∼0.5 kpc.
Results. These observations reveal ten new galaxies at z ∼ 6.9 characterised by dynamical masses spanning from ∼109 to 1010 M�
and a range in radial velocity of ∼1500 km s−1, in addition to the already known E and W galaxies. The implied large number density
(φ ∼ 104 Mpc−3) and the wide spread in velocities confirm that SPT0311–58 is at the core of a protocluster immersed in a very
massive dark-matter halo of ∼(5± 3)× 1012 M�, and therefore represents the most massive protocluster ever found at the epoch of
reionisation (EoR). We also studied the dynamical stage of its core and find that it is likely not fully virialised. The galaxies in the
system exhibit a wide range of properties and evolutionary stages. The contribution of the ongoing Hα-based unobscured SFR to the
total star formation (SF) varies significantly across the galaxies in the system. Their ionisation conditions range from those typical
of the field galaxies at similar redshift recently studied with JWST to those found in more evolved objects at lower redshift, with
log([OIII]/Hβ) varying from ∼0.25 to 1. The metallicity spans more than 0.8 dex across the FoV, reaching nearly solar values in some
cases. The detailed spatially resolved spectroscopy of the E galaxy reveals that it is actively assembling its stellar mass, showing
inhomogeneities in the ISM properties at subkiloparsec scales, and a metallicity gradient (∼0.1 dex kpc−1) that can be explained by
accretion of low metallicity gas from the intergalactic medium. The kinematic maps also depict an unsettled disc characterised by
deviations from regular rotation, elevated turbulence, and indications of a possible precollision minor merger.
Conclusions. These JWST/NIRSpec IFS observations confirm that SPT0311–58 is at the core of an extraordinary protocluster, and
reveal details of its dynamical properties. They also unveil and provide insights into the diverse properties and evolutionary stages of
the galaxies residing in this unique environment.
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1. Introduction

In the local Universe, observations have established the presence
of massive virialised clusters of galaxies formed by hundreds
to thousands of mainly passively evolving red quenched galax-
ies (Dressler 1980). Cosmological models based on the ΛCDM
paradigm explain these local clusters as the hierarchical build-
up of overdensities in the early Universe (Springel et al. 2005;
Overzier et al. 2009). Protoclusters represent the early nonviri-
alised stages of the galaxy cluster assembly, a phase when the
galaxies were actively building up their stellar component and
the associated processes were in full action (i.e. gas inflow from
the cosmic web, supermassive black hole coevolution, metal
enrichment of the intracluster media, mergers and interactions,
etc.). The protocluster phase therefore plays a crucial role in both
testing cosmology and studying galaxy formation and evolution
(Overzier 2016; Alberts & Noble 2022).

Considerable effort has been dedicated in recent decades
to the search for clusters and protoclusters at increasing red-
shifts. At z > 2–3, the search techniques typically employed
at lower redshifts become inefficient, as the cluster mem-
bers are difficult to distinguish photometrically from those in
the field, and the hot intracluster medium (ICM) gas signa-
tures (i.e. X-ray emission and Sunyaev-Zel’dovich effect; e.g.
Mantz et al. 2014; Bleem et al. 2015) are out of reach with
current instrumentation. The presence of protoclusters at early
cosmic times is therefore generally identified by a large con-
centration of galaxies in angular coordinates and redshift (c.f.
Overzier 2016).

An efficient way to search for overdensities at high-z is to
probe the environment of objects that are known to be the pro-
genitors of the very massive brightest cluster galaxies (BCGs)
that reside at the centre of local clusters. One such class is the
high-z dusty star-forming galaxies (DSFGs; Casey et al. 2014,
2021; Swinbank et al. 2014; Magnelli et al. 2013), which are
thought to be the progenitors of local massive ellipticals (e.g.
Simpson et al. 2014) and quiescent galaxies at intermediate red-
shifts (z ∼ 2–4; e.g. Toft et al. 2014). Hence, several studies have
highlighted their importance for identifying overabundances at
high-z and studying the protocluster phase (e.g. Chapman et al.
2001, 2009; Daddi et al. 2009; Capak et al. 2011; Walter et al.
2012; Casey et al. 2014; Dannerbauer et al. 2014; Casey 2016;
Wang et al. 2016, 2021; Harikane et al. 2019; Lim et al. 2021;
Calvi et al. 2023; Zhou et al. 2024).

The advent of the James Webb Space Telescope (JWST;
Gardner et al. 2023), with its orders of magnitude improvement
in sensitivity, enhanced angular resolution in near- and mid-
infrared wavelengths, and superb instrumentation, is now open-
ing the opportunity to study both the protocluster phase and the
nature of high-z DSFGs in unprecedented detail. Recent stud-
ies using a variety of JWST observing modes have revealed
galaxy overdensities around the DSFG HDF850.1 at z =
5.2 (Herard-Demanche et al. 2023; Sun et al. 2024), the QSOs
J0100+2802 at z = 6.3 (Kashino et al. 2023), and J0305-3150 at
z = 6.6 (Wang et al. 2024) behind cluster SMACS0723−7327 at
z = 7.66 (Laporte et al. 2022) and A2744-z7p9OD at z = 7.88
(Morishita et al. 2023; Hashimoto et al. 2023). Moreover, proto-
clusters have also been identified in several regions within the
GOODS-North and GOODS-South fields with redshifts rang-
ing from 5.2 to 8.2 (Helton et al. 2024, 2023), and a protoclus-
ter core candidate has been found around GN-z11 at z = 10.6
(Scholtz et al. 2024). Recent JWST studies have also unveiled
the properties of the DSFGs and their contribution to the star for-

mation activity at cosmic dawn (e.g. Pérez-González et al. 2023;
Zavala et al. 2023; Akins et al. 2023; Barrufet et al. 2023).

In this work, we present JWST Near-Infrared Spectro-
graph (NIRSpec) Integral Field Unit (IFU) observations of SPT-
S J031132-5823.4 (hereafter SPT0311–58) at z = 6.90, the
most distant and massive DSFG known (Strandet et al. 2017).
ALMA observations by Marrone et al. (2018) revealed that this
mildly lensed system (µ∼ 1.3–2.2) consists of a pair of mas-
sive dusty galaxies separated by a projected distance of 8 kpc,
that form stars at extreme rates (SFR∼ 540 and 2900 M� yr−1)
and contain enormous amounts of dust (Mdust ∼ 1–3× 109 M�)
and gas (Mgas ∼ 1–3× 1011 M�; see also Jarugula et al. 2021;
Witstok et al. 2023). These galaxies have a clumpy structure and
turbulent kinematics (Spilker et al. 2022; Álvarez-Márquez et al.
2023), and are undergoing fast metal enrichment (Litke et al.
2023). Marrone et al. (2018) also show that SPT0311–58 resides
in one of the most massive dark-matter halos expected to exist at
z ∼ 7. Due to its extreme luminosity at submillimetre (submm)
wavelengths, SPT0311–58 was also included in the study by
Wang et al. (2021), who searched for overdensities in the fields
around the brightest high-redshift sources discovered in the
SPT 2500 deg2 survey (Vieira et al. 2010; Mocanu et al. 2013;
Everett et al. 2020). This study found that the surroundings of
SPT0311–58 (i.e. R . 1.3 Mpc) show a significant overdensity
of submm sources and a compacted central distribution, suggest-
ing that it could potentially be at the centre of one of the most dis-
tant protoclusters identified so far. In summary, all these previous
works have established that SPT0311–58 is indeed an extraordi-
nary system that can be seen as an ideal laboratory for studying
galaxy evolution in a massive halo at the epoch of reionisation
(EoR).

The JWST/NIRSpec IFU observations presented here cover
the rest-frame UV wavelengths and main optical emission lines
of SPT0311–58 (i.e. ∼0.13–0.67 µm). This allows us to charac-
terise the physical and kinematic properties of the warm ionised
gas component of its ISM at subkpc scales (i.e. ∼0.5 kpc) over a
field of view of ∼17 × 17 kpc2. Being at z = 6.9, SPT0311–58
is at about the highest redshift for which Hα can be observed
with the high angular resolution and sensitivity provided by
JWST/NIRSpec.

The present paper is organised as follows. In Sect. 2, we
describe the observations and reductions. In Sect. 3, we explain
how we identified and spectrally characterised a group of ten
newly discovered z ∼ 6.9 galaxies around the two already
known massive galaxies in SPT0311–58, together with other
lower z sources also found in the field of view (FoV). Section 4
presents the stellar masses and then focuses on the ISM con-
ditions, including the ionisation and metallicity properties. We
also obtain and discuss the ongoing Hα-based (unobscured) star
formation. In Sect. 5, we discuss the kinematic properties of the
system. In light of the results of this study, in Sect. 6, we dis-
cuss the protocluster scenario for SPT0311–58. We also discuss
the physical, chemical, and kinematic properties of the E galaxy,
for which the IFU data give detailed 2D information. Finally, in
Sect. 7, we summarise the main results of this study. Appendix A
provides details of the spectral analysis and Appendix B presents
the magnification map based on a gravitational lens model for the
SPT0311–58 system, making use of the new information pro-
vided by these IFU data.

In this work, we adopt the cosmological parameters from
Planck Collaboration XIII (2016): H0 = 67.7 km s−1 Mpc−1,
Ωm = 0.307, and ΩΛ = 0.691, which provide a scale of
5.41 kpc/′′ at z = 6.90. Unless otherwise stated, we use proper
distances throughout the paper. We refer to the two main galaxies
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in SPT0311–58 as W and E, according to their relative posi-
tion on the sky. We adopt a Kroupa initial mass function (IMF;
Kroupa 2001).

2. Observations and reductions

2.1. SPT0311–58 observations

The present work is part of the GA-NIFS (Galaxy Assembly
with NIRSpec Integral Field Spectroscopy), a NIRSpec GTO
program designed to study the internal structure and the envi-
ronment of a sample of ∼55 galaxies and active galactic nuclei
(AGN) with redshifts of between 2 and 11 by means of spatially
resolved spectroscopy obtained with IFS mode (Böker et al.
2022) of the NIRSpec instrument (Jakobsen et al. 2022). Details
of the GA-NIFS program can be found in Perna (2023). Among
other subsamples, the program includes several distant (i.e.
z > 4) infrared-selected dusty star-forming galaxies: HLFS3
(Jones et al. 2024), ALESS073.1 (Parlanti et al. 2024), GN20
(Übler et al. 2024), and SPT0311–58, subject of the present
study.

The NIRSpec-IFU observations of SPT0311–58 were exe-
cuted in November 20, 2022, and are specified in PID1264
(PI: L. Colina). These NIRSpec observations were combined
in a single proposal with independent MIRI observations of
the same target (presented in Álvarez-Márquez et al. 2023) with
the aim of saving the telescope slew overhead. The NIRSpec
observations include two different spectral configurations: low-
resolution (R100) spectroscopy with the prism covering the full
0.6–5.3 µm range, and high-resolution (R2700) spectroscopy
with the grating/filter combination G395H/F290LP, which cov-
ers from 2.8 to 5.27 µm, though due to the gap between the
two detectors the ∼3.98–4.20 µm range is not observed at R2700
(Böker et al. 2022). The FoV is ∼3′′ × 3′′ (i.e. ∼17× 17 kpc2 at
the redshift of SPT0311–58), and the native spaxel size 0.1′′

(0.54 kpc).
We constrained the allowed position angle range for the

observations to minimise the presence of bright sources in the
MSA FoV that could leak light and contaminate the IFU spectra.
We were primarily concerned about this potential problem for
the R100 spectra, and therefore we protected the region of the
detector occupied by these spectra. For the high-resolution spec-
tra, MSA-leakage is not so critical as our main goal with this
mode is to analyse emission lines.

We use the first four positions of the medium cycling dither
pattern, which provide offsets large enough to deal with the
failed open micro-shutters and other sources of background,
while keeping a large effective FoV with the complete exposure
time. Also, this choice minimises the number of individual expo-
sures, and therefore also the (dominant) detector noise.

No dedicated background exposures were obtained, as it was
expected that a substantial number of spaxels were free from
galaxy emission and suitable for deriving the background spec-
trum.

The detector was configured with the improved reference
sampling and subtraction pattern (IRS2), which significantly
reduces the readout noise with respect to the conventional
method (Rauscher et al. 2017). In particular, NRSIRS2RAPID
(60 groups) and NRSIRS2 (25 groups) options were respectively
selected for R100 and R2700 in a single integration. The differ-
ent temporal sampling between the two spectral configurations
was motivated by data volume constraints. This gives a total

on-source integration time of 3559 and 7352 s for R100 and
R2700, respectively.

2.2. NIRSpec IFU data reduction

The data reduction was performed with the JWST calibration
pipeline (Bushouse et al. 2023) version 1.8.2, using the context
file jwst_1068.pmap. We follow the general procedure to cor-
rect detector level defects (Stage 1), calibrate the data (Stage
2), and combine the individual exposures and build the datacube
(Stage 3). However, several modifications to the default reduc-
tion steps were required to enhance data quality. These modi-
fications, described in detail in Perna et al. (2023), are briefly
summarised here.

– The individual count-rate frames were further processed at
the end of Stage 1 to correct for the different zero-level in
the individual (dither) frames and subtract the vertical stripes
induced by the 1/ f noise.

– We masked the regions affected by leakage from failed
open microshutters, including not only the pixels flagged as
‘MSA_FAILED_OPEN’, but also others not correctly asso-
ciated with such leakage in the context file.

– In Stage 2, we masked detector pixels corresponding to the
edges of the IFU slices with unreliable sflat corrections, as
they cause evident artefacts (stripes) in the final data cube.

– Outliers were flagged and removed on the individual 2D
exposures at the end of Stage 2, using an algorithm similar to
lacosmic (van Dokkum 2001). We calculated the derivative
of the count-rate maps along the (approximate) dispersion
direction, and rejected all measurements above a given per-
centile of the resulting distribution (D’Eugenio et al. 2023).
This threshold value was optimised after inspecting the prod-
ucts of the different realisations. We found that 98th and
99.5th percentiles were appropriate in our case for the R100
and R2700 data, respectively.

– After experimenting with the different methods and scale
options, we generated the final datacubes with the driz-
zle weighting method and a spaxel scale of 0.05′′in the
cube_build step.

As it has been reported by several authors (e.g.
Rodríguez Del Pino et al. 2024), the noise in the datacube
provided by the pipeline (i.e. ‘ERR’ extension) is underesti-
mated, and we therefore rescaled it according to the standard
deviation of the data themselves (see Sect. 4.1).

2.3. Astrometric registration

In order to set the reduced data cube coordinates onto the Gaia
reference system, we applied the following two-step procedure.
Firstly, we aligned the IFU data with the Hubble Space Telescope
(HST) WFC3 images. With this goal, we generate an image over
a band-pass similar to F125W by collapsing the R100 data-cube
in the spectral range 1.1–1.4 µm (see Fig. 1). Then we obtained
the coordinate offsets to be applied to align this image with the
F125W HST image, taking as reference the flux peak of the bright
foreground galaxy (see inset in Fig. 1). We estimate the uncertain-
ties associated with this step to be .70 mas on each axis. In this
figure we can appreciate the slightly better resolution provided
by NIRSpec IFU with respect to HST at these wavelengths, as
expected from their respective PSFs (NIRSpec: D’Eugenio et al.
2023; WFC3: Dressel & Marinelli 2023). Secondly, the abso-
lute astrometry of the HST/WFC3 F125W image was derived
by matching the position of four stars present in the image FoV
with the Gaia DR3 catalogue (Gaia Collaboration 2023). The
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Fig. 1. Comparison of JWST/NIRSpec IFU and HST imaging. Left: Image generated from the NIRSpec R100 datacube, integrating over the
spectral range 1.1–1.4 µm. The colour bar is in units of 10−19 erg s−1 cm−2 per spatial pixel. Right: HST image obtained with WFC3 and F125W
filter resampled at the pixel size used with NIRSpec (i.e. 0.050′′). The inset zooms in on the region around the emission peak used to align the
NIRSpec cube (red isophotes) with the image represented with an unsaturated colour code. Here, and in all the spectral maps presented in this
work, the (0, 0) corresponds to coordinates α= 03h 11m 33s.248 and δ = −58◦23′33′′.24 (white cross). In the image the peak of the lens galaxy is at
relative coordinates (−0.64′′, −0.29′′). The green lines indicate the border of the NIRSpec IFU FoV. The black and white circles in the bottom-left
corners of the panels represent the FWHW of the respective PSFs.

absolute sky coordinates (ICRS) of the centre of the FoV (i.e.
spaxel [55, 55]) are α= 03h 11m 33s.248 and δ = −58◦23′33′′.24,
and correspond to (0, 0) in Fig. 1, and other spectral maps in the
paper. The uncertainty in the astrometric alignment is 17 mas in
RA and 30 mas in Dec. The total offsets applied were 0.155 and
0.305 arcsec in RA and Dec, respectively, and the absolute coor-
dinates uncertainty, taking into account both steps, are estimated
to be ∼80 mas in each direction.

We checked that the images generated from the R100 and
R2700 data-cubes were consistently aligned with each other. In
fact, a 2D Gaussian fit to the brightest region of the lens galaxy
in a common wavelength range led to differences smaller than a
fraction of a spaxel (i.e. <10 mas).

2.4. Background

For the R100 datacube, the background spectrum was obtained
from the median of about 1550 spectra free from emission com-
ing from SPT0311–58, the lens galaxy, or any other object in
the FoV. These spaxels were identified by inspecting the contin-
uum and the line maps generated across the whole R100 wave-
length range (Sect. 3 and Fig. 2) to make sure that neither contin-
uum nor line emission from the galaxies was included. The area
covered by the background spaxels is shown in Fig. A.1, which
avoids the regions with emission from the galaxies (Fig. 3).

We report here that the individual R100 spectra presented a
strong feature at 1.083 µm, which may be due a metastable He
line (Brammer et al. 2014). This feature is found over the whole
FoV of the IFU with a uniform intensity. It is visible in the spax-
els used to obtain the background spectrum (see Fig. 4 bottom
panel). It is already present in the raw data, and also in the refer-
ence file nirspec_sflat_0185. As for the present analysis, we note
that this emission is removed in the background subtraction step.

For the R2700 spectra, we do not subtract the sky back-
ground. These high-resolution data are only used for the study
of the emission lines and the mean continuum is removed during
the fitting process (see Appendix A).

2.5. Ancillary data

In addition to the NIRSpec IFU data presented above, in this
study we made use of additional data that are briefly described
below.

– JWST/NIRSpec IFU: Calibration star: To derive aperture
corrections (Appendix A.2) and the FHWM of the PSF, we
used the high-resolution G395H/290LP observations of the
standard star 1808347 (PID:1128, Obs. 9; PI: N. Luetzgen-
dorf), which were reduced with the same pipeline version
and context file as the data for SPT0311–58.

– HST imaging: HST imaging of SPT0311–58 obtained with
the WFC3 (filter F125W) was used to set the coordi-
nate system of the present NIRSpec data into Gaia (see
Sect. 2.3). The image was directly downloaded from MAST
(PID14740; PI: D. Marrone).

– ALMA: We used ALMA band 6 observations of the
[C ii]158µm line and the adjacent continuum from pro-
grams 2016.1.01293.S and 2017.1.01423.S (P.I. D. Mar-
rone). These data have been presented in Marrone et al.
(2018) and Spilker et al. (2022). We requested the cali-
brated measurement sets (MS) from the EU ALMA Regional
Centre (ARC). Data were calibrated with the standard
pipeline procedure. To analyse the data, we used the ALMA
data reduction software CASA v6.2.1 (Bean & Bhatnagar
2022). We created a map of the continuum combining two
line-free spectral windows, obtaining a synthesised beam
with FWHM of 0.09 × 0.08 arcsec2 and a sensitivity of
9.4 µJy beam−1. As for the [C ii] data-cube, the synthesised
beam FWHM is 0.08 × 0.07 arcsec2 with a sensitivity of
∼150 µJy beam−1 in a 20 km s−1 channel. The [C ii] moment
0 map (intensity map) was generated by integrating the con-
tinuum subtracted data-cube in the spectral channels from
−1000 km s−1 to 1200 km s−1 with respect to z = 6.900.
Before producing the moment 1 and moment 2 maps, the
spaxels with low signal-to-noise ratio (S/N < 2.3) and
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Fig. 2. Continuum and line emission NIRSpec IFU images, together with MIRI and ALMA data. (a): NIRSpec image generated by collapsing
the R100 datacube in the 3.0–3.8 µm spectral range (see text). The continuum emitting sources, whose spectra indicate they are at z ∼ 6.9, are
identified with yellow labels (i.e. C1, C2, C3, E). In the E galaxy, we distinguish several subregions (ES, ENa,b,c). Sources that according to their
spectra are at lower z (i.e. lz1, lz2, lz3) are labelled in cyan, along with the foreground lens galaxy. The red isocontours (in red) correspond to 5,
10, 15, 30, and 100σ values. (b): [OIII] emission image at z ∼ 6.9 obtained from the R100 datacube (see text for specific spectral ranges). Six
line-emitting sources that were not detected in the continuum map (panel a), are identified in this map as z ∼ 6.9 sources and labelled in yellow
(L1 to L6). White isolines correspond to 3, 5, 10, and 15σ. Here, and in panels (c), (d), and (e), the red contours are the same as in panel (a), after
removing the ones for the lens galaxy for clarity. (c): Same as panel (b) but for the Hα emission. (d): MIRI image at 10 µm, after subtracting the
lens (Álvarez-Márquez et al. 2023). (e): ALMA continuum at 160 µm. We mark clumps E1 – E4 identified by Spilker et al. (2022). (f): ALMA
map of the [CII]λ158 line. The white isolines correspond to the Hα emission. Figure 3 identify the targets and their apertures (for details see
Appendix A). In panels (c-f), these apertures are also shown with orange dashed lines. The green straight lines in all the pannels indicate the
border of the NIRSpec IFU FoV.

those with spurious emission in each 20 km s−1 velocity
channel were masked. Finally, the continuum image and
[C ii] data-cube were resampled to a spaxel size of 0.05′′ to
match the size of the NIRSpec spaxels using the CASA task
imregrid.

– JWST/MIRI: The image of SPT0311-58 obtained with
MIRI at 10 µm and published by Álvarez-Márquez et al.
(2023) was kindly provided to us by the MIRI GTO
team.

3. Field characterisation: Discovery of 10 new
z∼6.9 galaxies (and 3 low-z objects)

The field around SPT0311–58 is very complex, as it includes
a large and bright lens galaxy, the two previously identified
main galaxies (i.e. E and W) and, as detailed below, ten addi-
tional newly discovered galaxies at z ∼ 6.9, as well as a
further three lower redshift objects. In this section, we iden-
tify all of these sources in the FoV, in most of the cases
through spectral imaging with the NIRSpec R100 data cube.
We then present their R2700 and R100 spectra, which allow
us to confirm their redshifts. We also briefly compare the NIR-
Spec images with those obtained with MIRI and ALMA at
longer wavelengths. Finally, we identify one galaxy at z ∼
6.9 via two-dimensional spectral decomposition of the R2700
spectra.

3.1. NIRSpec R100 spectral imaging: Identification of
continuum and line-emitting sources at z∼6.9

Figure 2a shows the image obtained from the R100 data-cube
after integrating over the spectral range 3.0–3.8 µm. For z ∼ 6.9
sources, this spectral range is dominated by the stellar con-
tinuum, as it does not include prominent lines (i.e. rest-frame
∼0.38–0.48 µm). The image shows the very bright lens galaxy,
the E galaxy, and several continuum-emitting galaxies labelled
as lz1, lz2, lz3, C1, C2, C3. The structure of the E galaxy is
clearly resolved, allowing us to distinguish the south and north
regions (ES and EN, respectively), which are also clearly seen
in Fig. 1. We also define subregions within EN with lower case
letters (i.e. a, b, c, from south to north). As we will see below
(Sect. 3.3.1), the spectra of the sources lz1, lz2, and lz3 indi-
cate that they are at lower z than SPT0311–58 (i.e. z < 3, hence
the ‘lz’ identification label). Together with the lens galaxy, all
these low-z objects are labelled in cyan in the figure. One of
these low-z objects (lz3) partially overlaps with ES. The spec-
tra of sources C1, C2, and C3 (Sect. 3.3.2) indicate that they
are at z ∼ 6.9, and together with other sources at this red-
shift (i.e. E and its substructures) they are labelled in yellow
in Fig. 2a. To ease the identification of sources detected in the
field we include the apertures used for extracting their spectra in
Fig. 3.

Figure 2b,c presents the [OIII]λ λ4959,5008 and Hα
(+[NII]λ λ6548,6584) emission line maps, obtained by integrat-
ing the spectral ranges that cover these lines at a redshift of
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Fig. 3. Identification of the different targets and regions in the FoV
of SPT0311–58. The apertures used to extract the spectra of the ∼6.9
sources are coded in red (with the subregions within E in orange), and
those for the low-z galaxies in blue. Source L7, which is identified by
spectral decomposition (Sect. 3.3.3), is shown for completeness. The W
galaxy is not detected at the resolution of the IFU, and is shown with a
dashed line. More details about the apertures in Appendix A.

∼6.9, and subtracting a continuum measured close to the lines1.
Hence, these images allow us to identify line-emitting sources
at that particular redshift. These images reveal a total of nine
line-emitters: the continuum-detected C1, C2, C3 and six new
sources L1-L6 (see also Fig. 3). The detection of several emis-
sion lines in the spectra of all these sources confirmed that they
are at a redshift of ∼6.9 (see below in Sect. 3.3.2 ).

We note the morphological differences between the contin-
uum and the line maps. For instance, some bright line emitting
sources, like L1 and L5, are barely detected in the continuum.
[OIII] and Hα images also show distinct morphology. The E
galaxy is more extended in Hα than in [OIII], and shows a faint
diffuse component towards the north-west. The [OIII] shows a
tail towards the south-west, which is not seen in Hα. Source C3
is much brighter in Hα than in [OIII], and to the north there is
also a zone of faint extended Hα emission.

The top panels in Fig. 2 show that the main structure of the
W galaxy is not detected at spaxel level in the NIRSpec images
(continuum, Hα, or [OIII]). However, as shown in Sect. 3.3.2, the
R100 spectrum obtained integrating over a large aperture enables
us to recover its Hα flux.

3.2. Morphological comparison with MIRI and ALMA imaging

Figure 2d shows the 10 µm image obtained with
JWST/MIRI, after subtracting the lens foreground galaxy
(Álvarez-Márquez et al. 2023). At z = 6.9, this image traces
the stellar-continuum at the near-IR rest-frame (i.e. 1.26 µm).
The comparison with the NIRSpec 3.0–3.8 µm image (Fig. 2a,
rest-frame ∼0.43 µm) shows clear differences. Although in
the central regions of the E galaxy the bulk of the NIRSpec
emission approximately matches the MIRI image, in the north-
ern zone the mid-infrared emission seems more extended to
the west. The emission detected with MIRI in the W galaxy

1 Specifically, the selected ranges are: 5.00–5.15 µm for Hα contin-
uum and 5.17–5.23 µm for the Hα line, and 3.72–3.82 µm for the [OIII]
continuum and 3.90–4.00 µm for the [OIII]λ λ4959,5008 lines.

has no NIRSpec counterpart. Conversely, none of the new
sources at z ∼ 6.9 discovered with NIRSpec were reported by
Álvarez-Márquez et al. (2023) as MIRI emitters. In fact, we
performed aperture photometry at their positions and find that
none of them have 10 µm flux above the 5-sigma noise level
(0.345 µJy).

The NIRSpec and ALMA continuum images also show
very different structures. The W galaxy, very bright at 160 µm
(Fig. 2e), is not seen by NIRSpec in the 3.0–3.8 µm map
(Fig. 2a). The NIRSpec region ENa and the ALMA clump E3
are in positional agreement within ∼0.1 arcsec. None of the other
NIRSpec sources at z ∼ 6.9 have ALMA continuum detections,
except C3 whose aperture partially overlaps with the southern
structure of W.

As for the line emission maps, the main body of E in Hα
and [OIII] (Fig. 2b,c) approximately matches the [CII]λ158 µm
emission (Fig. 2f). Nearby regions C1 and L4 also have low [CII]
emission. Regarding the W galaxy, the bright [CII] regions are
not seen with NIRSpec, except weakly at L1. In addition, the C3
aperture overlaps with the main W emission, but the fact that it is
at the edge of the NIRSpec FoV makes the comparison difficult.
The other NIRSpec newly discovered sources at z ∼ 6.90 are not
detected with ALMA at [CII]λ158 µm.

3.3. Spectral characterisation of SPT0311–58

To study the spectral properties in the complex FoV of
SPT0311–58, we followed different approaches. In this section,
we first present the integrated spectra extracted from the data
cubes for the sources and regions identified above. For details on
the spectral analysis see Appendix A.1. As we describe below,
these spectra show that three objects (i.e. lz1, lz2, and lz3) are
at low redshift, while confirming that nine newly discovered
sources are at z ∼ 6.9.

Later in this section, we present a spatially resolved analy-
sis of the E galaxy using the R2700 data. This analysis reveals
an additional distinct galaxy at z ∼ 6.90 overlapping along the
line of sight of E. In summary, we find ten galaxies at redshift
∼6.9 (nine sources identified through R100 spectral imaging, and
one through the analysis of the R2700 data), in addition to the
already known E and W galaxies.

3.3.1. Spectra of the lens and other low-z galaxies

The present data allowed us to accurately determine the redshift
of the foreground lens galaxy (i.e. z = 1.0343 ± 0.0002) via the
identification of Paα in the R2700 spectrum, improving on previ-
ous photometric determinations (zphot = 1.43+0.42

−0.35, Marrone et al.
2018). Hα and Paα are also clearly visible in the R100 spec-
trum shown in Fig. 4. Using this new redshift, together with a
panchromatic image (i.e. rest-frame ∼0.49—2.45 µm) obtained
from the R100 datacube, in Appendix B, we present the magni-
fication map produced by the lens galaxy.

Figure 4 also presents the R100 spectra of lz1, lz2, and
lz3. lz1 shows very prominent emission lines, which are con-
sistent with Hα, [OIII]λ4959,5007 and [OII]λ3726,3728 for a
galaxy at z = 2.576 ± 0.002. lz2 and lz3 have no emission
lines, so their redshift determination is less straightforward. For
them we infer the redshifts by fitting the R100 spectra with
EAZY (Brammer et al. 2008), and find zph(lz2) = 2.149+0.175

−0.074,
and zph(lz3) = 1.678+0.032

−0.031 (see also insets in Fig. 4). Therefore,
together with the large foreground galaxy, lz1, lz2 and lz3 do not
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Fig. 4. R100 spectra of three newly identified galaxies with z < 3 found
in the FoV of SPT0311–58, together with the bright foreground (lens)
galaxy. The labels indicate their redshifts (see text). For lz2 and lz3 the
insets show the dependence of residuals (reduced χ2) as a function of
the redshift, for the fits performed with EAZY (Brammer et al. 2008).
The horizontal blue line in the inset marks χ2

red = 1. The sky background
spectrum inferred from ∼1550 spaxels free from galaxy emission is also
shown in the bottom panel.

form part of the high-z SPT0311–58 system, and they will not
be discussed further in the remainder of the paper.

3.3.2. Spectra of the nine sources at z∼6.9 identified with
R100 spectral imaging

The R100 and R2700 integrated spectra for the high-z sources
are presented in Figs. 5 and A.2, respectively. These spectra
show several emission lines confirming that these sources are
undoubtedly at redshifts around 6.90. In particular, most of the
spectra include Hα, [NII]λ λ6548,6584, [OIII]λ λ4959,5008,
and Hβ. [OII]λ λ3726,3728 (unresolved) is also present in the
spectra of the brightest regions of E.

For the W galaxy, the extraction aperture overlaps with
the foreground lens galaxy (see Appendix A.1), and therefore
the resulting integrated spectrum includes emission from this
bright source (i.e. continuum, and Paα and Hα redshifted for
z ∼ 1.0343). Still, this spectrum clearly shows Hα at a red-
shift of ∼6.90 (Fig. 5). The line profiles for W and E in the
R2700 spectra are largely oversampled due to the line broaden-
ing induced by the wide range in velocities covered by the aper-
ture, and therefore their S/N is lower than for the R100 spectra.

For these galaxies, we also obtained the spectra for their external
extended emission using the Eext and Wext apertures defined in
Appendix A.

Aperture details and the line fluxes derived from these spec-
tra are given in Tables A.1 and A.2, respectively. Further details
about the methods followed can be found in Appendix A.

3.3.3. Identification of L7 at z∼6.9 via 2D kinematic
decomposition

In addition to the nine z ∼ 6.9 sources identified with R100
spectral imaging and confirmed spectroscopically above, we find
evidence for a tenth source overlapping with the main structure
of the E galaxy. In fact, some spectra from individual spaxels
close to the central region of the E galaxy show evidence for a
secondary gaseous component on top of the systemic one (see
Fig. 6). Hence we performed a two-Gaussian model decomposi-
tion of these two kinematically distinct components by compar-
ing the Bayesian information criterion (BIC) of fits performed
with one and two components (Perna et al. 2022). We also con-
sidered the possible presence of a third kinematic component
that could be associated with, for example an outflow, but the
BIC analysis did not support this possibility. Figure 7 presents
the corresponding moment 0, 1, and 2 maps for the two compo-
nents for the [OIII] line.

The secondary component (i.e. L7 hereafter) is relatively
faint and compact and is located in projection about 0.15 arcsec
(i.e. 0.8 kpc) to the southeast from the peak of the main systemic
component (i.e. E). Its radial velocity is offset by ∼300 km s−1

with respect to E, hence allowing us a secure kinematic decom-
position between the two sources. The fact the L7 is redshifted
with respect to E excludes the possibility that the detected emis-
sion is due to an outflow. As we show in Sects. 4.5 and 5.1, the
properties of L7 are similar to those of the other new sources
discovered at z ∼ 6.9. The kinematic properties of the E and L7
galaxy are discussed in Sect. 5.

3.4. Summary of sources in the FoV of SPT0311–58

We list below the various sources found in the field of view:
– Lens galaxy (z = 1.0343).
– Three low-z galaxies: lz1 (z = 2.576 ± 0.002), lz2 (zph =

2.149), and lz3 (zph = 1.678).
– Nine z ∼ 6.9 galaxies identified via R100 spectral imaging

(C1, C2, C3, L1, L2, L3, L4, L5, L6).
– One z ∼ 6.9 galaxy identified through 2D spatially resolved

spectroscopy of the R2700 spectra (L7).
– E galaxy, and its regions ES and EN (a, b, and c).
– W galaxy.

In addition, we obtained the spectra for the extended diffuse
emission in the external regions of E and W. For all these
sources, we present the integrated spectra in the sections above,
except for the one identified via 2D spectroscopy (L7). For this
object, we give the Gaussian model after fitting two kinemati-
cally distinct components to the spectrum (see Fig. 6).

4. Stellar masses, ISM conditions, and star
formation

In this section, we obtain the stellar masses and study the ISM
properties for the high-z sources identified above. Details about
the methods followed for the spectral analysis (e.g. extraction
apertures, line fitting) are provided in Appendix A.
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Fig. 5. R100 spectra for the different z ∼ 6.9 sources and regions identified in the spectral images presented in Fig. 2. The apertures used are shown
in Fig. 3, and further details in Appendix A. The W spectrum is contaminated by the foreground lens galaxy continuum and Paα line (marked in
red), which is close to Hβ of W (see the lens spectrum in Fig. 4).The black vertical dashed lines mark the expected position of the corresponding
lines for a z ∼ 6.92.

4.1. Stellar masses

Here we present stellar masses inferred from the integrated R100
spectra. We exclude W and L7 from this analysis as their stellar
continua are contaminated by those of the lens and the E galax-
ies, respectively. We note that, although some of the newly dis-

covered sources are weak or undetected in a spaxel-by-spaxel
basis in the continuum images generated from the datacube,
they show continuum emission in their integrated spectra, which
typically are obtained after the combination of 25–50 spaxels.
The observed fluxes were corrected by a wavelength-dependent
aperture correction according to the empirical PSF derived by
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Fig. 6. R2700 spectrum showing the presence of two kinematically
distinct ionised gas components associated with the E galaxy, and the
fainter and redshifted L7 source (see text). The panels represent the Hβ-
[OIII] (top) and Hα-[NII] (bottom) spectral regions. The line profiles
are modelled with two Gaussians, distinguished with green and magenta
lines for E and L7, respectively. The total model profile is displayed in
red.

Fig. 7. 2D kinematic decomposition of the E and L7 galaxies. Moments
0, 1, and 2 maps for the E galaxy (upper) and the L7 source (bottom),
after the kinematic decomposition (see Sect. 3.3.3). From left to right,
[OIII] flux map (in units of 10−18 erg s−1 cm−2), velocity field (km s−1),
and intrinsic velocity dispersion (σ0) map (km s−1).

D’Eugenio et al. (2023), and by magnification (Appendix B). As
explained in Sect. 2.2, the errors in the flux provided by the
pipeline were rescaled by the standard deviation in the contin-
uum, typically by factors of 2–3.

The SED fitting method is described in Pérez-González et al.
(2023) and D’Eugenio et al. (2023). In short, the NIRSpec R100
integrated spectra were compared to stellar population models
from the Bruzual & Charlot (2003) library, assuming a delayed
exponential star formation history characterised by a timescale
τ (taking values from 1 Myr to 1 Gyr in 0.1 dex steps) and age
t0 (ranging from 1 Myr to the age of the Universe at the redshift
of the galaxy). The stellar metallicity Z was left as a free param-
eter, allowing us to take all the discrete values provided by the
Bruzual & Charlot (2003) library from 0.02 to 2.5 times solar.
Nebular (continuum and line) emission was taken into account
as described in Pérez-González et al. (2003, 2008). The atten-
uation of the stellar and nebular emission was modelled with
a Calzetti et al. (2000) law, with AV values ranging from 0 to
3 magnitudes in 0.1 mag steps. The stellar mass is obtained by
scaling the mass-normalised stellar model to the spectrum. The
derived values are included in Col. 6 of Table 1. The quoted stel-
lar mass errors correspond to the uncertainties in the fit due to

flux errors, but they do not include systematic uncertainties asso-
ciated with the model assumptions, which are estimated to be
about factors of 1.5–2.

The stellar mass obtained for E (3.5± 0.4× 1010 M�) is in
excellent agreement with the one derived by Marrone et al.
(2018) (3.5± 1.5× 1010 M�). The predicted value from the fit at
10 µm (1.8 µJy) is also in good agreement with the actual MIRI
measurement by Álvarez-Márquez et al. (2023) (1.6± 0.3 µJy).
For this source we also perform a SED fit with CIGALE
(Boquien et al. 2019) following the prescription and initial
parameters described in Álvarez-Márquez et al. (2023). They
adopt a two-component SFH and a Lo Faro et al. (2017) attenu-
ation law. We combine the MIRI F1000W and FIR/submm data
presented in that work with the NIRSpec fluxes obtained in 22
pseudo-filters between 1 and 5.2 µm. The derived value for the
stellar mass is 2.1± 0.5× 1010 M�, in agreement with the results
above, taking into account the expected systematic uncertainties.

The stellar masses for the newly discovered sources are
based on the R100 NIRSpec data only, as they were undetected
with MIRI (see Sect. 3.2). Nevertheless, we checked that the
MIRI detection limit was in all cases consistent with the pre-
dicted flux for the source at 10 µm according to the SED model.
We obtain a median stellar mass of ∼1.3× 109 M�, with a range
of 0.35–3.4× 109 M�. We also note that recent work has shown
that stellar masses inferred by SED fitting without MIRI pho-
tometry may be overestimated by ∼0.4 dex for sources at the
high-redshift of SPT0311–58 (Papovich et al. 2023; Wang et al.
2024). Even taking into account this factor, our results indicate
that these galaxies have already assembled a significant amount
of stellar mass.

As commented above, we do not derive the stellar mass for
the W galaxy, since its flux at near-infrared wavelengths is con-
taminated by the foreground lens galaxy. Therefore, we adopt the
stellar mass recently derived by Álvarez-Márquez et al. (2023),
which is based on a CIGALE SED fit using HST/WFC3,
JWST/MIRI, Herschel/SPIRE, and ALMA photometry and
the Paα emission line flux. They find a stellar mass of
(8.0± 2.4)× 1010 M� assuming a constant SFH, and report that
a similar result is obtained when adopting a two-component
SFH (for further details, see Álvarez-Márquez et al. 2023). Fur-
ther study of the stellar population properties in SPT0311–58 is
beyond the scope of the present work.

4.2. Nebular dust attenuation from the recombination lines

The NIRSpec data presented here include the Hα and Hβ lines
and therefore they allow us to infer the nebular attenuation due
to dust from the commonly used Balmer decrement (i.e. Hα/Hβ).
In addition, for the E and the W galaxies, the dust attenua-
tion can also be obtained by combining the Hα fluxes mea-
sured with NIRSpec with those for Paα recently obtained with
MIRI/MRS (Álvarez-Márquez et al. 2023). To convert recom-
bination line flux ratios into visual attenuation values (i.e. AV)
we take the intrinsic (dust-free) line ratio (Hα/Hβ)int = 2.79
given by Reddy et al. (2023), which is based on photoionisation
modeling with CLOUDY version 17.02 (Ferland et al. 2017) for
Case B recombination (Te = 10 000 K, ne = 100 cm−3). This
intrinsic line ratio leads to AV values that are ∼0.086 mag higher
than if (Hα/Hβ)int = 2.86 (Osterbrock 1989) is adopted. We also
use the Calzetti et al. (2000) law as, e.g. in Domínguez et al.
(2013). For comparison, adopting the Cardelli et al. (1989)
reddening law, the derived AV values would be 10% lower
(Rodríguez Del Pino et al. 2024). The AV values for the various
sources in SPT0311–58 are presented in Table 1.
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Table 1. ISM properties, star formation, and stellar masses for sources in SPT0311–58

ID Hα flux SFR(Hα) AV SFR(Hα) (dust-corr.) 12+log(O/H) M?

(10−18 ergs−1 cm−2) (M� yr−1) (mag.) (M� yr−1) (×109 M�)
(1) (2) (3) (4) (5) (6) (7)

E 18.8± 0.8 62.± 2. 1.7± 0.3 231.± 10. 8.37± 0.06 35.4± 4.3
2.4± 0.3 (1) 377.± 20. (2) 21.0± 5.2 (5)

Eext 11± 2. 32.± 3. (0.85) (61.) (7)

W 4.5± 0.9 8.± 1. 5.8± 0.6 (1) 603.± 121 (2) (80.± 24.) (6)

Wext 5.3± 1.4 9.± 1. (2.00) (39.) (7)

C1 1.5± 0.3 5.5± 1. 0.7± 0.6 9.2± 1.8 8.37± 0.10 1.60± 0.23
C2 0.92± 0.25 2.± 0.4 1.0± 0.9 4.2± 1.1 7.97± 0.20 2.88± 0.68
C3 (3) 1.3± 0.4 6.2± 1.2 2.2± 1.6 33.± 10. 8.56± 0.10 3.41± 0.94
L1 1.2± 0.3 2.9± 0.4 1.9± 0.8 12.± 3. 7.86± 0.16 0.35± 0.04
L2 0.51± 0.07
L3 (3) 0.47± 0.25 1.2± 0.4 (0.85) (2.3) (7) 1.48± 0.35
L4 0.64± 0.22 1.1± 0.3 (0.85) (2.1) (7) 1.26± 0.19
L5 (3) 1.6± 0.4 3.9± 0.6 0.8± 0.6 7.0± 1.7 7.79± 0.35 1.17± 0.18
L6 0.49± 0.18 1.2± 0.3 (0.85) (2.0) (7) 0.56± 0.12
L7 (4) 0.85± 0.20 1.1± 0.3 (0.85) (2.0) (7) (7.58± 0.46)

Notes. Column 1: Source identification. Column 2: Observed Hα flux obtained by averaging values from the R2700 and R100 spectra, if S/N > 3.
The R100 fluxes were reduced by 10% to account for a known calibration factor (see Appendix A). For Eext, W and Wext, only R100 data were
used due to the low S/N of their R2700 spectra. In addition, for Eext the fits could not resolve the Hα and the [NII] lines, and thus an average
factor of 0.77 was applied to account for the [NII] emission when deriving the corresponding Hα flux. Further details are provided in Appendix A.
Column 3: SFRs obtained with the relation of Kennicutt & Evans (2012). No dust correction is applied. For galaxies C2 and L1–L5 values have
been corrected by a factor 0.5 to account for their metallicity (see text). Column 4: Visual attenuation inferred from the Balmer decrement (Hα/Hβ).
For E and W the values inferred from Paα/Hα are also given. For C1 and C2, AV was obtained from the R100 spectra only, as the Hβ R2700 fluxes
have significantly lower S/N. Column 5: SFR after correction for the visual attenuation in Col. 4. The SFRs in columns 3 and 5 are corrected for
the lensing magnification factors (see Appendix B) and the finite apertures used (Appendix A). Column 6: Metallicities based on the Curti et al.
(2017) calibration (see Sect. 4.4). For L7, the metallicity is not well constrained. Column 7: Stellar masses (see Sect. 4.1). They take into account
aperture and magnification corrections. The uncertainties correspond to 16- and 84- percentiles taking into account the flux errors, but they do
not include systematic uncertainties due to the model assumptions. (1) AV(Paα/Hα) using an aperture of 1′′, as in Álvarez-Márquez et al. (2023).
(2)Corrected with AV(Paα/Hα). (3)These sources are close the edge of the FoV, and subject to larger calibration uncertainties. (4)For this galaxy the
values are derived from the 2D kinematic decomposition (see text in Sect. 3.3.3). (5)Stellar mass inferred with CIGALE (see text). (6)Stellar mass
derived by Álvarez-Márquez et al. (2023). (7)Taking an average Av (see text).

For the E galaxy, we find that the value inferred from Hα/Hβ
(i.e. AV(Hα/Hβ) = 1.7± 0.3) is lower than the one obtained from
Paα/Hα (AV(Paα/Hα) = 2.4± 0.3)2. In local dusty objects such
as luminous and ultraluminous infrared galaxies (i.e. LIRGs
and ULIRGs, respectively), several authors have also reported
that the visual attenuation derived from Balmer lines ratios is
lower than that obtained from ratios involving infrared lines
(e.g. Piqueras López et al. 2013; Giménez-Arteaga et al. 2022).
Moreover, for intermediate redshifts (i.e. 1 < z < 3.1)
Reddy et al. (2023) have found that ratios involving Paschen
lines lead to reddening measurements that are often larger than
those obtained with the Balmer decrement. These results are
generally explained by assuming that part of the flux in the
infrared lines comes from regions that are optically thick for the
Balmer lines. In other words, due to the lower obscuration at
longer wavelengths, Hβ, Hα and Paα trace increasingly deeper
dusty regions, which leads to the above-mentioned differences.

For the W galaxy, we cannot reliably infer AV(Hα/Hβ), as
in the R100 spectrum Hβ is blended with Paα from the lens
galaxy, and in the R2700 spectrum the Hα and Hβ fluxes are
noisy due to the broadening induced by the large range in veloc-

2 Álvarez-Márquez et al. (2023) find a lower limit for AV(Paα/Hα) >
4.3 mag, which is conflicting with the present results. This discrepancy
can be explained by the inconsistency in the upper limit for the Hα
found with MIRI and the NIRSpec measurement.

ities covered by the aperture. However, the Hα and Paα fluxes
obtained with NIRSpec (R100) and MIRI, respectively, imply
AV(Paα/Hα) = 5.8± 0.6. This value confirms that W is signifi-
cantly more attenuated by dust than E, as previous studies (e.g.
Marrone et al. 2018) have already shown, based mainly on far
infrared measurements (see ALMA continuum map at 160 µm
in Fig. 2).

For several of the newly discovered z ∼ 6.9 sources (i.e. C1-
3, L1, L5) the AV(Hα/Hβ) could be estimated. The obtained val-
ues range from ∼0.7 to 2.2 mag, and indicate that in general they
have lower attenuation than E and W. We note that the uncer-
tainties for the individual values are large, and in some cases
they are also consistent with low or no attenuation. The lack of
ALMA continuum emission in these sources also supports a low
dust content. The regions in the eastern part (C1, C2, L5) have,
on average, a lower attenuation (〈AV〉 ∼ 0.85 mag) than the ones
in the western region (C3, L1; 〈AV〉 ∼ 2 mag). We used these
average values to estimate the attenuation for sources that do not
have reliable Hβ fluxes, including the extended regions Wext and
Eext (see Table 1).

4.3. Emission line ratio diagnostic diagrams

We now discuss the excitation conditions in the different high-z
galaxies identified in SPT0311–58. In Fig. 8 (left) we present
the classical N2≡ [NII]/Hα vs. R3≡ [OIII]/Hβ BPT diagram
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Fig. 8. Classical N2-BPT diagram and ionization map for the z ∼ 6.9 sources in SPT0311–58. Left: BPT diagram colour coded according to the
[OIII]λ5007/Hβ value. The line ratios are derived from the integrated R2700 spectra, and include the subregions within E and the five external
z ∼ 6.9 sources with reliable line fluxes. Upper limits correspond to 3σ. Grey-shaded regions show the zones of the diagram covered by 70, 80,
and 90 percent of the local SDSS sample of star forming galaxies and AGN. (York et al. 2000; Abazajian et al. 2009). Below the dashed line, local
galaxies are ionised by SF (Kauffmann et al. 2003), while above the dotted line the presence of AGN is required (Kewley et al. 2001). The region
beneath the black solid line corresponds to LI(N)ERs (Cid Fernandes et al. 2010). The magenta line is the locus of z ∼ 2–3 star-forming galaxies
found by Strom et al. (2017). The black symbols correspond to other galaxies at z > 5 observed with JWST/NIRSpec (C+23: Cameron et al. 2023;
S+23: Sanders et al. 2024; Ü+23: Übler et al. 2023). Right: Spatial distribution of the different galaxies in the SPT0311–58 system. The apertures
used (Appendix A.1) are colour coded according to their [OIII]λ5007/Hβ values, as in the left panel.

(hereafter N2-BPT; Baldwin et al. 1981). We include the z ∼ 6.9
sources with reliable line flux ratios (i.e. C1, C2, C3, L1, L5,
L7), in addition to the subregions within E. The line fluxes
have S/N > 3, except for the [NII] flux of some sources for
which upper limits are provided. Colours are assigned accord-
ing to the [OIII]/Hβ value. The figure shows the zones of the
diagram covered by the z ∼ 0 SDSS galaxies (Abazajian et al.
2009) (shaded grey), together with several well-established lines
that demarcate the different excitation regimes at low z. We
also include in the plot (magenta line) the locus of the inter-
mediate redshift (i.e. z ∼ 2–3) star-forming galaxies from the
KBSS-MOSFIRE survey (Strom et al. 2017), and results at red-
shifts higher than 5 recently obtained with JWST (Cameron et al.
2023; Sanders et al. 2024; Übler et al. 2023).

Figure 8 shows that the sources in SPT0311–58 occupy
zones of the N2-BPT diagram barely populated by local galax-
ies, and are distributed along the SF/AGN demarcation lines at
z = 0, covering more than 0.7 dex in R3. Although most of
the sources occupy the composite/AGN zones of local galax-
ies, they do not exhibit clear evidence of AGN activity (e.g.
Balmer broad lines or signs of strong outflows). However, we
do not exclude the presence of AGN, as at high-z their associ-
ated outflows do not appear to be very prominent (Maiolino et al.
2023; Carniani et al. 2024, Scholtz et al., in prep.). These z ∼ 6.9
sources are in a region shifted by 0.1–0.3 dex (in N2 or R3) with
respect to the star-formation locus at z ∼ 2–3, enlarging fur-
ther the offset with respect to the z = 0 population. We note
that none of the galaxies are in the local LI(N)ER part of the
diagram, despite the likely presence of shocks according to the
observed kinematics (see Sect. 5, and Spilker et al. 2022). The
sources in SPT0311–58 with the highest R3 (i.e. C2, L1, and L5)
are in similar regions of the N2-BPT diagram as other galax-
ies at z > 6 recently observed with JWST (e.g. Cameron et al.
2023; Sanders et al. 2024), and also have faint or undetected
[NII]λ6583 fluxes.

The spatial distribution of R3 reveals interesting trends
(Fig. 8, right panel). First, the sources with the lowest R3 (ES,
C3) are found within or close the massive galaxies E and W.
Second, E shows a clear variation in R3 along its major axis,
with increasing values from south to north (i.e. ES, ENa, ENb,
ENc). We note that L7 is seen in projection over the main struc-
ture of E, but it is a separated source (see Sect. 3.3.3). Third,
the sources with the highest R3 (C2, L1, L5) are found in the
external regions.

We now compare the observed positions in the N2-
BPT diagram with the predictions of the theoretical study
by Hirschmann et al. (2023) based on the coupling of
the state-of-the-art cosmological IllustrisTNG simulations
(Springel 2010) with new-generation nebular-emission models
(Hirschmann et al. 2019). While sources in SPT0311–58 show a
wide range in R3 (i.e. 0.25–1), TNG50 galaxies at z ∼ 5–7 have
R3 > 0.60 (Hirschmann et al. 2023, their Fig. 6). The external
sources (i.e. C1, C2, L1, L5) have observed values within this
predicted range. However, for regions within or close the two
main galaxies (i.e. ES, ENa, ENb, ENc, C3) the observed R3
are <0.60, and only agree with the theoretical predictions at low
or intermediate redshifts (z ∼ 0.5–3). Therefore, these galaxies
seem to have exceptional properties for their z, according to the-
oretical expectations.

In Fig. 9, we present the galaxies in the dust-corrected
O32-R23 diagram. R23≡ log(([OIII]λ λ4959,5008 + [OII]λ
λ3726,3729)/Hβ) is a proxy of the total excitation, while
O32 ≡ log([OIII]λ5008/[OII]λ λ3726,3729) is sensitive to the
ionisation parameter and the metallicity (Kewley et al. 2019;
Cameron et al. 2023). This diagram reflects again the different
ISM conditions of the sources in SPT0311–58 in comparison
with those commonly found in local galaxies. The large range
in O32 indicates a significant variation of the ionisation param-
eter and/or the metallicity among the sources in the FoV. It also
shows the dichotomy between the external regions (C2, L1, L5)
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Fig. 9. R23 – O32 diagnostic diagram. The blue dots represent the galax-
ies in SPT0311–58 and are based on R2700 fluxes (except when the
line was only detected in R100). They are corrected for attenuation and
aperture. Grey-shaded regions show the zones covered by 80, 90, and 99
percent of the local SDSS sample of star forming galaxies (York et al.
2000; Abazajian et al. 2009). Green and red isocontours correspond to
mass ranges log(M?/M�) = [8.5–9.5] and [9.5–10.5], respectively. The
black symbols are for stacked spectra of other high-z samples observed
with JWST/NIRSpec, as indicated by the labels (C+23: Cameron et al.
2023; S+23: Sanders et al. 2024).

and those associated with the main structures of the E and W
galaxies (C3, ES, ENa, ENb, ENc), with the latter group having
lower O32. To take into account the interdependence of stellar
mass and metallicity, which are defined by the mass-metallicity
relation (MZR; e.g. Curti et al. 2024), in Fig. 9 we distinguish
two mass ranges for the local sample: log(M?/M�) = [8.5–9.5]
and [9.5–10.5]. The former is in principle more appropriate for
comparison with the newly discovered sources, while the lat-
ter covers the mass of the E galaxy, and therefore adequate for
its subregions. The figure shows that again in this diagram C3
and most of the regions within E, have positions closer to those
occupied by local galaxies. The external sources C2, L1, and L5
occupy a distinct position in the diagram, displaced with respect
to local galaxies with similar stellar mass. They are close to
the average position of the field galaxies at z ∼ 5.6 in CEERS
(Sanders et al. 2024, log(M?/M�) = 8.57), but seem to have a
lower O32 value with respect to the less luminous galaxies in
JADES (Cameron et al. 2023). Still, the low statistics prevent us
to perform a solid comparison with these samples.

In summary, we find that the ISM conditions in the sources of
SPT0311–58 are very diverse. While some of these z ∼ 7 objects
have properties similar to galaxies at these redshifts recently
observed with JWST, others have conditions closer to those
found at lower redshifts. Most occupy the region of SF/AGN
composite ionisation, and none are in the local LI(N)ER region
despite the likely presence of shocks. The diagnostic diagrams
indicate significant differences in the ionisation parameter and/or
in the metal content across the observed sources. In the next
section we study in more detail the metal content in the system.

4.4. Metallicity

In Fig. 10, we present the metallicity map of SPT0311–058
according to the calibration of Curti et al. (2017, 2020b). This
calibration is based on local samples, but it has the advantage of
covering well the metallicity range observed in the system, and it
shows relatively low scatter. We also comment below the results

Fig. 10. Metallicity map based on the calibrations of Curti et al. (2017,
2020b) in the 12+(O/H) scale. For the E galaxy, spaxel-by-spaxel infor-
mation is provided. For the external regions, the value obtained from the
integrated spectra is assigned to the entire aperture. The region where
the galaxy L7 appears in projection over E, is indicated with a dotted
line. The line fluxes were corrected with the mean AV value for the aper-
tures. The faint grey lines correspond to two low-level isocountours of
the Hα emission (Fig. 2c) (see text).

when using the calibration by Sanders et al. (2024), which is
based on samples that cover well the redshift of SPT0311–58,
but presents larger scatter than local ones due to the lower num-
ber of sources available and potential differences in the ISM
conditions at high-z. We followed the procedure developed by
Curti et al. (2024), which explores the log(O/H) parameter space
with a Markov Chain Monte Carlo (MCMC) algorithm and finds
the maximum likelihood taking into account the uncertainties
of the observed line ratios and the dispersion of the individual
index calibrations. For the E galaxy, the metallicity is derived
for each spaxel (after a 3 × 3 binning) while for the external
sources, and due to their lower S/N, the integrated spectra are
used to derive a global value. For E, C1, C2 and L1 the metallic-
ity is inferred from the R2, R3, R23, O32, and R̂ indexes, where
R2 ≡ log([Oii] λλ3726, 29/Hβ) and R̂≡ 0.47 R2 + 0.88R3, as
defined by Laseter et al. (2024). For C3, R3 and N2 were used,
while for L5 and L7 only R3 was available due to the lack of reli-
able line fluxes to derive other indexes. In Table 1 the individual
metallicity values are presented.

Figure 10 shows that the metallicity spans about 0.8 dex
across the FoV. On the one hand, the southern regions of E
and C3 have the highest metallicities with values around 8.4–
8.6 in the 12+log(O/H) scale. On the other hand, external galax-
ies C2, L1, and L5 have low metal content, with values in the
range ∼7.6–8.1. This pattern is consistent with the mass metal-
licity relation (MZR, Curti et al. 2024), according to which the
most massive galaxies (and therefore their subregions) have the
highest metallicities, and suggests that C3 is closely associated
with the massive W galaxy. The northern region of E, which
shows low metallicity and therefore differs from this general
behaviour, is discussed below. The calibration by Sanders et al.
(2024) leads to qualitatively similar results, although it finds
higher metallicity (by ∼0.2 dex) in the metal rich regions C1,
and E, while leaving unaltered the values for C2 and L1, and
suggesting lower metal content in L5 (by ∼0.2 dex). Therefore,

A146, page 12 of 28



Arribas, S., et al.: A&A, 688, A146 (2024)

this calibration indicates an even larger range in metallicty across
the FoV, though it also increases the associated uncertainties of
individual determinations.

Interestingly, the E galaxy shows a prominent metallicity
gradient along its major axis with a total peak-to-peak variation
of ∼0.7 dex, and also local inhomogeneities at subkpc scales.
The southern regions are the most metal-rich (i.e. ∼8.50), while
the lowest metallicity (i.e. ∼7.8) is found to the northwest. This
metal-poor region is adjacent to a zone of diffuse Hα (see grey
isocontours in Fig. 10) and [CII] emission (Fig. 2c,f), indicat-
ing the presence of ionised and neutral gas. This suggests that
the accretion of low metallicity gas into the main structure of
E in the northwest may be the cause for the observed gradi-
ent. Gas accretion has been proposed to explain metal gradients
and inhomogeneities at high- and low-z (e.g. Cresci et al. 2010;
Kumari et al. 2017; Curti et al. 2020a; Rodríguez Del Pino et al.
2024). In Sect. 6.2, we will discuss further this scenario, as
well as other potential alternatives (i.e. merger event, out-
flows), also taking into account the kinematic properties of the
E galaxy.

Litke et al. (2023) have recently found a nearly solar metal-
licity in the massive galaxies of SPT0311–58 based on the
observed far-infrared [OIII]λ 88 µm /[NII]λ 122 µm emission
line ratio, and the calibration proposed by Pereira-Santaella et al.
(2017) (i.e. 0.8± 0.4 Z� for E; 1.4± 1.0 Z� and 0.9± 0.4 Z� for
the northern and southern regions of W, respectively). To com-
pare their results with our findings for E, we computed the
global metallicity over the integrated E spectrum. Using the R2,
R3, R23, O32, and R̂ indexes and the calibration by Curti et al.
(2017, 2020b), we infer an average value of 0.48± 0.07 Z�.
Although the difference with the Litke at al. result is not sig-
nificant taking into account the uncertainties, it could be inter-
preted as due to the different regions probed by the FIR and the
optical lines. While the FIR offers access to deeper, dustier, and
likely more metal-rich zones, the optical lines come from the less
extincted and likely more metal-poor regions. Finally, the com-
parison of our metallicity value for C3 (i.e. 0.75± 0.18 Z�), with
the results by Litke et al. (2023) for the southern part of the W
galaxy show good agreement.

In summary, we find a wide range of metallicities (by
∼0.7 dex) across the galaxies in SPT0311–58. The newly dis-
covered galaxies seem to have lower metal content than the rel-
atively metal-rich massive E and W galaxies. The E galaxy also
shows a metallicity gradient that is likely evidence for the pres-
ence of pristine gas accretion. In Sect. 6.2 we discuss further this
and other alternative scenarios, also considering the kinematic
properties of the system.

4.5. Hα-based star formation

The present observations allow us for the first time to measure
Hα fluxes in this system, and therefore to infer the unobscured
ongoing star formation using this well-calibrated tracer. We note
that SPT0311–58 is at about the highest z at which Hα-based
SFR can be derived at the sensitivity and angular resolution pro-
vided by NIRSpec (i.e. for z > 7, Hα is redshifted outside the
NIRSpec range).

We estimate the nearly instantaneous (i.e. last 3–10 Myrs)
star formation rate (SFR) from the Hα luminosity following
the commonly used expression provided by Kennicutt & Evans
(2012) (see also Murphy et al. 2011; Hao et al. 2011):
SFR(Hα)/(M� yr−1) = 5.37× 10−42 L(Hα)/(erg s−1).

This relation presumes constant SFR over the men-
tioned timescale, solar metallicity and a Kroupa IMF

(Kroupa 2001)3, and also assumes that all ionising photons actu-
ally ionise the ISM. We note, however, that changing some of
these assumptions may have significant effects. For instance, for
subsolar metallicities the SFRs provided by this equation should
be corrected down because metal poor massive stars are more
efficient in producing ionising photons, which leads to higher
L(Hα) per unit of SFR as discussed by Reddy et al. (2022) (see
also Shapley et al. 2023). To take into account this effect, and
based on the results of the previous section, the SFRs obtained
with the expression quoted above for galaxies C2, L1–L5 have
been corrected accordingly by a factor 0.5. For the more metal-
enriched E and W galaxies (and C1 and C3), we have main-
tained the solar abundance assumption. This allows us a more
direct comparison with previous SFR estimates for E and W
(Marrone et al. 2018; Álvarez-Márquez et al. 2023), and with
determinations based on general calibrations (e.g. Total Infrared
Luminosity L(TIR)-SFR, Calzetti 2013) that have used solar
metallicity. The individual Hα fluxes and SFRs(Hα), corrected
and uncorrected for dust attenuation, are presented in Table 1.

As we can see in the table, and also in panel c of Fig. 2, the
main body of the E galaxy is the region in the FoV with the high-
est Hα flux, and therefore where most of the unobscured (i.e.
uncorrected by dust attenuation) star formation is taking place
at a rate of ∼62 M� yr−1. The dust-corrected SFR (377 M� yr−1)
represents a large fraction (i.,e. ∼70–80 percent) of the total
SFR obtained by Marrone et al. (2018) from a SED analysis
which includes the far-IR (ALMA) dust continuum emission
(545± 175 M� yr−1), or by using the L(TIR)-SFR calibration by
Calzetti (2013) (∼466 M� yr−1). In addition to the Hα flux asso-
ciated with E, a low surface brightness Hα emission extends
beyond its main structure, particularly in the direction of source
C1. This external Hα flux is obtained integrating within aperture
Eext (see Fig. A.1), and has an associated unobscured SFR(Hα)
of ∼32 M� yr−1 (∼61 M� yr−1 dust-corrected).

For W the inferred unobscured SFR(Hα) is ∼8 M� yr−1,
which is a tiny fraction of the SFR obtained by Marrone et al.
2018 from a SED analysis including the FIR emission (i.e.
2900± 1800 M� yr−1), or from the L(TIR)–SFR relation by
Calzetti 2013 (3350 M� yr−1). In this case, the attenuation cor-
rection factor is extremely large, as AV is 5.8 magnitudes. The
dust-corrected SFR(Hα) is ∼600 M� yr−1, which is about one-
fifth of the total SF inferred including the far-infrared dust emis-
sion. This suggests that W hosts a large fraction of star formation
that is totally obscured at rest-frame optical and near-IR wave-
lengths. We note that a detailed comparison of the SFR obtained
with different tracers should also take into account the timescale
assumed for their calibration and the star formation history
(SFH) of the source under study. For example, post-starburst
(PSB) galaxies (where star formation terminated rapidly and
recently) have systematically higher SFR(FIR)s than what is
estimated from recombination lines alone. This is observed both
in the local Universe (Baron et al. 2023) as well as at z ∼ 1
(Wu et al. 2023). However, these PSB galaxies also display
lower nebular attenuation than what we infer for the W galaxy; in
our case, because we are dealing with an extremely dusty galaxy,
we favour the star-forming interpretation, and explain the dis-
crepancy between the SFR(Hα) and SFR(FIR) as due to heavy
dust attenuation. The most rigorous approach would be to infer
the full SFH, but this is beyond the scope of the present study.

For the newly discovered sources at z ∼ 6.9, the unobscured
SFR(Hα) ranges from 1 to 6 M� yr−1, and totalling 14 M� yr−1.

3 Results for a Chabrier IMF (Chabrier 2003) are nearly identical (c.f.
Kennicutt & Evans 2012).
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Fig. 11. Kinematic maps of SPT0311–58. Upper panels: large-scale velocity fields from the high resolution NIRSpec IFU spectra in the [OIII]-Hβ
complex (left), from the [CII]λ158 line observed with ALMA (centre), and difference (right). Lower panels: similar maps for the intrinsic velocity
dispersion (σ0). The NIRSpec maps were obtained after a 3× 3 spaxel binning, except for L2, L3, L4, L6 and L7 for which, due to their low
S/N, the values from the integrated spectrum were assigned to the entire extraction aperture. The values for L7 were obtained after the kinematic
decomposition of two overlapping systems (Sect. 3.3.3). The relative velocity values are in km s−1 , taking as reference a redshift of 6.902. The
NIRSpec velocity dispersions are corrected for the instrumental broadening according to the dispersion curves provided by Jakobsen et al. (2022).

The sources with AV measurements (i.e. C1, C2, C3, L1, L5),
have individual dust-corrected SFR(Hα) ranging from ∼4 to
30 M� yr−1. For the other sources, the star formation is not well
constrained as AV cannot be reliably derived (see Sect. 4.2).
Using for them the average AV derived for the other sources,
the combined dust-corrected SFR(Hα) for all these objects is
74 M� yr−1, a small amount compared with the total SFR tak-
ing place in E and W. As the new sources are undetected in
ALMA continuum, their dust-corrected SFR(Hα) likely repre-
sent the total SFR.

In summary, we find significant unobscured ongoing star for-
mation activity within and around the E galaxy (∼94 M� yr−1).
The dust-corrected SFR(Hα) (∼430 M� yr−1) recovers a large
fraction of the total SFR obtained including the FIR emission.
In contrast, for W the current unobscured SFR(Hα) is small
(8 M� yr−1), representing a tiny fraction of the total SFR of
this galaxy. An important fraction of the SFR in this galaxy is
totally obscured at optical and near-IR wavelengths, and cannot
be recovered with the attenuation correction. As for the newly
discovered external sources, their unobscured SFR(Hα)s are rel-
atively modest with individual values ∼1–6 M� yr−1. Correction
from dust still leaves the combined contribution to these sources
to the total SFR of the system as minor (i.e. ∼ few percent).

5. Kinematic properties

This section is devoted to the kinematic properties of the dif-
ferent sources of SPT0311–58. First, we present the relative

motion and velocity dispersion of the newly discovered sources
at z ∼ 6.9. We also derive their dynamical masses, and compare
them with the stellar masses. Second, we focus in more detail on
the E and W galaxies, and discuss the kinematics for the warm
and cold gas phases inferred from NIRSpec and ALMA, respec-
tively.

5.1. Newly discovered z∼6.9 sources: Relative velocities,
velocity dispersions, and dynamical masses

Figure 11 (upper-right panel) shows the large-scale velocity field
in SPT0311–58 derived from the R2700 [OIII] line. In this
figure the differences in redshift are interpreted as relative veloc-
ities4, taking z = 6.902 the origin for the velocities (i.e. the
redshift of the most massive W galaxy inferred from the [CII]
line, Sect. 5.3). The figure shows that the ten newly discovered
galaxies have a very large range of (projected) velocities: from
−595 km s−1 for L3 up to +932 km s−1 for C1 (see Table 2 for the
individual redshifts). These velocities seem randomly distributed
across the FoV, with sources with high positive and negative val-
ues relatively close in projection (e.g. L2 and C2, L3 and C1).
This significant spread in velocities suggests that the mass of the

4 We note that, if the observed redshifts were alternatively interpreted
as spatial separations only, the proper distance between the two furthest
separated galaxies (i.e, L3 and C1) would be about 3.6 Mpc. This value
is similar to the rough estimate of the extent for the overdense region
with submm galaxies (∼2.6 Mpc; Wang et al. 2021).
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Table 2. Kinematic properties and dynamical mass estimates for sources in SPT0311–58.

ID z ∆v σ Re Mdyn Dw
km s−1 km s−1 kpc 109 M� kpc

C1 6.92655± 0.00019 932.± 7. 99.± 8. 0.64± 0.19 7.4+10.
−2.7 9.4± 0.3

C2 6.92419± 0.00010 843.± 4. 57.± 5. 0.69± 0.21 2.6+3.7
−1.0 10.7± 0.3

C3 6.90638± 0.00035 166.± 13. 106.± 15. 0.75± 0.37 10.+20.
−3.7 3.9± 0.5

L1 6.89941± 0.00005 −98.± 2. 66.± 2. 0.73± 0.22 3.8+4.7
−1.4 5.1± 0.3

L2 6.89256± 0.00025 −358.± 9. 64.± 12. 0.51± 0.26 2.5+5.8
−0.9 7.6± 0.5

L3 6.88632± 0.00011 −595.± 4. 36.± 7. 0.68± 0.20 1.0+2.0
−0.4 15.0± 0.5

L4 6.92425± 0.00056 845.± 21. 99.± 24. 0.70± 0.35 7.9+20.
−2.9 8.2± 0.5

L5 6.90940± 0.00004 281.± 2. 36.± 3. ... ... 14.2± 0.5
L6 6.91830± 0.00018 619.± 7. 45.± 10. 0.58± 0.17 1.4+2.8

−0.5 7.3± 0.5
L7 (1) 6.92644± 0.00054 928.± 20. 93.± 15. 0.53± 0.31 5.3+1.8

−1.6 11.0± 0.5
E 6.91956± 0.00008 666.± 3. 155.± 3. 2.12± 0.63 59.+70.

−21. 10.7± 0.3

Notes. Column 1: Source identification. Column 2: Redshift from the R2700 [OIII]-Hβ lines. Column 3: Relative velocity with respect to z = 6.902,
as inferred for the W galaxy from the ALMA [CII] line (see Sect. 5.3). Column 4: Integrated velocity dispersion derived from the [OIII]-Hβ lines
in the R2700 integrated spectra, after deconvolving the instrumental profile (Appendix A). Column 5: Effective radius estimated as the largest
sigma of a 2D Gaussian fit to source emission, after deconvolving quadratically the PSF profile. To derive the properties of the PSF we used
the datacube of the standard star (see Sect. 2.5). For sources with significant continuum emission (C1, C2, C3) the sizes were inferred from a
panchromatic image generated from the R100 cube in the 1–5 µm spectral range. For the other sources, which have undetected (or very faint)
continuum, the [OIII] image was preferred. For the E galaxy the combination of continuum plus [OIII] was used. The Gaussian fits provided
unrealistically small errors. Instead, uncertainties are estimated to be 30%, except for some particularly problematic cases for which 50% was
adopted instead, specifically for C3 (edge of the FoV), L2 (faint), and L4 (badly defined). For L5, which is very close to the edge of the FoV, Re
could not be estimated. Column 6: Dynamical mass of the source adopting the calibration by Cappellari et al. (2006) (see Sect. 5.1). Column 7:
Distance to spaxel (74, 45), which is estimated to be at the centre of gravity of the system. (1)For L7, the kinematic properties were obtained after
the 2D kinematic decomposition of this source and the main component of the E galaxy (Sect. 3.3.3).

halo must be very large. In Sect. 6 we discuss further the relative
motions of the sources within the system.

The integrated velocity dispersion (σ, see Table 2) can be
used to estimate the dynamical mass (Mdyn) of the galaxies
through the formula:

Mdyn = K
σ2Re

G
, (1)

where Re is the effective radius, G is the gravitational constant,
and K is a factor that depends on the mass distribution in the
galaxy. We adopt K = 5 ± 0.1, following the best-fitting virial
relation calibrated by Cappellari et al. (2006). We also applied
the correction suggested by Übler et al. (2023), to account for
the differences in the integrated velocity dispersion of the ionised
gas and the stars found by Bezanson et al. (2018). For the present
range of integrated σ, this ∆ log(σ/(km s−1)) correction varies
from 0. to +0.18. For the determination of the size, we fit the
emission in each source with a 2D Gaussian, and estimate Re
from the largest of the two standard deviations provided by the
fit, after deconvolving with the PSF. To derive the properties of
the PSF, we used the data cube of the standard star (Sect. 2.5).
We first try to infer the sizes from a panchromatic image gener-
ated from the R100 cube in the 1–5 µm spectral range. This led
to acceptable results for sources well detected in the continuum
image (i.e. C1, C2, C3). For the other objects we used the [OIII]
image instead. The derived Re values are also given in Table 2.

The dynamical masses for the newly discovered galaxies
are in the range ∼109–1010 M� (Table 2). Then, although these
objects are significantly less massive than the two main galaxies
in SPT0311–58, they contain a substantial amount of mass for
their redshifts. In Fig. 12 we compare these dynamical masses
with the stellar masses obtained in Sect. 4.1. The figure shows
that on average Mdyn is larger than M? by a factor 2–3. This
factor may be even higher due to the systematic overestimation

of M? when MIRI photometry is not included in the SED fit-
ting (Papovich et al. 2023; Wang et al. 2024). This result sug-
gests that, as expected, these galaxies may have an important
fraction of their mass in gas (Tacconi et al. 2020). Addition-
ally, or alternatively, they might also have substantial amounts
of dark matter, as suggested by recent NIRSpec observations of
high-z galaxies (de Graaff et al. 2024). We note that, in Fig. 12,
we also include the E galaxy, for which we derive a dynami-
cal mass of 6.0± 2× 1010 M�. Marrone et al. (2018) find a total
baryonic (i.e. stars, gas, and dust) mass of 7.5± 3.5× 1010 M�
and Álvarez-Márquez et al. (2023) 4–5× 1010 M�. Therefore, its
Mdyn determination is consistent with previous results within the
estimated uncertainties.

5.2. E galaxy

The kinematic maps for the E galaxy as inferred from the [OIII]
lines are presented in the upper panels of Fig. 7. The velocity
field shows a significant gradient of ∼200 km s−1 along the major
axis. The isovelocity lines clearly deviate from what is expected
for a regular rotating disc, especially to the northwest where they
are strongly twisted. For this spatially extended source, we are
able to measure the intrinsic velocity dispersion (σ0, moment
2 in Fig. 7). Similarly to the velocity field, the σ0 map deviates
from the expectation for a rotating disc, as it shows local changes
at subkpc scales, and higher values at the edges than to the cen-
tre. It also shows a general trend along the major axis with, on
average, higher values to southeast (σ0 ∼ 120–145 km s−1) than
to the northwest (σ0 ∼ 75–100 km s−1). The velocity dispersion
from the integrated spectrum (i.e. σ), which also includes the
global velocity gradient, is 155± 3 km s−1. The median intrin-
sic velocity dispersion (σ0) over the area covered by Fig. 7 is
113± 19 km s−1. From the fits with a 3× 3 binning (Fig. 11),
which cover a larger area but are slightly contaminated by L7, the
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Fig. 12. Comparison between the dynamical and the stellar masses for
sources in SPT0311–58. For the E galaxy the position for the stellar
mass value obtained with CIGALE is indicated with Ec (see Sects. 5.1
and 4.1).

median σ0 = 120 km s−1. These values are above the extrapola-
tion of the average σ0 − z evolution found by Übler et al. (2019)
(i.e. σ0 ∼ 70–80 km s−1 at z = 7). Interpreting the velocity shear
as large-scale rotation and correcting by the inclination sug-
gested by its elliptical morphology, we obtain a rotational sup-
port factor, v/σ0, of ∼1, significantly smaller than in other lower
redshift DSFGs (Lelli et al. 2021; Parlanti et al. 2024; Bik et al.
2024; Übler et al. 2024). All these characteristics clearly indi-
cate that the ionised gas disc in the E galaxy in SPT0311–58 is
not settled yet.

We now compare the kinematic properties of the warm and
the cold gas phases, as inferred from NIRSpec and ALMA,
respectively. The upper-right panel of Fig. 11 shows that,
excluding the region where the source L7 appears in pro-
jection, the warm and cold gas components in E have simi-
lar velocities, though the latter recedes on average ∼25 km s−1

faster. This behaviour is not homogeneous, and in some spax-
els towards the south and east the warm gas has receding
velocities of up to ∼+80–100 km s−1 larger. These differences
indicate that the ionised and neutral gas components probed
by NIRSpec and ALMA are not cospatial. This may happen
when they occupy geometrically distinct regions, and/or as con-
sequence of the dust attenuation. ALMA traces regions over
a large range of dust attenuation, while NIRSpec probes the
ionised gas that is located in less extincted (likely more exter-
nal) regions. Hence, relative motions between regions with
different dust attenuation could explain the observed velocity
offsets.

As for the velocity dispersion, the cold and warm gas show
a significant difference, particularly towards the south and east
(see bottom-right panel of Fig. 11). Interestingly recent simu-
lations of 4 < z < 9 galaxies by Kohandel et al. (2024) show
that the gas velocity dispersion estimates strongly depend on
the tracer used. According to this study, while [CII] traces the
gaseous disc, Hα also includes the contribution from extraplanar
ionised gas beyond the disc. This effect is more significant for
massive galaxies (i.e. M? > 109 M�), for which σ (Hα)> 2×σ
([CII]). These predictions are in general agreement with our
observations in the E galaxy, though we find significant spatial
variations. In the north and in the central regions the velocity dis-
persion obtained from [CII] and [OIII] are similar, while to the

south and east the σ ([OIII]) values are larger by factors of up to
∼2–35.

A similarly relevant difference between the velocity disper-
sion of warm ionised gas and its cold phase counterpart has been
recently reported by Parlanti et al. (2024) in a z = 4.8 DSFG
observed with JWST. However, in that case the difference was
found in the central regions of the galaxy, and explained by the
feedback effects of an AGN, a scenario that can hardly be con-
sidered for interpreting the observed behaviour in SPT0311–58.
In Sect. 6, we discuss further the kinematics in E in connection
with other ISM properties.

5.3. W galaxy

As commented above, the main body of the W galaxy is not
detected in a spaxel-by-spaxel basis, and therefore we cannot
infer spatially resolved kinematic information with NIRSpec for
this galaxy. However, the R2700 integrated spectrum allow us to
infer the redshift from the optical emission lines. As the [OIII]
lines are faint in this galaxy, we use the Hα -[NII] complex and
the Hβ line, and obtain z = 6.907 ± 0.002. We note that the
uncertainty in this case is relatively large because the spectrum
is noisy (Fig. A.2).

We also derived the redshift from the integrated spectrum
of the [CII] line obtained using the same aperture as above.
The [CII] profile in this spectrum departs significantly from a
Gaussian. So, rather than derive the redshift fitting the line, we
obtain the flux-weighted averaged wavelegth, and obtained z =
6.902 ± 0.002. This agrees within errors with the Strandet et al.
2017 determination (z = 6.900 ± 0.002), who used several CO
and [CII] lines and a beam of 2–3′′. We note that because the
W galaxy is well detected and resolved with ALMA, and it is
also close to the zone of multiple images, its redshift determina-
tion may be affected by the lens, which introduces an additional
uncertainty.

The differences in the redshifts derived from the opti-
cal and the far infrared lines suggest an average shift of
∼+200–300 km s−1 between the warm and the cold gas phases.
Álvarez-Márquez et al. (2023) already reported an offset of Paα
with respect to the [CII] and [OIII] far-IR lines, though in this
case significantly larger in amplitude (i.e. +700 km s−1). For
source C3, at the south of W, the average relative velocity (cold-
warm) is ∼+80 km s−1. As discussed for the E galaxy, this veloc-
ity difference may be explained by the relative motions between
the less attenuated regions traced with the optical lines, and the
dustier zones probed at the far infrared. The larger attenuation in
W (see Sect. 4.2) could also qualitatively explain why we find a
significantly larger velocity offset in this galaxy than in E.

6. Discussion

6.1. SPT0311–58: A protocluster core in a massive
dark-matter halo

The possibility that SPT0311–58 forms part of a protoclus-
ter was proposed by Wang et al. (2021), who found a signifi-
cant overdensity of bright submm sources in the field surround-
ing its two main galaxies (r . 1.3 Mpc). However, the lack
of spectroscopic redshifts prevented Wang and collaborators to
confirm this scenario, and classified SPT0311–58 as a proto-
cluster candidate. As has been detailed in Sect. 3, the present

5 We note that we do not find significant differences between σ (Hα)
and σ ([OIII]) in the spectra of SPT0311–58.
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NIRSpec data have revealed ten new spectroscopically con-
firmed z∼ 6.9 sources in the IFU FoV (i.e. 17× 17 kpc2) in addi-
tion to the already known E and W galaxies, which strongly
supports the idea that SPT0311–58 is at the core of one of
the most distant protoclusters known. Indeed, the number den-
sity of sources (φ ∼ 104 Mpc−3) is orders of magnitude above
the expectation for the field (φ f ∼ 5 Mpc−3, for M? > 107 M�),
according to the observed galaxy stellar mass functions (e.g.
Conselice et al. 2016). In addition, we find that the sources in
SPT0311–58 exhibit a relatively large spread in radial velocity
(∆v ∼ 1500 km s−1, Table 2), akin to other high-z protoclus-
ters (z > 4, e.g. Chanchaiworawit et al. 2019; Hill et al. 2020;
Calvi et al. 2021; Endsley & Stark 2022; Morishita et al. 2023;
Hashimoto et al. 2023; Scholtz et al. 2024). This suggests that
the mass of the halo must be very large. In the following, we
estimate the main properties of the halo, and discuss the dynam-
ical status of the core of this protocluster.

6.1.1. Main properties of the dark-matter halo

We estimate the mass of the halo from the stellar mass, which we
obtain by combining our results for the E galaxy and the newly
discovered sources with the one for the W galaxy determined
by Álvarez-Márquez et al. (2023) (see Sect. 4.1). We adopt the
mass determinations for E and W that include MIRI photom-
etry. For the newly discovered sources, which have not MIRI
detections, we conservatively apply the corrective factor found
by Papovich et al. (2023) and Wang et al. (2024). The resulting
total stellar mass for the system is (1.1± 0.3)× 1011 M�. The
M?/Mh ratio is not well constrained for the redshift and stellar
mass of SPT0311–58, but empirical modeling (UniverseMa-
chine, Behroozi et al. 2019, 2020) and hidrodynamical simula-
tions (MillenniumTNG, Kannan et al. 2023) suggest values of
∼0.015–0.036, which leads to Mh ∼ (5 ± 3) × 1012 M�.

This result agrees well with the findings of Marrone et al.
(2018), who estimate Mh in SPT0311–58 from its gas con-
tent (Strandet et al. 2017). Specifically, they found that Mh
could vary from a conservative lower limit of 1.7× 1012 M�
to 7.4× 1012 M�, depending on the approach adopted to deter-
mine the mass of the gas. However, we note that recently
Jarugula et al. (2021), using nonlocal thermodynamic equilib-
rium radiative transfer models, have found that the mass of gas
in SPT0311–58 is larger than previously estimated. This result
suggests that previous gas-based Mh determinations should be
corrected by factors of 1.5–2.

Having an estimate for the halo mass, we can now derive the
expected size, R200

7, for a virialised dark matter (DM) halo at
z = 6.9. By definition (e.g. Navarro et al. 1996):

M200 ≡
4
3
πR3

200200ρc , (2)

where M200 ≡ Mh, and ρc is the critical density that varies as

ρc =
3H2(z)

8πG
, (3)

6 Mock galaxy catalogues generated using the so-called UCHUU-UM
approach (Ishiyama et al. 2021; Prada et al. 2023) lead to a M?/Mh ratio
range in agreement with the one adopted here (E. Pérez, F. Prada, priv.
comm.).
7 R200 is defined as the radius within which the mean enclosed mass
density is 200 times the critical density of the Universe at the corre-
sponding redshift.

with H(z) and G being the Hubble parameter and the gravita-
tional constant, respectively. From these equations, we derive a
size of R200 = 67+9

−15 kpc for a halo mass of (5 ± 3)× 1012 M�.
The centre of mass of this protocluster should be at the W

galaxy. This is based on previous works (Marrone et al. 2018;
Álvarez-Márquez et al. 2023) that have shown that the baryonic
mass of this galaxy is about one order magnitude larger than its
companion, the E galaxy. The newly discovered galaxies have
dynamical masses significantly lower than E (Sect. 5), so they
should not affect significantly the determination of the centre of
gravity of the system (CoGsys). We also adopt the redshift of the
W galaxy as the mean redshift for the system. As discussed in
Sect. 5.3, the redshift for W is subject to relatively large uncer-
tainties compared with other sources, with significant differences
among the values inferred from the optical emission lines (NIR-
Spec), Paα (MIRI), and the molecular lines (ALMA), being also
possibly affected by the effects of the lens. We adopt the deter-
mination based on the [CII] line (i.e. z = 6.902±0.002), because
it is not affected by attenuation, and traces a significantly larger
amount of mass (see Sect. 5.3). Therefore, taking the W galaxy
as the centre of the protocluster, our NIRSpec observations probe
projected cluster-centric distances of up to 15 kpc (see Table 2),
which correspond to about 0.2×R200.

6.1.2. Probing the dynamical state of the protocluster core

Given that we are observing such an inner region of a protoclus-
ter, one might inquire whether it has already undergone (partial)
virialisation. In an attempt to answer this question, we analysed
whether the radial velocities of the 12 galaxies may be drawn
from a normal distribution, as expected for a system in equi-
librium. With this aim, we performed a Kolmogorov-Smirnov
(K-S) test that led to a p-value of 0.04, and therefore we con-
clude that the observed region is not virialised yet. However, we
point out that the result of the K-S test is very dependent on
the origin of the relative velocities. If we allow a global offset
to the radial velocities of 380 km s−1, the p-value reaches 0.75,
suggesting a normal distribution. This change would imply that
the W galaxy is not at the centre of the protocluster, or that its
redshift is larger by ∆z ∼ 0.01, i.e. z = 6.912. We note that
this redshift falls between the one inferred from the optical lines
(z = 6.907) and from Paα (z = 6.918) (Sect. 5.3). Still, for the
reasons mentioned above, we argue that most likely the CoGsys
is at W and zsys = 6.902, and therefore the system does not
seem to be at equilibrium. Nevertheless, in the remainder of the
section we also evaluate how the results are affected if an ad hoc
z = 6.912 is used as reference.

Using the present kinematic information, we can also assess
if the system is at equilibrium by comparing the velocity dis-
persion observed in SPT0311–58 with the one expected for
its mass in a virialised cluster. We derive the velocity disper-
sion in our data by bootstrap, and obtain a mean estimate of
σsys = 479 km s−1, and a range from 406 to 551 km s−1 with
a 68 percent confidence8. According to the numerical simula-
tions of virialised clusters by Evrard et al. (2008), the predicted
velocity dispersion at equilibrium for a cluster with a mass of
(5± 3)× 1012 M� is 372+65

−98 km s−1. Since we measure a larger
face value of the velocity dispersion, this comparison suggests
that the core in SPT0311–58 is not virialised yet. However, tak-
ing into account the associated uncertainties, the data are also
compatible with being (partially) virialised. Alternatively, the

8 The bootstrap estimate is preferred over the standard deviation
(507 km s−1), as it is more robust for small samples (Beers et al. 1990).
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Fig. 13. Projected phase space for the galaxies in SPT0311–58. The x-
axis is the projected distance from the cluster centre in units of R200.
The y-axis shows the absolute value of the relative velocity along the
line of sight of each galaxy with respect to the global recessional veloc-
ity, normalised by the velocity dispersion of the cluster. The red dots
correspond to a global cluster redshift of zsys = 6.902 as inferred for
the W galaxy from the [CII] line, and the green dots are for an ad-hoc
zsys = 6.912. The blue line represents the escape velocity normalised by
the velocity dispersion of the cluster for a Navarro, Frenk, and White
dark matter halo (Navarro et al. 1996) of M200 = 5 × 1012 M�, with the
blue shadow defining the region for masses between 2 and 8× 1012 M�.
The point for the W galaxy at (0, 0) has been slightly shifted to make it
more visible.

Evrard et al. (2008) relation and the observed velocity dispersion
can be used to predict the mass for a virialised protocluster. The
derived value (1.05+0.55

−0.41 × 1013 M�) is larger than our halo mass
estimate, which again suggests that the system has not reached
equilibrium. However, as mentioned above, the uncertainties are
large and this conclusion lacks robustness.

In order to further analyse the dynamical status of the
observed region, in Fig. 13 we locate the galaxies in the pro-
jected phase space (PPS) diagram (e.g. Mahajan et al. 2011;
Jaffé et al. 2015). The x-axis of the plot is the projected distance
from the cluster centre normalised to R200, while the y-axis indi-
cates the (absolute) velocity of each galaxy with respect to the
global recessional velocity (v) normalised by the velocity disper-
sion of the cluster, that is, |∆v|/σsys. In the plot we also include
with a blue line the (projected) escape velocity from a Navarro
Frenk and White (NFW, Navarro et al. 1996) dark-matter halo of
M200 = 5×1012 M�, normalised by σsys. The blue shadow region
refers to escape velocities for halo masses from 2 to 8× 1012 M�.
For our primary reference (i.e. W at the CoGsys, zsys = 6.902, red
dots), most of the galaxies are below the escape velocity limit,
and therefore they are bound gravitationally to the halo. How-
ever, taking into account the uncertainties and the fact that in
the figure we present projected velocities corrected with an aver-
age factor, a few galaxies could also be consistent with being
unbound. When the ad-hoc redshift (i.e. z = 6.912, see above)
is adopted (i.e. green points), one galaxy (L3) appears unbound,
though the rest are located deeper into the potential well, show-
ing on average lower |∆v|/σsys values.

In summary, our data suggest that the observed region in
SPT0311–58 is likely not totally virialised, though it may be not
far from reaching equilibrium. While a few galaxies could be fly-
bys, the majority appear to be gravitationally bound to the halo,
for which we estimate a DM mass of ∼5× 1012 M�. These results
reinforce the findings by Marrone et al. (2018) who showed that

the halo mass for SPT0311–58 is very large according the theo-
retical expectations at z ∼ 6.90.

6.1.3. The SPT0311–58 protocluster in context: comparison
with cosmological simulations and other observations

The previous findings suggesting an extreme halo mass in
SPT0311–58 are strengthened further when comparing it
with the most massive protoclusters in the IllustrisTNG (e.g.
Springel et al. 2018) and FLAMINGO (Schaye et al. 2023;
Kugel et al. 2023) cosmological simulations, as well as with pre-
viously observed protoclusters.

Figure 14 presents the position of SPT0311–58 in the Mhalo-z
plane together with the predictions from IllustrisTNG obtained
by Lim et al. (2021) by selecting the 25 most massive clusters
in the z = 0 snapshot, and tracking them using the merger tree
to find their progenitors at higher redshifts. For FLAMINGO, on
the other hand, the figure includes the median and the full range
among the 100 highest-SFR haloes identified in each snapshot of
its 2.8 Gpc and 1 Gpc box runs taken from Lim et al. (2024). The
figure clearly indicates that only the most massive protoclusters
in FLAMINGO simulations are able to reproduce the SPT0311–
58 position. Part of the reason why the protoclusters from Illus-
trisTNG have significantly lower mass is because of the smaller
box size of 300 Mpc of these simulations, which makes difficult to
capture a rare object like SPT0311–58. According to these simula-
tions, protoclusters with masses of &1012 M� at z' 7 could trans-
form into 1015 M� systems at z = 0, though this may not be nec-
essarily the case (e.g. Remus et al. 2023). These results suggest
that SPT0311–58, for which independent approaches find a dark
matter halo mass higher than 1012 M�, could be the progenitor of
a Coma-like cluster.

Figure 14 also includes a set of observationally iden-
tified protoclusters at z& 2 from the literature, which con-
sists of GOODS-N z = 1.99 protocluster (Blain et al. 2004;
Chapman et al. 2009), MRC1138−262 (Dannerbauer et al.
2014), SSA22 (Umehata et al. 2015), AzTEC-3 (Capak et al.
2011), SPT2349−56 (Miller et al. 2018; Hill et al. 2020),
ZFIRE (Hung et al. 2016), PHz G237.01+42.50 (Polletta et al.
2021), CC2.2 (Darvish et al. 2020), PCL1002 (Casey et al.
2015), CLJ1001 (Wang et al. 2018), a LAE overdensity
at z = 6.5 (Chanchaiworawit et al. 2019), MAGAZ3NE
J095924+022537 and MAGAZ3NE J100028+023349 (both
from McConachie et al. 2022), HDF850.1 (Calvi et al. 2021),
a protocluster in COSMOS (Brinch et al. 2024), z57OD and
z66OD (Harikane et al. 2019), an overdensity at z = 7.66
(Laporte et al. 2022), A2744-z7p9OD (Morishita et al. 2023),
the seventeen protocluster candidates identified with JWST by
Helton et al. (2024, 2023), and GNz11 (Scholtz et al. 2024).
This illustrates the distinct mass of SPT0311−58 among the
protoclusters discovered at high redshifts, being currently the
most massive known at the EoR.

The present study, although admittedly subject to large
uncertainties, represents one of the first attempts to characterise
spectroscopically a protocluster at the epoch of reionisation, and
it shows the power of JWST for such studies. Further observa-
tions expanding the observed area will enable us to better charac-
terise the field, and constrain the dynamical stage of this extreme
system.

6.2. The turbulent early phases of galaxy assembly:
accretion, mergers, and gravitational interactions

In this section, we discuss the ongoing physical processes and
the current evolutionary stage of the E galaxy, based on the
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Fig. 14. Halo mass of SPT0311–58 together with a compilation of z > 2 protoclusters as a function of redshift (see text). The orange lines
correspond to the halo accretion history of the 25 most massive clusters at z = 0 in the IllustrisTNG simulation discussed by Lim et al. (2021).
The FLAMINGO simulations are taken from Lim et al. (2024), and represent the median and the full range among the 100 highest-SFR haloes
identified in each snapshot of its 2.8 Gpc and 1 Gpc box runs. The figure shows the extreme mass of SPT0311–58, being the most massive
protocluster discovered so far at EoR. It also shows the difficulty of TNG simulations to predict a rare system like SPT0311–58, as a consequence
of their limited simulated volume (i.e. box size of 300 Mpc). The position of SPT0311–58 can be reproduced by FLAMINGO simulations with
larger box sizes (see text).

detailed spatially resolved properties provided by the NIRSpec
IFU presented in previous sections.

6.2.1. Metallicity gradient and evidence of gas accretion in
the E galaxy

As shown in Fig. 10, the E galaxy shows a significant metal-
licity gradient of ∼0.7 dex, with the lowest values (i.e. 12-
log(O/H)∼ 7.9) found in the northwest region. This is close to
the zone where the Hα and [CII] emission extends towards the
position of the C1 galaxy (see grey isocontours in Figs. 10,
and 2c,f), indicating the presence of significant amounts of warm
and cold gas. In this region, the stellar component, as traced by
the continuum maps (panels a and d in Fig. 2), is not prominent.
This indicates that the outskirts of E in the northwest direction
should be dominated by gas. Moreover, the velocity field in the
northwest part of E shows significantly twisted isolines that can-
not be explained as part of a global regular rotation (Sect. 5). All
these features can be naturally explained as the result of the gas
accretion of low-metallicity gas from the CGM into the main E
structure.

In lower redshift galaxies (i.e. z ∼ 3) metallicity gradients
have also been found, and explained by the accretion of primor-
dial gas (Cresci et al. 2010) as predicted by theoretical models
(Dekel et al. 2009). The gas accretion in SPT0311–58 could be
triggered by the interaction of E with the C1 galaxy, which is

only ∼100 km s−1 and 2 kpc apart in projection. According to
the velocity field of E and the radial velocity of C1, this pos-
sible encounter would result in a prograde interaction, which is
an efficient process at driving gas inflows (Barnes & Hernquist
1992; Cox 2009; Lambas et al. 2012). Alternatively, E and C1
may not be interacting (i.e. simply appear close in projection),
and the accretion of low-metallicity gas into E could be the result
of smooth streams of gas from the IGM (Sánchez Almeida et al.
2014). This possibility is consistent with cosmological simula-
tions that predict that streams of inflowing gas from the cos-
mic web are the dominant mechanism for the formation of
galaxies in massive halos (e.g. Dekel et al. 2009; Ceverino et al.
2016). As we discuss in the previous section, SPT0311–58
resides in a massive halo and therefore the presence of streams
feeding its central regions with gas from the IGM is naturally
expected when it is actively building its stellar component at
rates >100s M� yr−1.

The observed metallicity gradient could, in principle, also be
explained by the merging of two (or more) galaxies with a sig-
nificant difference in metallicity. The continuum maps (Figs. 1
and 2a) show two distinct structures in the E galaxy, i.e. ES and
EN, which could be the result of two separate precoalesce merg-
ing galaxies. The MIRI image (Fig. 2d) also shows a structure to
the north-west that is not seen in NIRSpec likely due to obscura-
tion. However, the kinematic properties in the main structure of
E do not show evidence for two kinematically distinct objects,
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such as peaks in the velocity dispersion map, or rotation associ-
ated with their nuclear regions. The [OIII] (Fig. 7 upper panels)
and [CII] (Fig. 11) velocity fields also show a smooth behaviour
at large scales. The most significant distortion in the velocity
map is found at the northwest edge of the main structure (i.e.
not in an inner region), but the velocity dispersion there is rela-
tively low, which does not suggest gas motions associated with
strong interactions. Therefore, while we cannot rule out com-
pletely the merging scenario, the ionised gas, metallicity, and
kinematic maps presented here favour the gas accretion scenario
in the E galaxy.

A third alternative to explain metallicity gradients is the pres-
ence of outflows (e.g. Rodríguez Del Pino et al. 2024). However,
we do not see any clear evidence for outflows in our spec-
tra. Moreover, if an outflow were present (or had been active
in recent times), its most likely orientation would be along
the minor axis, which is perpendicular to the direction of the
metallicity gradient. Therefore, the outflow scenario can hardly
explain the case of SPT0311–58.

6.2.2. Kinematic evidence for an unsettled disc structure at
redshift ∼7

We now discuss the properties of L7, and the possibility that it
will merge with E. The kinematic maps for these two galaxies
are shown in Fig. 7. One clear feature that can be inferred from
the figure is that L7 is reshifted by ∼250 km s−1 with respect to
E. This fact has two implications. First, this significant kinematic
decoupling rules out that L7 has been formed by disc fragmenta-
tion in contrast to the clumps identified by Spilker et al. (2022)
at submm wavelengths. Second, the relative velocity between L7
and E allows us to constrain the geometry. In fact, taking into
account the dusty nature of E, L7 has necessarily to be located
between us and the main structure of E, as otherwise it could
not be observed through the dusty disc. Therefore its receding
velocity suggests that it is falling into E. Although we cannot
rule out that L7 has a large velocity component perpendicular to
the line of sight, its already large projected velocity with respect
to W (i.e. +928 km s−1) makes this possibility unlikely (i.e. oth-
erwise, its actual velocity with respect to W would be extremely
high). So, rather than a fortuitous alignment of a fly-by source,
the data suggest that we are witnessing the premerger phase
between L7-E. The mass ratio of both galaxies is .1:8, and thus
it should be classified as a minor merger event, the likes of which
are expected to occur frequently according to theoretical models
(e.g. Ceverino et al. 2016).

In Sect. 5 we show that, in addition to the irregular veloc-
ity field, the velocity dispersion map of the E galaxy exhibits a
nonaxisymmetric structure with variations at subkpc scales and
a global trend along the northwest – southeast direction (Fig. 7).
The velocity dispersion is high everywhere, with values rang-
ing from ∼75 up to 150 km s−1, indicating high turbulence. The
velocity dispersion map does not show the expected increase
due to beam-smeared velocity gradients in the central regions, as
observed in discs formed at later cosmic times (e.g. Übler et al.
2019). The sparse isovelocity lines shown in Fig. 7 clearly indi-
cate that the situation in this galaxy is rather different.

Then, the present 2D kinematic maps (i.e. both the veloc-
ity field and the velocity dispersion map) describe an ionised
gas structure that departs from what is expected for a set-
tled rotating disc. The kinematics of the cold gas component
obtained with high-resolution [CII]λ158 µm ALMA observa-
tions (Spilker et al. 2022), also reveal high velocity dispersions
associated with the clumps, indicating large turbulence. The

mean radial velocities of the clumps also follow a global velocity
gradient, and thus they could be the result of disc fragmentation.
Hence, the main kinematic properties of the E galaxy, as inferred
from the ionised and neutral gas phases, differ significantly from
the settled and regular behaviour observed in some DSFGs at
lower redshifts (i.e. z ∼ 4–5, Fraternali et al. 2021; Rizzo et al.
2021; Lelli et al. 2021; Parlanti et al. 2024; Übler et al. 2024).
In fact, the E galaxy is actively assembling its stellar component
undergoing a highly turbulent phase marked by the presence of
gravitational instabilities, gas accretion, and merger events. All
of these processes also account for the irregularities and subkilo-
parsec variations in the interstellar medium (ISM) conditions, as
evidenced by the ionisation and metallicity maps.

Still, despite these tumultuous conditions, the velocity field
in E shows a clear large-scale velocity gradient of about
200 km s−1. If interpreted as global rotation, the E galaxy will
have several complete revolutions (∼4 at r = 3 kpc) during the
next ∼0.5 Gyr (i.e. by z ∼ 4.5). Together with other mixing
mechanisms, this will contribute to redistributing the gas and
erase the physical and kinematic inhomogeneities produced by
present and recent events. Therefore, it is conceivable that this
process will make the properties of the E galaxy in SPT0311–58
to evolve into those of more settled DSFGs currently observed at
z ∼ 4–5 (e.g. Rizzo et al. 2021; Parlanti et al. 2024; Übler et al.
2024), unless additional accretion and/or mergers with nearby
objects continue to generate inhomogeneities in the ISM and dis-
turb its kinematics.

7. Summary and conclusions

We present JWST/NIRSpec IFU low-resolution (R = 100) and
high-resolution (R = 2700) spectroscopy of SPT0311–58 at
z ∼ 6.9, the most massive and distant dusty star-forming sys-
tem known, and a protocluster candidate. The main conclusions
of this paper can be summarised as follows:

(i) Our observations reveal ten new sources at a redshift
of ∼6.9 (and three additional foreground galaxies at z ∼ 1–
3) in the field around the two main, previously identified mas-
sive galaxies of the system, referred to as the E and W galax-
ies. The newly discovered z ∼ 6.9 galaxies are characterised by
dynamical masses of ∼109–1010 M�, and a wide range in rela-
tive velocity (∆v ≈ 1500 km s−1). The high density of sources
(φ∼ 104 Mpc−3) and their spread in radial velocity confirm that
SPT0311–58 is at the core of an extremely massive protoclus-
ter, for which we estimate a mass of ∼(5± 3)× 1012 M� from
its stellar content. SPT0311–58 is therefore the most massive
protocluster discovered so far at the EoR. A basic analysis indi-
cates that the innermost regions of the protocluster (r < 0.2 R200)
have likely not yet reached virial equilibrium. We also located
the galaxies in the projected phase space (PPS) diagram, and
find that most are gravitationally bound to the halo. According
to cosmological simulations for a protocluster with its mass, it
could evolve into a Coma-like system at z = 0, though this may
not be necessarily the case.

(ii) The ISM conditions of the sources in SPT0311–58 are
very diverse. While some of these z ∼ 6.9 objects have simi-
lar ionisation properties to those of the field galaxies at these
redshifts recently observed with JWST, others have conditions
mostly found in more evolved objects at lower redshift. In the
N2-BPT diagnostic diagram, most sources occupy the region
of composite SF/AGN ionisation at low-z, but we do not find
clear evidence for AGN. None are in the local LI(N)ER region,
but shocks are likely to be present in a turbulent ISM, which
is expected to experience disc fragmentation, interactions, and
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minor mergers. Similarly, the metallicity varies by more than 0.8
dex across the galaxies in the FoV. The regions with the highest
metallicity are associated with the two main massive galaxies,
with nearly solar values of ∼8.5–8.6 in the 12+log(O/H) scale.
Three external sources show the lowest metallicities with values
of about 7.9–8.1.

(iii) Using Hα, we characterised the unobscured star
formation (SFR(Hα)) in the system, and identified three
distinct SF regimes. First, the most massive W galaxy
(Mbar ∼ 3× 1011 M�) has a very modest SFR(Hα) (∼8 M� yr−1)
compared with the enormous obscured SF detected with ALMA
(i.e. SFR(FIR)∼ 3000 M� yr−1). Most of the SF in this galaxy
is totally blocked at optical and near-IR wavelengths, and can-
not be recovered with the dust-attenuation correction. Second,
the less massive, though still very massive (Mbar ∼ 4× 1010 M�)
E galaxy, has significant SFR(Hα)∼ 80 M� yr−1, with a domi-
nant SFR (FIR) of ∼500 M� yr−1. The dust-corrected SFR (Hα)
recovers most of the total SFR of the system. Finally, the
newly discovered sources have SFR(Hα)∼ 1–6 M� yr−1, and no
obscured SF is detected with ALMA. Their contribution to the
total SF of the system is minor (∼ few percent).

(iv) The 2D physical, chemical, and kinematic information
of the E galaxy provided by the present data allows us to char-
acterise the current early phases of its stellar mass assembly.
The velocity field and the velocity dispersion maps show asym-
metric and irregular patterns indicating clear departures from
rotation and high turbulence (intrinsic velocity dispersion, σ0,∼
115 km s−1 ). We find large-scale motions between the ionised
gas component probed with NIRSpec and the cold gas phase
counterpart traced by ALMA. This galaxy shows a clear metal-
licity gradient of ∼0.1 dex/kpc that is naturally explained by
accretion of pristine gas from the IGM. We also identify a possi-
ble (precollision) minor merger event. All these results suggest
a scenario in which the E galaxy is undergoing a tumultuous
phase while actively assembling its stellar component. How-
ever, the large global velocity gradient observed suggests that
it could evolve into a regular settled rotating DSFG, similar to
those observed at later cosmic times (i.e. z ∼ 4–5).

The present study highlights the role of SPT0311–58 as an
ideal astrophysical laboratory for studying galaxy evolution in
a very massive dark-matter halo at the epoch of reionisation. It
also demonstrates the enormous potential of the JWST/NIRSpec
IFU for detailed spatially resolved analyses at these very early
cosmic times.
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Appendix A: Spectral characterisation: Methods

A.1. Definition of extraction apertures for regional integrated
spectra

We defined a set of extraction apertures, which were used to
obtain the integrated spectra for the sources in SPT0311–58
(Fig. A.1). The definition of these apertures is, in some cases,
difficult because the emission distribution of the lines and the
continuum is different, and also because the presence of arte-
facts force us to exclude some spaxels from the aperture that
would have been otherwise included. As a consequence, the
absolute fluxes inferred from the spectra should be taken with
caution, also considering that the calibration of the instrument
is not consolidated yet. However, the velocity determinations,
and the flux line ratios should be reliable within the uncer-
tainties imposed by the S/N. In addition, we obtained and
applied specific aperture corrections to the individual apertures,
which (partially) correct the derived absolute fluxes (see next
section).

Figure A.1 shows the apertures used. On the left panel,
yellow lines indicate the apertures for the z ∼ 6.9 sources.
For the W galaxy we use a dashed line to indicate that this
aperture is not defined on the basis of the NIRSpec data,
but from the 160 µm continuum ALMA image. Subregions
within the E galaxy are indicated with pink lines. For the low-
z objects the apertures are displayed with cyan lines (see also
Fig. 3 for a simplified version of this figure). The red region
in this panel represents the region used to obtain the back-
ground spectrum. In the right panel, we show additional aper-
tures, including the ones with 1 arcsec in diameter (i.e. E1c
and W1c, in orange lines) used to compare with the Paα mea-
surements obtained with MIRI (Álvarez-Márquez et al. 2023).
In this panel the red regions represent the spaxels used to
probe the external diffuse external emission outside the E and
W galaxies (i.e. the Eext and Wext apertures). These extended
apertures were only used to probe the Hα emission at the red-
shift of SPT0311–58, so the fact that for the W it includes
some emission from the lens galaxy is not critical. Neverthe-
less, as it can be seen in the figure, we exclude the spaxels
with the brightest emission from the lens galaxy to minimise the
noise.

A.2. Aperture corrections

We obtained the aperture corrections making use of the high-
resolution G395H/290LP observations of the standard star
1808347 (PID:1128, Obs. 9; PI: N. Luetzgendorf), which were
reduced using the same pipeline version and context as for the
SPT0311–58 data. The aperture masks were shifted such that
they were centered with the peak of the star emission. Then
we define filters of about 200 spectral pixels around two wave-
lengths (3.4 and 5.2 µm), and the fractions of light contained
within the aperture with respect to the total in the FoV were
computed. The results are summarised in Table A.1. We note
that for Eext and Wext, defined for tracing the extended emission,
the aperture correction were not obtained. For L7, characterised
with a 2D spectral decomposition, the aperture correction is not
either computed.

A.3. High resolution (R2700) integrated spectra

The integrated R2700 spectra for the sources and regions in
SPT0311–58 are presented in Fig. A.2. The R100 spectra were
presented in Fig. 5.

Table A.1. Aperture positions and corrections

ID X Y ∆α (”) ∆δ (”) AC-3.4 AC-5.2

E 35 52 +1.00 -0.15 0.87 0.83
Ecir

1 34 52 +1.05 -0.15 0.92 0.89
ESb 33 43 +1.10 -0.60 0.72 0.65
EN 36 57 +0.95 +0.10 0.81 0.75
ENa 34 52 +1.05 -0.15 0.50 0.44
ENb 36 57 +0.95 +0.10 0.63 0.55
ENc 36 62 +0.50 +0.15 0.46 0.40
W 73 41 -0.90 -0.70 0.89 0.86
Wcir

1 73 41 -0.90 -0.70 0.92 0.89
C1 49 70 +0.30 +0.75 0.76 0.70
C2 55 80 +0.00 +1.25 0.72 0.66
C3 80 32 -1.25 -1.15 0.51 0.45
L1 83 61 -1.40 +0.30 0.64 0.58
L2 67 73 -0.60 +0.90 0.55 0.49
L3 32 80 +1.15 +1.25 0.60 0.54
L4 45 58 +0.50 +0.15 0.62 0.56
L5 24 35 +1.55 -1.00 0.68 0.61
L6 49 36 +0.30 -0.95 0.59 0.56
lz1 28 32 +1.35 -1.15 0.34 0.27
lz2 17 39 +1.90 -0.80 0.54 0.48
lz3 27 42 +1.40 -0.65 0.61 0.54

Notes. Column 1: Aperture identification, Columns 2 and 3: X and Y
coordinates in the cube for the central spaxel of the aperture, Columns
4 and 5: relative sky coordinates with respect to the centre of the FoV
(i.e. spaxel [55,55], sky coordinates: α = 03h 11m 33s.248 and δ = -58◦
23’ 33”.24). Columns 6 and 7: Aperture corrections at 3.4 µm and 5.2
µm, which correspond approximately to the observed wavelength of Hγ
and Hα at z=6.90. 1 Circular aperture of 1 arcsec in diameter.

A.4. Line fitting

The emission lines in the R100 and R2700 integrated spec-
tra were fit to single Gaussian profiles linking their relative
fluxes and wavelengths according to their atomic parameters,
and imposing the same line width for all the lines. The spec-
tral ranges [OII], Hβ-[OIII], and Hα-[NII] were fitted indepen-
dently, though for the [OII] and Hα-[NII], the kinematic param-
eters were constrained to the one derived for the Hβ-[OIII] com-
plex.

In the R100 spectra Hα and the [NII] lines are not well
resolved and the results of the fit may be degenerated, espe-
cially at low S/N. The [OII]λλ3726, 3728 doublet is unresolved
at R2700 and fit with a single Gaussian, as in this case we were
only interested in the total flux (i.e. not in the kinematics).

For the regions with the highest S/N (i.e. E galaxy), line fit-
ting at spaxel level (or with moderate binning) was performed.
The R2700 spectra were used to disentangle two kinemati-
cally distinct components following the approach described in
Perna et al. (2022) (see Sect. 3.3.3).

A.5. Line fluxes

Table A.2 gives the line fluxes and their uncertainties obtained
from the Gaussian fits of the R100 and R2700 spectra for the
[OII]λλ3726, 3728, Hβ, [OIII]λ5008, Hα, and [NII]λ6584 lines.

As the main lines used in this work appear in both the R100
and R2700 datacubes, this give us the opportunity to compare
the derived fluxes with the two spectral configurations (see Fig.
A.3). As it is shown in the Figure, the fluxes span more than
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Fig. A.1. Selected apertures. Left panel: Yellow lines indicate the apertures for the z ∼ 6.9 sources, while with cyan is used for the low-z objects,
including the lens galaxy. For the W galaxy we use a dashed line to indicate that this aperture is not defined on the basis of the NIRSpec data, but
from the 160 µm continuum ALMA image. Apertures for the subregions within the E galaxy are indicated with pink lines. The red region in this
panel marks the region used to obtain the background spectrum. Right panel: Additional apertures, including the ones with 1 arcsec in diameter
(i.e. E1c and W1c, in orange lines) used by Álvarez-Márquez et al. (2023). In this panel the red regions represent the spaxels used to probe the
diffuse external emission outside the E and W galaxies (i.e. the Eext and Wext apertures).

two orders of magnitude and indicate in general good agree-
ment. There is however a small systematic trend in the sense that
R100 fluxes are about 10 percent higher than R2700 ones. As
the R100 data are subject to larger uncertainties in the absolute
calibration (Charles Profitt, priv. comm.), we applied this 10 per-
cent correction to the R100 data. After taking into account this
factor fluxes typically agree better than 20 percent, except few
cases. There is not a configuration (i.e. R100 or R2700) that is
generally preferred for obtaining the fluxes. Their spectra have
S/N that in many cases are comparable, though they may dif-

fer on other data quality aspects. For instance, the Hα line at
the redshift of SPT0311–58 is very close the edge of the spec-
tra, leaving in the case of R100 few pixels for the determination
of the continuum redwards the line. Moreover, in R100 spectra
Hα and the [NII] lines are not resolved, which makes the fits
degenerated especially in a low S/N regime. On the other hand,
the R2700 datacube is affected in some cases by artefacts that
could not be removed by the pipeline nor by a posterior process-
ing. Table A.2 gives further details on the derived fluxes for the
lines.
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Fig. A.2. R2700 spectra in the region of the [OII]λ λ3726,3728, Hβ-[OIII]λ λ4959,5007, and Hα-[NII]λ6584 for the sources and regions in
SPT0311-58. The vertical lines mark the central position of these lines at the redshift of the source.
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Fig. A.3. Comparison of the line fluxes obtained from R100 and R2700 integrated spectra. Fluxes from R100 spectra are reduced by 10 per-
cent (see text). The dashed lines correspond to the 1:1 and 1:1.1 ratios. Colours distinguish between lines, and green text labels indicate the
aperture/spectrum.

Table A.2. Line fluxes for the sources and regions in the FoV1

Sp OII-R100 OII-R2700 Hβ-R100 Hβ-R2700 OIII-R100 OIII-R2700 Hα-R100 Hα-R2700 NII-R100 NII-R2700

E 8.71±0.48 8.52±0.43 4.50±0.17 4.46±0.24 15.49±0.19 14.48±0.28 21.03±0.33 18.59±0.56 5.54±0.27 4.52±0.48
E1c 8.08±0.56 8.91±0.56 4.65±0.19 4.77±0.29 15.46±0.22 14.47±0.34 22.91±0.52 18.57±0.71 5.24±0.43 4.12±0.61
Eext 10.04±0.56 10.77±0.83 15.38±1.512 13.82±2.34 0.14±2.64
ES 1.95±0.18 1.51±0.17 0.70±0.08 0.70±0.08 2.00±0.09 1.98±0.09 3.88±0.11 3.09±0.25 0.98±0.09 1.25±0.23
EN 4.74±0.24 4.39±0.25 2.81±0.10 2.42±0.14 10.26±0.11 9.14±0.16 11.88±0.20 10.49±0.32 3.33±0.17 1.85±0.27
ENa 1.15±0.07 1.41±0.11 0.73±0.04 0.86±0.07 2.93±0.05 2.95±0.08 3.02±0.05 3.34±0.20 0.81±0.04 0.88±0.19
ENb 1.86±0.12 1.35±0.10 1.00±0.05 0.87±0.05 3.47±0.05 3.10±0.06 4.06±0.10 3.39±0.12 1.21±0.08 0.56±0.10
ENc 0.40±0.05 0.35±0.07 0.20±0.04 0.14±0.03 0.91±0.04 0.69±0.03 0.99±0.05 0.76±0.06 0.22±0.04 0.16±0.05
W 3 1.28±0.28 4.93±0.52 1.08±0.41
W1c 1.10±0.24 2.78±0.32 3.02±0.49 1.13±0.26 1.32±0.41
Wext 2.12±0.66 7.35±0.64 6.00±0.74 5.77±0.78 3.01±0.68
C1 1.41±0.12 1.14±0.13 0.54±0.09 0.31±0.08 1.55±0.10 1.52±0.09 1.74±0.12 1.39±0.24 0.38±0.10 <0.876
C2 0.54±0.10 0.47±0.11 0.31±0.07 1.59±0.09 1.27±0.06 1.07±0.122 0.88±0.13 <0.465
C3 0.55±0.17 0.26±0.07 0.32±0.06 0.77±0.08 0.64±0.07 1.49±0.19 1.19±0.18 0.54±0.15
L1 0.49±0.11 0.30±0.07 0.28±0.05 3.17±0.08 2.95±0.06 1.28±0.12 1.29±0.12 <0.429
L2 0.64±0.06 0.40±0.04
L3 0.70±0.09 0.77±0.05 0.50±0.12 0.49±0.12
L4 (0.74±0.06)4 (0.31±0.05)4 0.76±0.09 0.59±0.13 0.29±0.08
L5 0.71±0.10 0.41±0.05 3.16±0.12 2.56±0.06 1.89±0.232 1.55±0.11 <0.565
L6 0.61±0.08 0.59±0.06 0.51±0.08 0.52±0.10

Notes. 1From the integrated spectra in the apertures defined in Fig. A.1, in units of 10−18 erg/s/cm−2. For E and W galaxies we also include values
in apertures of 1 arcsec in diameter as in Álvarez-Márquez et al. (2023). No aperture corrections, nor 10 percent correction for R100 fluxes are
applied. 2 The fit for the Hα -[NII] complex gives no flux for the [NII]lines. 3 For W, R100 Hβ flux is contaminated by the lens galaxy. For the
Hα flux the R100 spectrum is preferred because the large velocity range covered by the aperture induces a significant increase of noise in the high
resolution spectrum. 4 Difference between R100 and R2700 fluxes are larger than × 2, and not considered. The upper limits correspond to 3-σ the
noise level.
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Appendix B: Magnification map

The present data allow us to determine accurately the redshift,
light profile, and stellar mass of the lens galaxy, and therefore
they offer the opportunity to create a lens model and obtain
the magnification factors for each source in the FoV. To this
aim we use the public lens modeling software PyAutoLens
(Nightingale & Dye 2015, Nightingale et al. 2018, 2021), and
follow the methodology described in Jones et al. (2024).

First, we generate a panchromatic image collapsing the R100
datacube over the spectral range 1–5 µm (i.e. rest-frame ∼ 0.49 –
2.45 µm at the lens redshift). The light profile for the lens galaxy
in this image was fitted with a Sérsic profile, and we model the
PSF as a circular Gaussian with FWHM= 0.1′′. The fitting pro-

cess results in the best-fit centroid position, intrinsic axis ratio
(q ≡ a/b), position angle (φ), effective radius (reff), and Sér-
sic index (n) of the light profile. We assume that the mass pro-
file can be represented by an isothermal ellipsoid with the same
geometrical properties as the light profile (i.e. centroid, q, φ),
but an Einstein radius based on the stellar mass of the galaxy
obtained from the R100 spectra as in Sect. 4.1 (i.e. log(M?/M�
= 9.39) and the expected stellar mass surface fraction following
Jiménez-Vicente et al. (2015). The resulting lens parameters are
listed in Table B.1. This model was used to create a magnifica-
tion map, from which we obtained the factors included in Table
B.2 (see also Fig. B.1). Since source W is multiply imaged, it
was not included in this simple analysis, and we adopt the mag-
nification factor of Marrone et al. (2018) instead.
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Fig. B.1. Magnification map defined as the inverse of the determinant of the Jacobian of our best-fit lens model. The critical lines are displayed
in cyan, and positions of galaxies are marked with text. In order to display the small magnifications of the distant components, we only display
magnifications below µ < 2. For reference, we display the panchromatic image of the lensing galaxy.

Table B.1. Best-fit lens model parameters, including axis ratio (q), position angle φ, effective radius and Sérsic radius of the light profile, and
Einstein radius.

q φ [◦] reff [′′] n rEin [′′]

2.92 ± 0.01 59.32 ± 0.08 0.266 ± 0.001 1.01 ± 0.01 0.17
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Table B.2. Approximate magnification factors for each galaxy in the
FoV, as derived from the determinant of the Jacobian of our best-fit lens
model. Since source W is multiply imaged, it is not included in this
simple analysis and we state the magnification factor of Marrone et al.
(2018) instead.

Component Magnification

E,L7 1.15
C1 1.21
C2 1.10
C3 1.40
L1 1.14
L2 1.12
L3 1.11
L4 1.62
L5 1.06
L6 1.14
W (2.2)

A146, page 28 of 28


	Introduction
	Observations and reductions
	SPT0311–58 observations
	NIRSpec IFU data reduction
	Astrometric registration
	Background
	Ancillary data

	Field characterisation: Discovery of 10 new z6.9 galaxies (and 3 low-z objects)
	NIRSpec R100 spectral imaging: Identification of continuum and line-emitting sources at z6.9 
	Morphological comparison with MIRI and ALMA imaging
	Spectral characterisation of SPT0311–58
	Spectra of the lens and other low-z galaxies
	Spectra of the nine sources at z6.9 identified with R100 spectral imaging
	Identification of L7 at z6.9 via 2D kinematic decomposition

	Summary of sources in the FoV of SPT0311–58

	Stellar masses, ISM conditions, and star formation
	Stellar masses
	Nebular dust attenuation from the recombination lines
	Emission line ratio diagnostic diagrams
	Metallicity
	H-based star formation

	Kinematic properties
	Newly discovered z6.9 sources: Relative velocities, velocity dispersions, and dynamical masses
	E galaxy
	W galaxy

	Discussion
	SPT0311–58: A protocluster core in a massive dark-matter halo
	Main properties of the dark-matter halo
	Probing the dynamical state of the protocluster core
	The SPT0311–58 protocluster in context: comparison with cosmological simulations and other observations

	The turbulent early phases of galaxy assembly: accretion, mergers, and gravitational interactions
	Metallicity gradient and evidence of gas accretion in the E galaxy
	Kinematic evidence for an unsettled disc structure at redshift 7


	Summary and conclusions
	References
	Spectral characterisation: Methods
	Definition of extraction apertures for regional integrated spectra
	Aperture corrections
	High resolution (R2700) integrated spectra
	Line fitting
	Line fluxes

	Magnification map

