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MIRI/JWST observations reveal an extremely obscured starburst in
the z=6.9 system SPT0311-58
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ABSTRACT

Luminous infrared starbursts in the early Universe are thought to be the progenitors of massive quiescent galaxies identified at redshifts 2 to
4. Using the Mid-IRfrared Instrument (MIRI) on board the James Webb Space Telescope (JWST), we present mid-infrared sub-arcsec imaging
and spectroscopy of such a starburst: the slightly lensed hyper-luminous infrared system SPT0311-58 at z=6.9. The MIRI IMager (MIRIM) and
Medium Resolution Spectrometer (MRS) observations target the stellar (rest-frame 1.26um emission) structure and ionised (Pae and Ha) medium
on kpc scales in the system. The MIRI observations are compared with existing ALMA far-infrared continuum and [C n]158um imaging at a
similar angular resolution. Even though the ALMA observations imply very high star formation rates (SFRs) in the eastern (E) and western (W)
galaxies of the system, the Ha line is, strikingly, not detected in our MRS observations. This fact, together with the detection of the ionised
gas phase in Pae, implies very high internal nebular extinction with lower limits (Ay) of 4.2 (E) and 3.9 mag (W) as well as even larger values
(5.6 (E) and 10.0 (W)) by spectral energy distribution (SED) fitting analysis. The extinction-corrected Paa lower limits of the SFRs are 383 and
230 M,, yr~! for the E and W galaxies, respectively. This represents 50% of the SFRs derived from the [C n]158um line and infrared light for the
E galaxy and as low as 6% for the W galaxy. The MIRIM observations reveal a clumpy stellar structure, with each clump having 3 to 5 x10° M,
mass in stars, leading to a total stellar mass of 2.0 and 1.5x10'° M,, for the E and W galaxies, respectively. The specific star formation (sSFR) in
the stellar clumps ranges from 25 to 59 Gyr~', assuming a star formation with a 50-100 Myr constant rate. This sSFR is three to ten times larger
than the values measured in galaxies of similar stellar mass at redshifts 6 to 8. Thus, SPT0311-58 clearly stands out as a starburst system when
compared with typical massive star-forming galaxies at similar high redshifts. The overall gas mass fraction is My,s/M. ~ 3, similar to that of
7~4.5-6 star-forming galaxies, suggesting a flattening of the gas mass fraction in massive starbursts up to redshift 7. The kinematics of the ionised
gas in the E galaxy agrees with the known [C 1] gas kinematics, indicating a physical association between the ionised gas and the cold ionised or
neutral gas clumps. The situation in the W galaxy is more complex, as it appears to be a velocity offset by about +700km s~! in the Paq relative to
the [Cu] emitting gas. The nature of this offset and its reality are not fully established and require further investigation. The observed properties
of SPT0311-58, such as the clumpy distribution at sub(kpc) scales and the very high average extinction, are similar to those observed in low-
and intermediate-z luminous (E galaxy) and ultra-luminous (W galaxy) infrared galaxies, even though SPT0311-58 is observed only ~800 Myr
after the Big Bang. Such massive, heavily obscured clumpy starburst systems as SPT0311-58 likely represent the early phases in the formation
of a massive high-redshift bulge, spheroids and/or luminous quasars. This study demonstrates that MIRI and JWST are, for the first time, able to
explore the rest-frame near-infrared stellar and ionised gas structure of these galaxies, even during the Epoch of Reionization.
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. & 10" Lokpe™2; Thompson et al. 2005; Crocker et al.
2018). The most accepted evolutionary scenario is that before
the galaxy became a naked quasi-stellar object and finally a
compact quiescent galaxy (Hopkins et al. 2008a,b), interactions
and/or mergers of gas- and dust-rich galaxies in the early Uni-
verse (z>4) went through an initial short (<100 Myr) and intense
(SFR>10? M, yr™') dusty starburst phase at coalescence, result-
ing in the expulsion (blowout phase) of the remaining interstel-
lar medium (ISM). This basic evolutionary scenario has recently
been challenged, as the comoving density of detected infrared-
luminous dusty star-forming galaxies at z>4 appears to be lower
than current estimates of quiescent galaxies at z~3—4 (Valentino
et al. 2020). In addition, recent ALMA-based studies indicate
that dusty star-forming galaxies at z>4 have a wide range of un-
derlying morphologies and physical origins: they can be mem-

1. Introduction

Since the discovery of massive quiescent galaxies at z=2—4
(Cimatti et al. 2004, 2006; van Dokkum et al. 2004; Stockmann
et al. 2020; Valentino et al. 2020), it has been hypothesised
that their progenitors in the early Universe must be short-lived
massive starbursts at z>4 (Casey et al. 2014; Toft et al. 2014).
Analysis of Atacama Large Millimeter Array (ALMA) obser-
vations of far-infrared ultra-red sources has identified galaxies
at z=3-7 (Iono et al. 2016; Oteo et al. 2016, 2017; Gémez-
Guijarro et al. 2018; Marrone et al. 2018) with extreme in-
frared luminosities (log Lir(Le) > 13) and star formation rates
(SFRs; SFR>103 M, yr!) in very compact regions (1-2 kpc ra-
dius). These galaxies are the most luminous and intense star-
forming galaxies in the Universe. They are even identified as

maximal starbursts (i.e. Zgrr ~ 0.5-1x10° Mg yr~! kpc=2 and

* Deceased

bers of protoclusters (Oteo et al. 2017; Drake et al. 2020), they
can be involved in major and/or minor mergers (Riechers et al.
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2020; Ginolfi et al. 2020; Gémez-Guijarro et al. 2018), or they
can be large star-forming discs (Hodge et al. 2012; Jiménez-
Andrade et al. 2020). Therefore, the triggering mechanisms of
these extremely massive and luminous starbursts and their subse-
quent evolution is far from clear. Shedding new light on this topic
requires use of the James Webb Space Telescope’s (JWST) high
angular resolution imaging of their stellar structure and close en-
vironment.

So far, most of the knowledge about the structure of dusty
star-forming galaxies at z>4 comes from the ALMA dust con-
tinuum and [C1]158um emission line maps. These studies con-
clude that while the dust emission is compact, the [Cu]158um
emission tracing the bulk of the neutral phases (atomic and/or
molecular) is more extended, with an average effective radius of
1 and 1.7 kpc, respectively (Cooke et al. 2018). With an SFR of
~1000 Mg yr~! in such small volumes, a compact massive core
would form in a very short time (<100 Myr, Toft et al. 2014),
as seen in intermediate redshift (z=2) quiescent galaxies. Due to
their extreme faintness at (rest-frame) optical wavelengths, the
stellar structure of extreme starbursts is mostly unknown and out
of reach with Hubble Space Telescope (HST) and 8-10 m tele-
scopes. Only a handful of galaxies have IRAC/Spitzer detections
in the mid-infrared, but these lack the angular resolution to in-
vestigate their structure. The JWST, with its combination of sub-
arcsec angular resolution and sensitivity orders of magnitudes
better than any other previous telescope in the near- and mid-
infrared spectral range (i.e. 1 to 28 um), opens for the first time
the possibility of investigating the structure of the stellar light
and ionised gas in these galaxies on (sub)kpc scales.

SPT0311-58 is the highest redshift (z=6.9) infrared-
luminous dusty star-forming system known so far (Strandet et al.
2017; Marrone et al. 2018) and one of the only two identified in
the Epoch of Reionization (the other is HFLS3 at a redshift of
6.3; Riechers et al. 2013). This system was first discovered in
the South Pole Telescope Survey (Vieira et al. 2013) and was
later studied in detail with ALMA, tracing several molecular
and atomic lines at different angular resolutions from 0.3-0.5
to 0.07-0.08 arcsec (Marrone et al. 2018; Jarugula et al. 2021;
Spilker et al. 2022). The system consists of an East-lensed (E)
and a West-lensed (W) galaxy that are separated by a projected
distance of 8 kpc, relative velocities of 700 km s~ and average
lensing magnification of 1.3 (E) and 2.2 (W). Their intrinsic in-
frared luminosity (8 to 1000 um) places the two galaxies of the
system in the range of ultra-luminous (E) and hyper-luminous
(W) infrared galaxies, with luminosities of 3.5+0.7x10'? Lg, and
26+12x10"% Ly, respectively (Jarugula et al. 2021). SPT0311-
58 is a very gas-rich system with intrinsic total gas masses (E
and W) of 3.1+2.7x10'° M, and 5.4+3.4x10'"' My (Jarugula
et al. 2021). Star formation is proceeding at a very rapid pace,
with [Cu]158um-based rates of 778 and 1775My yr! in the
E and W galaxies, respectively (Spilker et al. 2022). This star
formation appears to be distributed across several clumps with
sizes of about 1kpc radius, and the stars form at rates of 100
to 400 M, yr~!. The kinematics of the [Cn] emitting gas indi-
cate that neither of the two galaxies in SPT0311-58 agree with
the velocity pattern from a thin rotation-supported disc. The per-
turbed kinematics are rather likely produced by the combined
effect of tidal interactions, disc gravitational fragmentation, and
increased turbulence associated with the star formation process
itself (Spilker et al. 2022).

This paper presents mid-infrared imaging and spectroscopy
obtained with the JWST Mid-Infrared Instrument (MIRI) (Rieke
etal. 2015; Wright et al. 2015). For the first time, these data show
the stellar structure and ionised gas on kpc scales of a massive
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star-forming system from when the Universe was only 800 Myr
old. The structure of the paper is as follows. Section 2 presents
the JWST data, including the calibration and post-calibration
processing (§2.1 to §2.3). The ALMA and HST ancillary data
are presented together with details about the relative astrometry
of the different sets of data (§2.4 and §2.5). Section 3 presents
the removal of the lensing galaxy (§3.1), the MIRI photometry
(§3.2), and spectroscopic (§3.3) measurements. Section 4 con-
tains our results and discussion, including the overall spectral
energy distribution (SED) of SPT0311-58 components (§4.1),
the stellar structure of the system (§4.2), the internal extinction
based on the hydrogen recombination lines and SED fit (§4.3),
the kinematics of the ionised medium (§4.4), the starburst nature
and SFRs (§4.5), the ratio of the stellar to dynamical mass in
this system (§4.6), and the SPT0311-58 system in the context of
cosmological models (§4.7).

SPTO0311-58 is a slightly magnified lensed system. Through-
out the paper, average lensing factors of 1.3 and 2.2 for the E
and W galaxies, respectively, of the SPT0311-58 system (Mar-
rone et al. 2018; Jarugula et al. 2021) are used when convert-
ing observed fluxes to intrinsic fluxes as well as luminosities,
and derived properties, such as SFRs and stellar masses. We as-
sume a A-Cold Dark Matter (ACDM) cosmology model with
Q,=0.310 and Hy=67.7kms~' Mpc~! (Planck Collaboration
et al. 2020). For this cosmology, 1 arcsec corresponds to 5.39 kpc
at z=6.9, and the luminosity distance is Dy, =69 Gpc. Following
Madau & Dickinson (2014), the SFRs and stellar masses from
published data based on Salpeter initial mass function (IMF)
(Salpeter 1955) were transformed into Kroupa (Kroupa 2001)
and Chabrier (Chabrier 2003) by multiplying by the same fac-
tors, 0.67 (SFR) and 0.66 (M.,).

2. Observations, calibration, and data processing
2.1. JWST data

SPT0311-58 JWST data were obtained on July 17, 2022, using
the MIRI as part of the European Consortium MIRI Guaranteed
Time (proposal ID 1264). The data is composed of imaging ob-
servations from the MIRI Imager (MIRIM; Bouchet et al. 2015)
and integral field spectroscopic observations from the medium
resolution spectrograph (MRS; Wells et al. 2015; Labiano et al.
2021). The image was taken with the F1000W filter centred at
10pm for a total integration time of 2719.5 seconds in FASTR1
read-out mode and using a four-point dither pattern optimised for
point source. Each dither was divided into three integrations of
81 groups. The MRS data were taken in SLOWR1 read-out mode
with two independent configurations, SHORT and MEDIUM,
and each had a total integration time of 7549.2 seconds. This
time was distributed in a four-point dither optimised for extended
sources. Each dither consisted of two integrations with 39 groups
each. To support the background subtraction, a complementary
MRS pointing at a nearby sky region was obtained using the
same MRS configurations and observing setup as for SPT0311-
58 but with only two dithers. The SHORT and MEDIUM spec-
tral ranges cover eight independent spectral bands in the 4.9 to
28.1 um spectral range (see Wells et al. 2015; Labiano et al. 2021
for details).!

! Check this JDox page for information about MRS channels and
bands.


https://jwst-docs.stsci.edu/jwst-mid-infrared-instrument/miri-observing-modes/miri-medium-resolution-spectroscopy
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2.2. MIRIM F1000W calibration

The MIRIM F1000W data were calibrated with version 1.6.2 of
the JWST pipeline and context 0937 of the Calibration Refer-
ence Data System (CRDS). The CRDS context includes inflight
dark current and flat-fields reference files. The reduction was
done in an iterative way. We first ran the usual pipeline: (stage
one) ramp to slopes, (stage two) photometric and astrometry cal-
ibration, and (stage three) drizzling, re-mapping, stacking, and
mosaicking with default parameters. The mosaic resulting from
this iteration presented a background gradient, with the bottom
fifth of the field of view (FoV) darkening by up to ~2% com-
pared to the (much flatter) rest of the image (far away from the
SPTO0311-58 source in any case). There were also vertical stripes
at the <0.5 background level.

In order to subtract the background and remove the gradi-
ent and striping artefacts, we performed a second iteration of the
reduction. We started this iteration by detecting objects in the
mosaic using Sextractor and producing a segmentation map that
we enlarge by 5 pixels to account for the low surface background
regions of the galaxies. Next, we applied a column and row fil-
tering of the data (subtracting medians of each column and then
of each row), masking first the objects found in the first mosaic
with a mathematical morphology dilation of 5 pixels. We also
estimated the background in 128x128 pixel® boxes and fitted a
smooth surface to remove the gradient in the bottom part of the
image (although the additive or multiplicative nature of this gra-
dient is still not clear). We then obtained new intermediate cali-
brated files (i.e. the output of stage two of the pipeline) with flat
null backgrounds, which we ran through stage three to produce
a new mosaic. We then repeated the procedure once more to get
better object masking and obtained final background-subtracted
mosaics with pixel scales of 0.1109” (the nominal pixel size)
and 0.06".

Another alternative method was used for the stripe removal
and background homogenisation. After detecting and masking
objects in the different dithered exposures, we calculated a back-
ground map to correct a given image. In the construction of the
background map, we first removed the median of each image,
then combined the images in a stacked background frame, and
finally scaled the stack by the median background of the image
we were interested in correcting. Although this method has been
very successful in dealing with the background in some other
datasets (e.g. PRIMER data, Pérez-Gonzdlez et al., in prep.), the
limited number of dithering positions in the SPT0311-58 dataset
did not allow for a correct background nor for artefact removal
using this more advanced method.

The image with 0.06” was used throughout the analysis, as
it provides good matching with the ancillary high angular res-
olution (beam size of 0.07-0.08"") ALMA data (Spilker et al.
2022). The WCS of these mosaics were off by ~0.5” but were
corrected when performing the additional astrometry corrections
for comparison with ALMA and HST data (see §2.5). The 5o
depth of the final mosaic reaches 25.5 mag for a 0.32” circular
aperture (around our source), the radius being the full width at
half maximum (FHWM) of the point spread function (PSF) in
the F1000W band, for which we calculated a 30% aperture cor-
rection, that is, the data reaches 25.2 mag 5o~ depth for point-like
sources.

2.3. MRS calibration

The MRS observations were processed with version 1.7.3 of the
JWST calibration pipeline and context 0977 of CRDS.? In gen-
eral, we followed the standard MRS pipeline procedure (Labiano
et al. 2016; Bushouse et al. 2022; and Alvarez—Mérquez et al.
2019b, 2022 for examples of MRS data calibration) but included
some variations that were needed to improve the quality of the fi-
nal calibrated products for deep MRS observations. SPT0311-58
is a faint source whose main expected emission is around the Paa
and/or Ha lines and is without detectable continuum emission.
Therefore, the noise in the long integration (~7.5 ks) is domi-
nated by the background and detector effects, and SPT0311-58
is not detected in individual exposures.

The first stage of the MRS pipeline, which performs the
detector-level corrections and transforms the ramps to slope de-
tector products, was run skipping the reset step (Morrison et al.
in prep.). Versions 1.6.2, or higher, of the pipeline includes the
reset correction in the CRDS dark reference file. Detectors could
have warm pixels, which are transient and likely due to the effect
of previous cosmic ray events. For each MRS detector, we ob-
tained the median of all background and on-source slope images,
independent of the pointing. The derived median slope images
were used to identify the warm pixels in each detector by ap-
plying a classical sigma clipping algorithm. The detected warm
pixels were updated in the data quality array of the individual
slope images. The first MRS integration of a visit presents a dark
current (~25%) lower than the following ones. We corrected for
this effect in each of the slope images by subtracting the median
values of all pixels located in the inter-channel area of the detec-
tor, which is usually not illuminated by the sky and/or telescope
emission. We found that the standard pipeline identifies and cor-
rects most of the cosmic ray (CR) events, but the so-called CR
showers and/or highly energetic CRs still leave some relevant
residual effects.” The residuals of the CR showers and additional
detector effects are more relevant in channels one than three due
to the differences in the background levels.

The second stage of the pipeline, which provides fully cal-
ibrated detector images, was run skipping the straylight and
background pixel-by-pixel subtraction steps. Our MRS dataset is
dominated by the background emission and/or detector effects,
and therefore, the straylight correction provides only second-
order corrections. Additionally, the straylight correction could
provide over subtraction in some areas of the detector due to the
presence of bright or hot pixels. The pixel-by-pixel background
was performed as the last step of the second stage of the pipeline
and after the photom/flat-field and flat fringe corrections were
done. We generated a master background detector image for each
MRS channel and band. This was done by obtaining the median,
independent of the pointing, for all background and on-source
fully calibrated detector images. The master background detec-
tor image was subtracted from each of the fully calibrated detec-
tor images. The decision to subtract the background at the end
of the second stage was driven by the fact that the main source
is not detected in individual exposures and the noise in the fully
calibrated detector images is dominated by background or detec-
tor effects. Therefore, this pixel-by-pixel background subtraction
would correct any fringe or detector level residuals as well as any
features injected by the photometry and flat-field correction.

2 Check this JDox page for general information about the JWST cal-
ibration pipeline. Review the MIRI Features and Caveats and Pipeline
Caveats webpages for the latest status and information about the MIRI
performance and calibration pipeline known issues.
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The third stage of the pipeline, which combines all the expo-
sures and provides the 3D spectral cubes, was run using default
settings on the background subtracted and fully calibrated detec-
tor images. This process produced eight 3D spectral cubes, one
for each band (SHORT and MEDIUM) of the MRS channels,
with spatial and spectral sampling of 0.13" x 0.13" x 0.001 um
for channel one, 0.17" x 0.17" x 0.002 ym for channel
two, 0.20" x 0.20" x 0.003 um for channel three, and
0.35" % 0.35" x 0.006 um for channel four. The resolving power
ranges from 4000, in channel one, to 1500, in channel four, cor-
respond to a FWHM of 75km s~ to 200kms~! (Labiano et al.
2021). The WCS of the 3D spectral cubes were corrected using
the MIRIM observations taken in simultaneous mode with the
MRS (see §2.5).

2.4. ALMA and HST ancillary data

The [C ]158um observations were carried out with ALMA un-
der program IDs (2016.1.01293.S and 2017.1.01423.S: PI Mar-
rone). The data is described in detail in Spilker et al. (2022),
and we mostly followed the same reduction procedure as de-
scribed there. A particular difference was that we applied one
round of phase-only self-calibration to the data after running it
through the ALMA pipeline. We imaged the rest-frame 160um
continuum (observed at ~240 GHz) using the line-free spec-
tral channels by excluding a +1500kms~! window around the
[Cu]158um emission line and using a Briggs weighting scheme
with a robust parameter of (.5, resulting in a synthesised beam
of 07093 x 07085 and an rms noise of 8.0uJybeam™'. We
also generated a continuum-subtracted data cube with a chan-
nel spacing of 30MHz (~37 kms™!), which has an rms noise of
0.10 mJy beam™! per 30MHz channel. An integrated [C i1]158um
image was generated from this data cube by summing up all
emission within the channels that showed [Cu]158um emis-
sion. For visualisation purposes, we also generated an integrated
[Cu]158um image from a continuum-subtracted data cube with
a channel spacing of 150MHz where all spaxels below three
times the rms noise were masked in order to highlight the clumps
of [Cu]158um emission. The image is shown in Figure 5, al-
though we note that all data analysis was performed on the non-
masked image.

Complementary to the ALMA and MIRI data, ancillary near-
infrared HST images of SPT0311-58 were retrieved from the
Mikulski Archive for Space Telescope. Images were taken with
the WPFC3 camera using the near-infrared filters F125W and
F160W (PI: Marrone, ID: 14740). These fully calibrated images
with an integration time of ~2800s for each filter have a pixel
scale of ~0.13” and angular resolution FWHM~0.25", similar
to that of our MIRI F1000W image.

2.5. JWST-ALMA-HST astrometry

To perform a proper comparison of the structures seen at differ-
ent wavelengths, we needed to put all the different datasets into
the same coordinate system. Since we were dealing with very
high angular resolution data, this required a precision better than
100 mas in the absolute positioning.

The absolute astrometry of the ALMA data was estimated
from the position of a secondary source that was observed during
the ALMA observations, which has a known position in the sky
as tabulated in the ALMA source calibrator catalogue. Observa-
tions of this secondary source were interspersed between subse-
quent phase-target calibrator sequences. Analysis of the position
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of this secondary source yielded average positional deviations of
less than 3 milliarcseconds, which even after accounting for the
positional uncertainty in the source catalogue, yields absolute as-
trometric uncertainties on the SPT0311 observation smaller than
10 milliarcseconds.

The MIRI observations have position uncertainties due to
the overall telescope pointing uncertainties (i.e. guide stars and
roll angle). To correct for this effect, we used three stars from
GAIA DR3 (Gaia Collaboration et al. 2022) identified in the
HST images, which yielded an uncertainty (1) in the final ab-
solute positioning for the HST WFC3 images (i.e. F125W and
F160W) of 37 mas and 36 mas in RA and Dec, respectively. The
MIRI F1000W image was then aligned with the HST data by
fitting a 2D Gaussian to the lensing galaxy, producing an uncer-
tainty smaller than 30 mas. Therefore, the astrometric uncertain-
ties when comparing MIRI/F1000W structures with those iden-
tified in the ALMA and HST data corresponds to less than ~50
and ~30 mas, respectively.

The MIRIM observations were taken in a simultaneous mode
with the MRS observations, although with an FoV adjacent to
the MRS due to the relative offset in the sky between MIRIM
and MRS. The MIRIM observations used the filters F770W and
F1000W. We used these simultaneous MIRIM observations to
align and correct the absolute astrometry of the MRS 3D spectral
cubes. We replicated the approach followed in the case of the
F1000W direct image and used the GAIA DR3 stars present in
the FoV to correct the astrometry, yielding an uncertainty (10)
smaller than half the MRS pixel-size (i.e. <90 mas).

3. Photometry and spectroscopic measurements
3.1. Lensing Galaxy removal

SPT0311-58 is a system lensed by a galaxy at z=1.43+0.36
(Marrone et al. 2018) that is located at projected angular dis-
tances of ~0.6”” and ~1.6” from the system’s W and E galax-
ies, respectively (see left panel, Fig. 1). We removed the lensing
galaxy to obtain an accurate image of the structure and photom-
etry of the SPT0311-58 system.

We used two independent tools, Statmorph (Rodriguez-
Gomez et al. 2019) and GALFIT (Peng et al. 2002), to model the
emission of the lensing galaxy. Both tools are designed to fit the
light profile of galaxies taking into account the PSF of the instru-
ments. The lens model was created with the HST WFC3 F160W
image (see §2.4 for details), which has the advantage that the W
component of SPT0311-58 is below the detection limit and does
not affect the analysis. The PSF corresponding to this image is
defined by TinyTim (Krist 1993).

Robust values of ellipticity ~0.60 and position angles of
~60° north-to-east for the major axis were found with both fitting
codes. However, the Sersic index and the effective radius vary
from 1.2 and 0.51” (Statmorph) to 1.9 and 0.75” (GALFIT). A
complementary fit using GALFIT was performed based on the
MIRIM F1000W image, and the PSF model was derived with
WebbPSF (Perrin et al. 2014). The Sersic index and effective ra-
dius of this fitting in which the centre of the lensing galaxy was
fixed to minimise possible biases caused by the presence of the
W component are 1.98 and 0.84”, respectively. The effective ra-
dius and Sersic index are correlated, and therefore the apparent
differences in the parameters of the light profile are likely due
to the compactness of the galaxy and the way Statmorph and
GALFIT fit the inner structure with the combined PSF+galaxy
light profile. These differences translate into an uncertainty of



J. Alvarez—Mérquez et al.: MIRI/JWST study of SPT0311-58

WFC3 F160W image
e  —

Dec

Dec

'33.0° 3111™33.5°33.4°5

e

Sersic model

Sersic model

Era

Residuals

Residuals

L |
33.1°

| W =
3h11m33.5°33.4°

.|
33.0%

L
33.2°
RA

ool |
33.0°

33.3°

3325 33.1°

RA

Fig. 1. Lensing galaxy removal. The top (bottom) row of this figure shows, from left to right, the WFC3/F160W (MIRI/F1000W) image of
SPT0311-58, the Sersic models from the lensing galaxy, and the residual images used for further analysis, respectively.

<5% in the apparent integrated flux of the lensing galaxy (i.e.
5.4+0.2 uly).

To obtain a lens-removed MIRIM F1000W image of the
SPT0311-58, we created independent models of the lensing
galaxy based on the fitted light profiles for the F160W and
F1000W images using Statmorph and GALFIT, as mentioned
above. These models were then subtracted from the original
MIRIM F1000W image, after a convolution with the MIRIM
PSF and a flux normalisation, based on the average emission
from the central ~ 0.3” radius of the lens galaxy. An example
of this procedure can be seen in Figure | where the modelling
using the WFC3 F160W image is presented.

The different approaches to modelling the lensing galaxy
yielded residual maps with a similar over-subtraction in the cen-
tre of the image (~12% of the original flux) spatially coincident
with the lensing galaxy. However, this effect, which seems to
be independent of the method and image considered, has a mi-
nor impact on the photometry measurements of the SPT0311-58
clumps, especially on those outside of the lens galaxy major-
axis. Since there is no preferred method, all the available lens-
removed maps were taken into account during the photometry
analysis (see §3.2). This way, the final uncertainty in the flux
measurements includes not only the noise properties of the data
themselves but also the potential uncertainties and/or biases as-
sociated with using a specific methodology in the subtraction
of the lensing galaxy. Uncertainties in the photometry of the
SPT0311-58 clumps (see §3.2) range from ~5% for clumps in
the E component (e.g. EA to EE) as well as the WA clump in

the W component to <15% for the clumps closest to the lensing
galaxy (e.g. WB, WC, WD).

3.2. MIRIM F1000W photometry

The structure of the SPT0311-58 system appears to consist of
a number of compact point sources (i.e. clumps). The photom-
etry of each of the clumps was extracted in the clean 60 mas
F1000W image after the removal of the lensing galaxy. The
energy enclosed within the FWHM (0.32”) of the modelled
PSF (WebbPSF) corresponds to ~60% to that at infinity (as
also given by the aperture correction provided by the CRDS,
i.e. jwst_miri_appcorr_0008.fits). The clumps detected in the
F1000W image are typically separated by ~0.2"” (~1kpc), and
therefore, a direct measurement with an 0.16” radius aperture
would include emission from nearby clumps. To avoid the flux
contamination within an aperture from close clumps, we used
GALFIT to perform the photometry of each individual clump. All
clumps were simultaneously fitted using the PSF derived from
WebbPSF and considering each clump as an unresolved source
centred in the emission peaks identified in the F1000W image
(see Table 1 and Fig. 2). To take into account the uncertainty
induced by the lensing galaxy removal, we repeated the photom-
etry for each of the different lens-subtracted models (see §3.1),
defining the final observed fluxes as its average value. Associated
errors were computed as the quadratic sum of the standard devi-
ation of the models and the errors provided by GALFIT, which
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Fig. 2. Imaging of the SPT0311-58 system. Left panel: MIRI F1000W image of SPT0311-58 system after removal of lensing galaxy. Cyan circles
mark the position of the individual F1000W clumps, while white circles shows the MRS apertures used for the extraction of the Paa spectra (see
Sect. 3.3). Right panel: RGB image where red, green, and blue colours show the ALMA [Cu]158um, MIRIM F1000W, and WPFC3 F160W
lens-subtracted images representing the [C 1], rest-frame 1.25um, and rest-frame 200nm continuum, respectively (see Sect. 2).

Table 1. MIRI F1000W photometry derived for the MIRI/F1000W clumps.

Region RA Dec fobs fint Lint
J2000) J2000) (Jy) (udy) (10°Ly)

(1) (2) (3) ) ®) (6)
EA 3h11m33.355s —58°23’33.083” 0.28+0.07 0.22+0.05 10.0+2.4
EB 3h11m33.371s  —58°23’33.367” 0.30+0.05 0.23+0.04 10.5+1.8
EC 3h11m33.390s —58°23’33.529” 0.34+0.05 0.26+0.04 11.8+1.9
ED 3h11m33.386s —58°23’33.817” 0.22+0.04 0.17+0.03  7.8+1.5
EE 3h11m33.408s —58°23’33.846” 0.22+0.04 0.17+£0.03 7.7+1.5
WA 3h11m33.119s -58°23’33.234” 0.39+0.12 0.18+0.06 8.1+2.5
WB 3h11m33.111s  —-58°23"33.443” 0.38+0.05 0.17+0.02  8.0+1.0
wC 3h11m33.127s —-58°23’33.616” 0.50+0.06 0.23+0.03 10.3+1.3
WD 3h11m33.088s —58°23’33.763” 0.55+0.06 0.25+0.03 11.4+1.2

Notes. Column (1): Name of each region. Columns (2) and (3): Right ascension and declination for the centre of each aperture. Columns (4)
and (5): Observed and intrinsic fluxes (i.e. corrected for lensing magnification factors) derived from an aperture of r~0.10”. Column (6): Intrinsic

F1000W luminosity.

account for the errors in the background noise and contamination
of clumps according to their relative positions.

Along with the photometry of the individual clumps, we
also measured the integrated fluxes for the E and W galaxies.
These values were used as the observed 10um photometry for
the SED fitting (see §4.1). The observed (i.e. uncorrected by lens
magnification) fluxes for the E and W galaxies are 1.6+0.3 uJy
and 2.2+0.4 uJy, obtained by integrating over areas of ~1.7 and
1.5 arcsec?. Aperture correction factors of ~1.17 and 1.22 were
applied for the E and W galaxies, respectively. These factors
were calculated by simulating the clump distribution of each
galaxy independently, taking each clump as a point source mod-
elled with the WebbPSF model, and calculating the flux outside
the areas. The aperture corrected fluxes calculated in mentioned
apertures agree within less than 20% with the total flux obtained
by summing up all clumps. This result suggests that diffuse emis-
sion, if any, must represent a small fraction of the total measured
flux.
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3.3. MRS Paa and Ha spectra

The rest-frame He and Pae emission lines were redshifted to
MRS channels 1ISHORT and 3MEDIUM for SPT0311-58 at
7z=6.9. The Paa line was detected in both E and W galaxies
of SPT0311-58. Its emission appeared compact and concen-
trated around the main clumps identified in the MIRIM F1000W
image, EB+EC and WC+WD (see §4.2 and §4.4 for details),
closely matching the ALMA [Om]88um emission (Marrone
et al. 2018). However, within the current noise limits, Ho was
not detected in either of the two galaxies of the system.

We performed 1D spectral extraction using standard aper-
ture photometry (Bradley et al. 2022). The Paa spectra were ex-
tracted in an aperture radius equal to 0.5”(~2.7kpc) and cen-
tred at positions (RA[deg], Dec[deg]) equal to (47.8891167,
—58.3926333) for the E galaxy and (47.888027, —58.392719)
for the W galaxy (see white apertures in Figure 2). With the
same aperture, we also extracted nine 1D spectra in different
positions of the MRS FoV clean of emission from the main
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Fig. 3. MRS spectra of Pac (left plot) and Ha (right plot) emission lines for E (upper panel) and W (bottom panel) galaxies of SPT0311-58. Black
lines: MRS extracted spectra. Red filled area: Wavelength integration range used to determine the Pac line flux. Red dotted lines: Wavelength
integration range used to determine the flux in Pa line translated to the Her spectral range. Dotted black line: Central wavelength of Paa line
and expected central wavelength of He line determined from Pae. Gray area: The =10 calculated as the standard deviation form nine different

background spectra.

galaxy system (lens galaxy + SPT0311-58). We combined the
spectra to generate the 1D median and standard deviation spec-
tra of the ‘background’. The median was subtracted from the
Paa spectra with the goal of removing any background resid-
ual left after the detector background subtraction was performed
in the MRS calibration process (see Section 2.3). Additionally,
the Paa spectra was affected by the continuum emission of the
lens galaxy, and we subtracted it by fitting a linear function to
the continuum surrounding the Pac line. The final Paa spectra is
shown in Figure 3 together with the 1o~ errors calculated from the
standard deviation of the nine different background spectra. The
Paa line is spectrally resolved and centred at 14.860um for both
components. The flux of Paa was calculated by integrating in a
velocity range from —350kms™' to 450kms~! (E galaxy) and
—650kms~! to 450 kms~! (W galaxy) around its observed cen-
tral wavelength (see red-filled area in Figure 3). These velocity
ranges delimit the values at which the Paa flux is positive. The
Paa line was detected with a significance of 9.7 and 7.8 and with
observed fluxes of 1.07+0.11 and 1.09+0.14 x10~"7 ergs~! cm 2
for the E and W galaxies, respectively. The fluxes and spectra
were corrected by aperture losses, assuming that the Pae emis-
sion is a point source for the MRS angular resolution at 14.86um
(PSF FWHM = 0.6”). The percentage of flux outside the se-
lected aperture is 36.5% of the total, which was found by using
the latest MRS PSF models (Papatis et al., in prep.).

The Ha spectra were obtained following the same procedure
as that for Paa but with an aperture radius equal to 0.3” to reduce
the noise level. The Ha line was not detected in either of the two
galaxies (see Figure 3). The observed 3-sigma upper limits for
the Ha flux, assuming the same velocity interval as for Paa, are
7.0x107'8 and 8.6x107 '8 erg s™! cm™2 for the E and W galaxies,
respectively.

4. Results and discussion

4.1. The overall spectral energy distribution of SPT0311-58
galaxies: Star formation and internal extinction

We performed an SED fitting analysis with CIGALE (Burgarella
et al. 2005; Noll et al. 2009; Boquien et al. 2019) for the E and W

galaxies of SPT0311-58. The observed SED ranges from 1.25um
to 3 mm, combining public ancillary photometry obtained with
other facilities as well as the new MIRIM and MRS data points
(see Table 2 for details). The observed fluxes of Paa and the
30 upper limits of Ha were also used in the SED fitting anal-
ysis. The star formation history (SFH) was modelled using a
constant star formation with ages ranging from 1 to 100 Myr.
We adopted the stellar population models from Bruzual & Char-
lot (2003) with solar metallicity and the Chabrier (2003) initial
mass function. We included the nebular continuum and emission
lines, using solar metallicity, electron density of 100cm™, an
ionised parameter equal to log(U)=-3, and the fraction of Ly-
man continuum photons escaping the galaxy set to zero due to
absorption by the ISM. The assumption to fix the metallicity to
solar, even for a system at z=6.9, was determined by the fact
that SPT0311-58 is a massive (10'%"!! M) and evolved system
(Tremonti et al. 2004; De Breuck et al. 2019). High-z starburst
(e.g. Doherty et al. 2020) and/or ultra-luminous infrared galaxies
(ULIRGsS) galaxies (e.g. Gracia-Carpio et al. 2011) have shown
extreme nebular conditions with electron densities larger than
100 cm™ and log(U) in the range of -1 to -3. When we consid-
ered these extreme values in the SED fitting, we found physical
parameters that varied from what is presented in Table 3 by less
than 5% and within the uncertainties.

For the dust attenuation, we used the
dustatt_modified_CF00 module of CIGALE (Boquien
et al. 2019). It is based on the Charlot & Fall (2000) dust
attenuation model where the young stars (<10 Myr) and the
nebular emission located in the birth clouds (BC) suffer from
additional attenuation compared with the stars (>10Myr) that
have broken out and escaped into the ISM. This module is
flexible and allows one to set up the slopes of the two compo-
nents of the dust attenuation curve (BC and ISM), the Ay of the
ISM component, and the factor that relates the Ay of the ISM
and BC components. We left all parameters free in the SED
fitting analysis, defining exactly the same initial parameters
as Lo Faro et al. (2017) in the analysis of the dust attenuation
curve of ULIRGs at z~2 (see the double power-law free case
from Table 1 in Lo Faro et al. 2017). The infrared emission
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Fig. 4. Observed near-infrared to millimeter SEDs and best-fit models derived from CIGALE SED fitting analysis of E and W galaxies. Blue line:
Best-fit model for the E galaxy. Red line: Best-fit model for the W galaxy. Circles: Observed fluxes for the E and W galaxies. Triangles: Observed
upper limits for the E and W galaxies. Observed quantities used in the fit are given in Table 2.

was modelled using the Draine & Li (2007) dust models with
the PAH mass fraction, the minimum radiation field, and the
fraction of illumination from the minimum and maximum
radiation fields parameters kept free. The SED fitting analysis
for the E galaxy used all the discussed initial parameters, as it
presents a relatively good wavelength coverage from rest-frame
far-UV to far-infrared. In the case of the W galaxy, with its SED
covering only the near- to far-infrared rest-frame, we fixed the
initial parameters related to the slopes of the dust attenuation
following the results of the E galaxy.

The results of CIGALE SED fitting analysis for the two
galaxies of the SPT0311-58 system are summarised in Table 3
and Figure 4. Table 3 presents the main physical and observed
parameters derived from the CIGALE Bayesian analysis, and
Figure 4 shows the SED models that best fit the observed pho-
tometry and emission line fluxes. Assuming a constant SFH,
the dominant stellar population is compatible with ages ranging
from 15 to 35 Myrs in both components of SPT0311-58 and a to-
tal stellar mass equal to (1.4+0.4) x10'? and (8.0+2.4) x10'° M,
for the E and W galaxies, respectively. A two component SFH
combining an old (>100 Myr) and young (<50 Myr) stellar pop-
ulation was also tested. It yielded similar results for the young
stellar population but with a probability of having an additional
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old (>100 Myr) stellar population with a mass of up to 25% of
the young stellar population. Even if an ageing stellar popula-
tion is expected, there is so far not enough information in the
rest-frame far-UV to near-infrared SED to establish its contribu-
tion. Therefore, the SED fitting analysis uses the constant SFH
that identifies a young stellar population as the one dominating
the SED.

The dust attenuation curve derived from the E galaxy is com-
patible with the one obtained for ULIRGs galaxies at z~2 (Lo
Faro et al. 2017). The derived dust attenuation curve is flatter
than Calzetti’s (Calzetti et al. 2000), producing a relatively lower
attenuation at far-UV wavelengths and a higher one at near-
infrared wavelengths. Similar results have been found in galax-
ies with high stellar masses (>10'°My) and/or in the ULIRG
range (e.g. Alvarez-Marquez et al. 2019a). We also tested the
SED fit with a more standard dust attenuation curve (as used
for the Paa/Ha extinction discussed in Section 4.3), which com-
bines the Calzetti’s dust attenuation law (Calzetti et al. 2000) for
the stellar component and the Cardelli’s Milky Way extinction
law (Cardelli et al. 1989) for the nebular emission. This approach
failed to simultaneously fit the rest-frame stellar+nebular far-UV
and far-infrared SED and the observed Paa fluxes. This suggests
the potential need of a different dust attenuation curve than that
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Table 2. Summary of the photometry and emission line fluxes used in
the SED fitting analysis of the integrated E and W galaxies of SPT0311-

58.

Instrument/Filter E galaxy W galaxy
WPEC3/F125W  0.22+0.01 pJy <0.05 wy
WPFC3/F160W  0.35+0.01 pJy <0.07 ply
IRAC/3.6um 0.6+£0.2 1y —
IRAC/4.5um 0.6+0.2 uly —
MIRIM/F1000W  1.6+0.3 uly 2.2+0.4 uly
SPIRE/250um 2.5+0.8 mly 27+9 mly
SPIRE/350um 3.3+0.7 mly 35+7 mly
SPIRE/500um 4.6+0.8 mJy 48+9 mly
ALMA/710um 4.0£0.3 mJy 41.8+0.7 mJy
ALMA/869um 3.8+0.4mly 33.4+0.6 mJy
ALMA/1.26mm 1.5£0.1mJy  20.5+0.4mly
ALMA/3mm <0.12mly 1.60£0.05 mJy
MRS/Ha <0.70 <0.86
MRS/Pax 1.07+0.11 1.09+0.14

Notes. The WPFC3 and MIRI photometry were obtained using the same
aperture (see Sections 2.4 and 3.2). The IRAC, SPIRE, and ALMA pho-
tometry are from Marrone et al. (2018). The Ha and Paa fluxes are in
units of 1077 erg s~ cm™ (see Section 3.3).

of Calzetti, which is the one commonly used at high-z. This re-
sult would require further analysis involving additional data that
is beyond the scope of this paper.

The derived visual (1=550nm) attenuation (Ay) seen by
the nebular emission and young (<10 Myr) stellar population is
5.6+1.7 and 10+1 mag in the E and W galaxies, respectively.
The Ay was reduced to 1.3+0.3 and 5.0+0.4 mag in the case
of the older (>10 Myr) stellar populations. We obtained an SFR
equal to 740+100 and 3640+500 Mg, yr~! that yielded an sSFR
(= SFR/M.,) of 53422 and 45+20 Gyr~! for the E and W galax-
ies, respectively. Finally, our SED fitting analysis was able to fit
the observed photometry and derive Ha and Paa fluxes in agree-
ment with the ones obtained from the MRS spectra.

Table 3. Summary of the physical properties and emission lines fluxes
determined from the SED fitting analysis of the integrated E and W
galaxies of SPT0311-58.

Parameter Units E galaxy =~ W galaxy
Age Stars Myr 21+7 26+10
M, x10'" M, 1.4+0.4 8.0+2.4
SFR Mpyr™! 740+100  3640+500
sSFR Gyr™! 53+22 45+20
Av_ism mag 1.3+0.3 5.0+0.4
Avy_pc mag 4.3+1.6 5.0+0.9
Fha x10™Bergs~lem™2 52422 1.2+0.5
Frpag x1078ergs'em™  2.3x04  1.6+0.4
EWpys 1073 ym (rest-frame) 5+1 442
Fpay x10~8ergs~lem™2 8.8+1.3 10+2
Lig x10"%L,, 5.3+0.7 28+4

Notes. Ay_gc and Ay_ism are the visual (1 =550 nm) attenuation of the
birth cloud and interstellar medium components of the dust attenuation
curve, respectively. The nebular emission and young stars (<10 Myr) are
attenuated with an Ay equal to the sum of the Ay_gc and Ay_jsm, and
older stars (>10 Myr) with an Ay equal to Ay_ism. Fra» Frag, and Fpy,
are the Hey, Pag3, and Paa observed fluxes derived from the SED fitting
analysis. The SFR, M., and Lz were corrected for magnification.

4.2. The clumpy stellar structure of SPT0311

The MIRI F1000W filter traces the near-infrared rest-frame
(1.14—1.39 um) at the redshift (z=6.9) of SPT0311-58. Within
this band, there are no strong emission lines, and the contribution
of the nebular continuum is negligible. Therefore, the F1000W
image traces the stellar light of this system. As long as its equiva-
lent width (EW) is large enough in comparison to the bandwidth
of the filter (i.e.2 um), the PaS hydrogen line is the only line
that could potentially contribute to the FI000W flux. However,
the PaB equivalent width drops to values of less than 0.016 yum
for constant star formation older than 10 Myr (Leitherer et al.
1999), which is in good agreement with the Pag EW values de-
rived from the SED fitting (see Table 3). Only stellar popula-
tions dominated by extremely young stars with ages of less than
4 Myr could have Pag equivalent widths closer to 0.1um, con-
tributing up to 40% of the observed flux in the F1000W band
at z=6.9. Similarly, the nebular continuum could also contribute
significantly (i.e. above 20%) to the total (stellar plus nebular)
continuum emission at wavelengths of 1 to 2 um for stellar pop-
ulations younger than 4 Myr (Reines et al. 2010). However, the
SED fitting confirms that a scenario where extreme young stel-
lar populations dominate the F1000W light is unlikely. Thus, we
considered that the effect of the nebular emission is negligible in
the F1000W filter.

The stellar light distribution of SPT0311-58 shows a clumpy
structure in each galaxy of the system. The E galaxy consists of
five clumps (EA to EE) distributed over a length of about one
arcsec (i.e. ~5.4kpc) with similar apparent fluxes and no one
clump dominating the light distribution. The W galaxy shows
very similar characteristics, having four clumps (WA to WD,
and an additional tentative WE) identified in a slightly more
compact region of about 0.8” (i.e. ~4.3 kpc) in length. The over-
all stellar structure is reminiscent of the 160um continuum and
[Cu]158um line emission already known from high angular res-
olution ALMA imaging (Spilker et al. 2022, see also Marrone
et al. 2018; Jarugula et al. 2021). However, differences are evi-
dent upon direct comparison, in particular when comparing with
the 160um continuum, as it shows a clumpier structure than the
more diffuse [C 11] emission (see Fig. 5). In general, the F1I000W
clumps appear to be somewhat spatially offset from the 160um
by 100 to 200 mas (i.e. ~0.4—-0.8 kpc at the redshift of the sys-
tem). These offsets are at the 2 to 4 sigma level of the relative
astrometry of ALMA and MIRI imaging, and therefore are con-
sidered real. However, it is difficult to conclude based just on
the astrometry alone whether the clumps identified by the peak
emission in the F1000W and 160um ALMA images are physi-
cally the same or are two independent clumps. In the following
paragraph, we take an approach where we consider that relative
offsets of 100 mas (i.e. 20- positional uncertainties) are likely the
same clump, while offsets of 150-200 mas can be considered as
already independent.

In the E galaxy, clumps EA, EB, and EC appear to be as-
sociated with the 160um clumps. While clump EA has a direct
correspondence with the ALMA clump E2 identified in both the
160um and [Cu] emission, clumps EB and EC are associated
with the 160um clump E3. However, both EB and EC are sep-
arated by ~120mas (i.e. 0.65kpc) in opposite directions with
respect to the 160um continuum peak. A central dust lane bi-
secting the EB and EC clumps could explain this structure. The
distribution seen in the [C 1] line reinforces this scenario, as the
line emission is diffuse and extended over the region covered by
clumps EB and EC. Nonetheless, F1000W clumps ED and EE do
not have a counterpart in the ALMA images, in continuum, nor
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Fig. 5. Spatial distribution of ALMA and MIRI clumps. From left to right, ALMA rest-frame 160um continuum, ALMA [Cu]158 yum,
MIRI/F1000W, and WFC3/F160W images of SPT0311-58. The MIRI and HST images have been subtracted from the lensing galaxy (see §3.1).
White dashed circles display the apertures used to extract the photometry centred on ALMA continuum clumps and defined by Spilker et al.
(2022). Cyan circles mark the clumps derived in this work from the F1000W image.

in the [Cu] distribution. These clumps, however, are detected in
the HST F160W image (i.e. rest-frame UV light), with the clump
EE being the strongest UV source of the two. These clumps can
be interpreted as low-extinction regions with young high-mass
stars emitting UV radiation and having a low gas and dust con-
tent. Finally, the very faint ALMA clump E1 was not detected in
the F1000W image.

In the W galaxy, the F1I000W clumps appear to be more con-
centrated towards the bright central region of the far-infrared
continuum and [C1] emission. The 160um clumps located in
the most northern (W1, W2, and partially W3) and southern
(W7 and W) regions do not have a F1I000W counterpart (see
Figure 5). The strongest far-infrared clump (W4) has a weak
F1000W counterpart (WA). This suggests that the northern re-
gion of the W galaxy has a large amount of gas and dust that
likely obscures the radiation in the near-infrared rest-frame.
This condition was also independently confirmed by the non-
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detection of Paw in the regions (see §3.3). The brightest F1000W
clumps in the W galaxy (WB, WC, and WD) are offset by about
150—-200 mas (i.e. 0.8—1.1 kpc) from the brightest 160um emis-
sion clumps (W4 to W6). While WB and WC appear in regions
with weak [Cu] emission, WD appears to be associated with a
strong [Cn] emission that also appears offset from the contin-
uum peak emission (W6). This suggests that the observed off-
sets between the emitting dust at 160um, the [C 1] emitting gas,
and the stellar light in the southern section of the W galaxy are
partly due to the clumpy dust structure on (sub)kpc scales. Re-
gions of high obscuration, as identified by the compact 160um
emission clumps, coexist with other regions that have much less
dust and/or gas. In some discy low-z luminos infrared galaxies
(LIRGs), the cold molecular gas and stellar or ionised gas distri-
bution show different clumpy structures on (sub)kpc scales (Bel-
locchi et al. 2022). Stellar clumps identified in the near-infrared
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continuum and emission lines are known to exist in low-z LIRG
discs (Alonso-Herrero et al. 2006; Diaz-Santos et al. 2008).

4.3. Internal extinction in the ionised interstellar medium and
stars

The MRS data covers the two brightest hydrogen recombination
lines in the optical (Ha) and near-infrared (Paa) range. The ratio
of the upper limits in the observed flux for the He with respect
to that of the measured Paa line allows one to derive a lower
value to the internal extinction in both galaxies of the system.
Assuming a He/Paa recombination ratio of 8.6 (case B, for elec-
tron temperatures of 10* K and electron densities of less than 10*
cm™3; Hummer & Storey 1987), the internal nebular extinction
is given as:

log 8.6 — log[ Fops(Ha)/ Fops(Paa)]
0.4 x [A(Ha) — A(Paa)] ’

where A(Ha) and A(Paa) are derived following Cardelli’s Milky
Way extinction law (Cardelli et al. 1989). The lower limits of
the nebular visual extinction correspond to an Ay of 4.2 and
3.9 magnitudes for the E and W galaxies. These high inter-
nal nebular extinction values are similar to those measured in
low-z luminous (median Ay of 5.3) and ultra-luminous (median
Ay of 6.5) galaxies based on the line ratios of near-infrared
hydrogen lines (Piqueras Loépez et al. 2013, 2016) or optical
and near-infrared (Ha/Paa, Ha/PaB; Alonso-Herrero et al. 2006;
Giménez-Arteaga et al. 2022). Also, intermediate redshift (me-
dian z= 1.55) dusty star-forming galaxies do show large ex-
tinctions (Ay = 5.0£0.4, Casey et al. 2017). To derive the vi-
sual extinction for the stellar component, we follow Calzetti’s
prescription (Calzetti et al. 2000) where E(B—V)(stellar) =
0.44xE(B—V)(nebular) with Ry set as 4.05 (Calzetti et al. 2000)
and 3.1 (Cardelli et al. 1989) for the stellar continuum and neb-
ular lines. The lower limits to the visual extinction in the stellar
component therefore correspond to 2.4 and 2.2 for the E and W
galaxies, respectively. Internal extinction towards the stars has
been previously estimated based on SED fitting (2.7+0.2 and <6
for E and W components, Marrone et al. 2018). The lower limits
derived from the ratio of the hydrogen lines indicate an extinc-
tion for the stars in the E galaxy that is in good agreement with
the SED value, while the SED fitting for the W galaxy provides
an upper limit with a larger extinction value.

The new SED fitting that includes the nebular continuum
emission as well as the new F1000W and MRS data (i.e. ob-
served 10um continuum flux, Paa emission line fluxes, and Ha
upper limits) provides stronger constraints and new indepen-
dent values for the average extinction in each of the galaxies
(see §4.1). When comparing with the nebular extinction derived
from the recombination lines, one must bear in mind that the
Paa/Ha ratio provides the nebular extinction only towards the
regions where the F1000W clumps are detected. In contrast, the
SED provides an average of the internal extinction over the en-
tire E and W galaxies. This average will likely show bias to-
wards higher extinctions if a patchy dust distribution with strong
extinction gradients on (sub)kpc scales is present. These distri-
butions are typical in low-z luminous and ultra-luminous galax-
ies (Scoville et al. 1998, 2000; Alonso-Herrero et al. 2006; Pi-
queras Lépez et al. 2016; Giménez-Arteaga et al. 2022). For the
E galaxy, we derived extinctions Ay(nebular)= 5.6 + 1.7 for the
nebular emission and young (i.e. less than 10 Myr) ionising stel-
lar population and Ay (stellar) = 1.3 £0.3 for older stellar popula-
tions. Much higher extinctions were obtained for the W galaxy,

Ay (nebular) >

ey

with Ay(nebular)= 10.0+0.9 and Avy(stars) = 5.0+0.6, respec-
tively.

The derived nebular and stellar extinctions assume a fore-
ground dust screen with the ionised gas and young stars behind
an additional slab of dust. However, the dust can be mixed with
the young stars and ionised gas, especially in ultra-luminous in-
frared galaxies with large amounts of gas and dust such as the
SPT0311-58 system. Under the assumption of mixed dust and
gas geometry, the Paa/Ha ratio reaches an asymptotic value of
1.55 (see e.g. Calabro et al. 2018) for large extinctions. The ob-
served Paa/Ha with lower values of 1.52 and 1.26 for the E and
W galaxies already indicates very large extinctions that for this
particular line ratio corresponds to Ay larger than six magni-
tudes, which is in agreement with the previous derivations.

In summary, independent estimates of the extinction in the
two galaxies that form the SPT0311-58 system indicate that 1)
all methods provide similar estimates of the extinction within
the observational uncertainties and assumptions; 2) the nebu-
lar extinction is extremely high in both systems and equivalent
to no less than about four to five magnitudes in the visual; 3)
in the foreground screen geometry, the stellar populations de-
tected in the F1000W clumps have on average an extinction half
that of the ionised gas, as derived from the SED fit; and 4) the
amount of extinction is similar to that already known in low- and
intermediate-z dusty, infrared-luminous galaxies.

4.4. Kinematics of the ISM

The ALMA data have shown a detailed picture of the gas kine-
matics traced by the [Cu]158um and [O m]88um lines (Mar-
rone et al. 2018; Spilker et al. 2022). Based on the integrated
[Cu] emission, the redshift of the system is established at 6.9
(i.e. close to the centroid of the W galaxy of the system), with
the E galaxy showing an apparent relative velocity of +700
km s~!'. The [Cu] kinematics cover a wide range in velocity,
[-500,+500] km s~! (W) and [+500,+1200] km s~! (E), asso-
ciated with the [Cu] clumps identified in the system (Spilker
et al. 2022). The [Om] light distribution shows a different spa-
tial distribution than the [C 1] and is mostly concentrated in the
E galaxy and the southern region of the W galaxy (Marrone et al.
2018). As a result, the velocity range of the [Om] emitting gas
is narrower than for [C 1], lacking velocities in the [-500,—200]
km s~! range associated with the northern [C 1] emission in the
W galaxy. Other gas tracers such as the molecular CO(7-6) and
the neutral [CI](2-1) lines show an even wider velocity range in
the W component, with relative velocities up to —1500 km s7L
likely associated with gas in the northern region of this galaxy.
All these results show the complex kinematics associated with
the different phases of the ISM. The Paa line traces the kine-
matics of the fully ionised gas and therefore provides additional
information on the kinematics of the ISM in the system.

The Paa emission was identified in two well-defined regions.
The strongest is located in the E galaxy with additional emission
in the southern region of the W galaxy, while lacking detection
in the galaxy’s northern region. This distribution agrees with the
position of the regions emitting the highly ionised gas traced by
the [O m]88um line. The Pa velocity peak in the E galaxy co-
incides with that of the [Cu] and [Omi] lines (Figure 6), also
showing an extension towards high redshifted velocities (up to
1200 km s~!), that is, covering a velocity range similar to that
of the [C ] emission. According to the high angular resolution
[Cu] imaging (Spilker et al. 2022), the velocity of the peak emis-
sion in the Paa appears to be the same as the [C 11] clumps E3 and
E4. The [Om] emission, showing a narrower line profile than
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Fig. 6. Figure showing the Paq line profile for the E and W components of the system together with [C n]158um and [O m]88um extracted using
same apertures as for Paa line, displayed on Fig. 2. The line profiles are normalised to the peak of the lines.

the Paca line, appears to also be concentrated in clumps E3 and
E4 (Marrone et al. 2018). However, the redshifted [C 11] veloci-
ties are associated with clump E2, which is located north of E3
and E4. Thus, in this galaxy the Paa is tracing both the highly
ionised gas as well as the more extended emission associated
with additional [C n] emitting gas. While the Pae clumps cannot
be resolved spatially with the MRS data, FI000W clumps EA to
EC appear to be sharing the same kinematics and position (see
Section 4.2) as the main [C 1] clumps in the E galaxy (E2 to E4,
see Figure 5). This indicates a physical connection between the
ALMA and F1000 stellar clumps.

The Pax emission in the W galaxy is identified towards
clumps WB-WD (see Figure 2), and there is no evidence
of emission towards the northern region of the galaxy. These
F1000W clumps have a spatial correspondence mainly with
[Cu] clumps W5-W6 (see Figure 5). The velocity range in the
Paa ionised gas covers a maximum range of about 1000 km s
from about +300 to 1300 km s~!. This range in velocity is similar
to that observed in [C u] and [O m] (Fig. 6) but with an offset of
+700 km s~!. There is no evidence of Paa emission at the veloc-
ities traced by the peak emission of the [C 1] and [O m1] emitting
gas. While there is certain evidence of velocities up to 700 kms !
in the highly ionised [Omi] line, neither [Cu] nor [O mi] show
emission at velocities above this limit. Thus, if the velocity dif-
ferences in the line profile between Paa and the far-infrared lines
in the W galaxy are real, these could indicate the presence of an
unobscured ionised gas component with high velocities, with re-
spect to the systemic velocity of the galaxy. Yet, due to the low
SNR of the Paa line profile, we cannot completely reject the pos-
sibility of residual (or unknown) effects in the calibration. Addi-
tional data with a better SNR are required before establishing
the reality of this velocity offset in the W galaxy. Also, deeper
ALMA spectroscopy for the [O m]88um line would help estab-
lish the presence of highly ionised gas at high velocities (= 700
km s7!) in the W galaxy.
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4.5. Unobscured ongoing star formation

The Paa line is a tracer of young (< 10 Myr old) massive stars,
and therefore, its luminosity was used to derive the rate of on-
going star formation in the system, after correcting for internal
extinction. Since we were only able to measure a lower limit for
the nebular extinction (see Section 4.3), this SFR has to be con-
sidered as a lower limit to the total ongoing star formation. For
a Kroupa IMF, the SFR can be given by the expression

-1 X Qfl

‘ext heat?

SFR(M, yr~!) = 4.5 x 107! x L(Paq, ergs™') x Q )
where factors Qey and Qpe, represent the factors (0 < Q < 1)
associated with the internal extinction () and the fraction of
the ionising photons that do not ionise the ISM but heat the dust
instead (Qpear)-

Without internal extinction correction, the intrinsic (i.e. mag-
nification corrected) Paa luminosity corresponds to 213+22 and
128+16 Mg yr~! for the E and W galaxies, respectively. These
values represent only a small fraction (28% and 7%) of the SFR
derived from the [Cu] luminosities in the E and W clumps,
~770 and 1760 Mg yr~!, respectively (De Looze et al. 2014;
Spilker et al. 2022). Similar as well as even lower fractions can
be obtained if the SFRs are derived from the integrated SED
(740+100 and 3640+500 M, yr~!, see §4.1) or the infrared lumi-
nosity (540+175 and 2900+1800 Mg, yr~!, Marrone et al. 2018).
It is worth pointing out that for the E galaxy, the SFR values
based on the [C] line, the integrated SED, and the infrared lu-
minosity are in very close agreement, in particular those derived
using the [Cu] line and the SED fitting. In the W component,
the high SFR values cover a much wider range, but they are still
in agreement within the large uncertainties. The SFR based on
[Cu] estimations has been seen to be lower than the ones de-
rived from the infrared luminosity in starburst galaxies due to
the so-called [C ]-deficit (e.g. Herrera-Camus et al. 2018).
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The factor to be applied to the Paa extinction corrections
for the E galaxy ranges from >1.8 to 4.4 based on the (Pac/Ha)
ratio and SED fit, respectively. When correcting for these factors,
the intrinsic (demagnified) SFR(Paq) is in the 383-937 M, yr~!
range (i.e. between 50% and 100% of the SFR derived using far-
infrared tracers). This ratio is similar to those measured in low-
z LIRGs when comparing the extinction-corrected SFR derived
from near-infrared lines with the total SFR derived in the far-
infrared (Alonso-Herrero et al. 2006; Piqueras Lopez et al. 2016;
Giménez-Arteaga et al. 2022). This ratio can be explained by
a dominant fraction of the ionising photons that ionise the gas
and subsequently becoming absorbed by the surrounding dust,
instead of being directly absorbed by dust.

The situation for the W galaxy is different. The lower limit
for SFR(Pacr) (=230 Mg yr~!), derived using the Paa/Ha ratio,
still represents a very small fraction of the SFR derived in the
far-infrared (6% to 13% if the SED or infrared luminosity are
considered). This is in the range measured in low-z ULIRGs
with SFRig >100Mg yr~!. In these galaxies, the extinction-
corrected SFR(PaB) or SFR(Paa) is a factor of four to ten times
lower than the SFR values derived from their infrared lumi-
nosities (Piqueras Lopez et al. 2016; Giménez-Arteaga et al.
2022). To recover the SFR predicted by the far-infrared trac-
ers, we applied the high extinction derived from the SED fit
(Ay(tot)=10+1). Assuming this extinction and the attenuation
curve for SPT0311-58 (in agreement with the one measured for
z ~2 ULIRGs, Lo Faro et al. 2017), the extinction-corrected
SFR(Paq) is ~4200+£500 Mg yr~!, which is just above the pre-
dicted SFR from the SED fit.

There are several effects that could explain the differences
between the Paa/Ha extinction-corrected Paa values and those
derived using far-infrared tracers. Recombination lines trace
only very recent star formation during the last 10 Myr, while
far-infrared radiation traces a wider range of stellar ages up to
about 100 Myr. So part of the difference could be due to evo-
lution of the star formation history over the last 100 Myrs. To
establish accurate ages for the stellar population, a full cover-
age of the rest-frame UV to near-infrared SED is needed, but
this is not available so far for this galaxy. The second effect is
the intrinsic clumpy and patchy nature of the dust distribution
on (sub)kpc scales in dusty luminous infrared galaxies. This ef-
fect is well known at low-z where two-dimensional dust structure
showing large variations in the equivalent Ay have been mea-
sured in (ultra-)luminous infrared galaxies (Scoville et al. 1998,
2000; Piqueras Lopez et al. 2013). This characteristic could be
playing a major role in the W galaxy, where on average very
high extinctions are derived from the SED fit. In fact, the dis-
tribution of the ionised gas and 10um emission in this galaxy is
very different from that detected in both the 160um continuum
and [Cu] line. The Paa and 10um emission is concentrated in
the central regions without evidence of emission in the northern
region of the galaxy. This could suggest the star-forming clumps
in the latter region are extremely obscured or that there is a lack
of (young) stars able to ionise the surrounding medium. In con-
trast, the E galaxy shows a less extreme scenario. In this galaxy
both the 10um and Paa emission show a distribution similar to
that detected in the far-infrared. Additional regions detected in
the rest-frame UV and near-infrared continuum are not detected
in the far-infrared, pointing to regions with young stellar popu-
lations that are almost free of dust. A third effect in explaining
the Paa and far-infrared SFR could be associated with the di-
rect absorption of Lyman continuum photons by the dust. In this
case, recombination lines will not be produced while the ionising
photons directly increase the flux at infrared wavelengths.

4.6. Stellar to dynamical and gas mass ratios in the clumps

The F1000W MIRI filter is a broad-band filter centred at 10um
with a width of 2um. Therefore, F1000W traces the near-infrared
rest-frame in SPT0311-58, covering 1.14 to 1.39um, close to
the standard ground-based photometric J-band. The stellar mass
in each of the clumps was derived from the lensing-corrected
F1000W observed flux, assuming a mass-to-light (M/L) ratio for
stellar populations with a range of ages (Table 4). In the follow-
ing paragraphs we refer to the J-band luminosity and mass-to-
light ratios as M/L for simplicity.

To derive the M/L, the F1000W filter transmission was con-
volved with redshifted spectral energy distribution of stellar pop-
ulations with solar metallicity and constant SFRs over differ-
ent periods of time ranging from 10 Myr up to 100 Myr. This
range of ages was selected as the different tracers (Paa, [C],
and overall SED) indicate the presence of stars with ages within
this range. Some cosmological simulations of less massive high-
z galaxies (Ceverino et al. 2018) have shown that the star forma-
tion history of these galaxies is complex, experiencing several
bursts during periods of about 100 Myr at redshifts 6 to 15 (i.e.
first 1 Gyr). Therefore, stellar populations with older ages (hun-
dreds of Myr) should also be present in SPT0311-58. However,
there are no observational constraints available to estimate their
mass contribution in SPT0311-58. In the following analysis,
stars older than 100 Myr are not considered. If such stars were
contributing a significant fraction of the FI000W light, the M/L
would be higher than that of the younger populations, and there-
fore the stellar mass derived from the F1000W flux would be
higher by a large factor (e.g. M/L[500 Myr] > 6 M/L[100 Myr]).

To establish the average M/L for different stellar populations,
the mass-to-light ratios were derived using different spectral en-
ergy distributions and computed using different models (STAR-
BURST99, Leitherer et al. 1999; BPASS, Eldridge et al. 2017,
and Bruzual-Charlot, Bruzual & Charlot 2003). We considered a
Kroupa IMF (Kroupa 2001) for the STARBURST99 and BPASS
models and a Chabrier IMF (Chabrier 2003) for the Bruzual-
Charlot ones. Offsets between Chabrier and Kroupa IMFs are
usually considered negligible (see Madau & Dickinson 2014),
and therefore no correction was applied during this analysis.
The possible contribution of the nebular emission to the M/L
has been studied using the STARBURST99 models. The nebular
contribution represents 5% of the total flux for the 10 Myr con-
tinuum SFR, while smaller fractions were obtained for longer-
lived constant SFRs. Near-infrared rest-frame M/L ratios and
uncertainties were computed as the average value and standard
deviation among the different models for each stellar population
considered. Mass-to-light ratios of 0.07+0.02, 0.09+0.02, and
0.20+£0.07 Mp/Ly were derived for stellar populations charac-
terised by 10, 20, and 50—100 Myr constant SFRs, respectively.
For an ageing population represented by instantaneous bursts
from 200 to 400 Myr old, the M/L is 1.30+0.47 My/Le.

The stellar clumps are very massive, with masses ranging
from 3 to 5 x 10° My, for stellar populations with ages 50-100
Myr. These masses could be smaller by a factor of two to three
for younger populations and a factor of 6.5 higher for popula-
tions that are a few to several hundred million years old (see
Table 4 for stellar masses for each FI000W clump and differ-
ent stellar populations). Clumps dominated by these old popu-
lations are unrealistic, as their predicted stellar mass would be
well above their measured dynamical mass (see Table 5). We
considered the masses derived for a 50-100 Myr as the baseline
for the detailed comparison with the dynamical and gas mass in
the clumps.
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Fig. 7. Gas fraction vs redshift. This figure shows the evolution of the
gas mass fraction (i.e. My,/M.) with the redshift. Black and red trian-
gles represent the values derived for the E and W SPT0311-058 clumps,
respectively, presented in Table 5. Red and black empty squares display
the Mg, /M, ratio obtained using the gas mass derived by Marrone et al.
(2018) and the stellar masses computed in this work via SED fitting (see
Sec. 4.1) for the E and W galaxies, respectively. For comparison, galax-
ies at intermediate redshifts (z ~1-3) from the ASPECS 1.2mm sam-
ple presented in (Aravena et al. 2020) are included. The higher redshift
range (z ~4.4-6) is covered with the ALPINE sample, for which we
calculate the gas mass following the Ly — Mg, relation introduced by
Zanella et al. (2018). The black continuum, dashed, and dashed—dotted
lines show the gas fraction evolution following Liu et al. (2019) for a
galaxy with a stellar mass of M,=5x10'°M, and an SFR that is one,
three, and ten times the one expected for the SFR main sequence, re-
spectively.

Based on the structural analysis presented in section 4.2, the
stellar mass for the [C u] clumps was estimated as the sum of the
mass of the F1000W clumps that are considered as physically
associated. This correspondence between clumps, indicated in
Table 5, was only applied to those [C 1] regions that presented
counterpart emission in the F1000W image (i.e. E2, E3, W4,
W5, and W6). Each of the [Cu] clumps have very high stellar
masses with 3 to 9 x 10° M. However, the stellar mass appears
to be a low fraction (28-45%) of the dynamical mass, except for
clump E3 in the E galaxy. The mass within the clumps appears to
be dominated by the gas component, especially in the clumps in
the W galaxy (see Table 5). Only when considering stellar pop-
ulations dominated by aged stars (200—400 Myr old) could the
dynamical mass be dominated by the stars in most of the clumps.
However, the stellar masses under this last assumption would in-
crease the mass up to unrealistic values of 2 to 6 x10'" My, per
clump.

Assuming the dynamical mass in the clumps is dominated by
the gas component, the ratio of the gas (traced by the [C ] 158um
line) to stellar mass in the E and W clumps appears to have
significant differences (see Table 5). For the E galaxy, this ra-
tio is between one and three. The clumps in the W galaxy are
more extreme, with gas to stellar mass ratios of seven to 22 (but
we note that gas masses derived for W clumps are higher by a
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Table 4. Stellar masses for MIRI/F1000W clumps with different star-
forming histories.

Region M.,[10Myr] M.,[20Myr] M.[50-100Myr]
(10°Mo) (10°Mo) (10°Mo)
€9) (2 3 4
EA 1.4+0.5 1.9+0.7 42+1.8
EB 1.5+0.4 2.0+0.6 4.4+1.7
EC 1.6+0.5 2.2+0.7 49+1.9
ED 1.1+0.3 1.5+0.5 32+13
EE 1.1+£0.3 1.5+0.5 32+1.3
WA 1.1£0.4 1.4+0.6 32+1.5
WB 1.0+£0.3 1.4+0.4 3.1+1.2
wC 1.3x0.4 1.8+0.5 4.0x1.5
WD 1.5+0.4 2.0+0.6 4.5+1.6

Notes. Columns (2), (3), and (4) give the extinction-corrected stellar
mass based on the L; luminosity and constant M/L ratios for a constant
SFR over 10 Myr, 20 Myr, and 50—100 Myr, respectively. Extinction has
been corrected assuming an Ay of 2.4 and 2.2 for the E and W stel-
lar components (see §4.3) and Calzetti’s extinction law (Calzetti et al.
2000).

factor of three to seven than the dynamical mass, see Table 5).
These ratios (see Figure 7) are much higher, in particular for
the W clumps, than those measured (Mg,,/M.<1) in star-forming
galaxies at redshifts 1 to 3 (Aravena et al. 2020), but they are in
the upper range of the ratios measured at higher redshifts (z ~
4.410 5.9) in [C ]-detected galaxies (Dessauges-Zavadsky et al.
2020). However, the mass ratios measured in the SPT0311-58
clumps have to be treated with caution due to potential uncer-
tainties related to the dependence of the ratio on the assumed
ages for the stellar population and the lower limits measured for
the internal (nebular and stellar) extinction. Clumps with stellar
populations older than 50-100 Myr are more massive, and there-
fore the ratio of the gas to stars would be lower than the val-
ues above. Even if no old stellar populations were present in the
clumps, the derived Pae/He nebular and corresponding stellar
extinctions are lower limits of the true internal extinction. Ex-
tinction corrections applied to the 10um flux (i.e. near-infrared
rest-frame) would increase the amount of obscured stellar mass
for the same stellar population. Some evidence that this could be
happening, at least in the W galaxy, comes from the M,,;/M, ra-
tio derived using the gas mass from the 160um emission (Mg,s=
4 and 27 x 10'°M,, for the E and W galaxies, Marrone et al.
2018) and the stellar mass from the SED fitting carried out in
this work (see values in Table 3). For this scenario, the mass
ratio becomes 2.9 (E) and 3.4 (W), respectively (see Figure 7).
While the value in the E galaxy agrees with those derived for the
clumps, it is lower by a factor of two to seven in the W galaxy.
The 160um- and SED-based mass ratios are more moderate and
within the range measured in z ~ 4.4-5.9 galaxies (Figure 7).
Predictions of the evolution of gas mass fractions as a func-
tion of redshift (Liu et al. 2019) expect My,,/M. ratios of ten
to 21 for massive starbursts (i.e. galaxies with SFRs three to ten
times above the so-called main sequence of star-forming galax-
ies) at redshift 7. Within the uncertainties and caveats considered
above, the mass ratios derived in both the clumps and the entire
galaxies of the SPT0311-58 system are well below these limits
and within the range of the values measured at lower redshifts.
This would imply a flattening in the evolution of the gas mass
fraction in massive star-forming galaxies from redshifts of about
4 up to redshifts of 7, even for luminous and massive starbursts
such as SPT0311-58.



J. Alvarez—Mérquez et al.: MIRI/JWST study of SPT0311-58

Table 5. Properties of SPT0311-58 clumps identified in the ALMA rest-frame 160um continuum image.

Region F1000W Clump Mdyn Mgas SFR[CH] M, [50— 100 Myl'] Mdyn/M* Mgas/M* sSFR
(10°Ms)  (10°Me)  (Moyr™) (10°Mo) (Gyr™)
(D (2 3) “) (®) 6) @) 3 )
E2 EA 145 12 25050 42+1.8 35535 28+12 603
E3 EB+EC 92 10 230"50 9.3+2.5 1.0%6 11203 2541
W4 WA 94 68 140*% 3.2+1.5 2758 22+10 4473
W5+W6 WC+WD 184 56 300770 8.5+2.2 220 6.6+1.7 353
E* galaxy 4077 28 7705138 19.9+3.6 2056  1.4+03 3975
w* galaxy 7244 227 1760733 14.842.9 4.9'73 15+3 11953

Notes. Column 1 displays the [C n]158um regions considered to compute the parameters. E* and W* represent the sum of all the [C ] clumps
for each galaxy. Column 2 shows the clump correspondence between the regions identified in the ALMA rest-frame 160um and MIRIM F1000W
images. The last two rows represent the total values for each galaxy, derived by summing all the clumps. Columns 3, 4, and 5 give the intrinsic
dynamical, gas masses, and SFR derived from the [Cu]158um ALMA spectral imaging (Spilker et al. 2022). Column 6 gives the extinction-
corrected stellar masses derived from the MIRI F1I000W imaging for a 50—100 Myr constant star formation presented in Table 4. Considering
stellar populations created by a constant star formation of ~10 Myr or instantaneous burst of 200—-400 Myr would yield M., different by a factor of
~0.33 and ~6.5, respectively. Columns 7 and 8 show the ratio between the stellar mass computed in this work and the dynamical and gas masses
derived from the [Cu]. Column 9 displays the sSFR (SFR/M..) derived using the SFR values computed by Spilker et al. (2022).

4.7. The starburst clumpy nature of SPT0311-58 and the
formation of massive galaxies in the early Universe

The F1000W clumps identified in the SPT0311-58 have stel-
lar masses similar to that of galaxies recently detected at red-
shifts 6 to 8 with JWST and ALMA (e.g Witstok et al. 2022,
Sun et al. 2022 and Barrufet et al. 2022). To establish a com-
parison with these high-z galaxies, the position of the F1000W
clumps associated with the [Cu] clumps in the M,—SFR plane
(Figure 8) was derived taking the [Cu]158um SFR measure-
ments (see Table 5). For a 50—100 Myr constant star formation,
the clumps were characterised by an sSFR (SFR/M..) of 25 to
60 Gyr~'. This sSFR is a factor ~3—10 times higher than ex-
pected for main-sequence star-forming galaxies of similar mass
at z=6-8, as predicted by hydrodynamical cosmological simu-
lations of dusty galaxies (Di Cesare et al. 2022) or extrapola-
tions from lower redshifts (Speagle et al. 2014). In addition, the
clumps in SPT0311-58 appear to be in a starbursting status when
compared with other equally massive star-forming galaxies at
similar redshifts recently detected by JWST (Figure 8, Sun et al.
2022 and Barrufet et al. 2022). Each of the F1000W clumps, as
well as at least the E galaxy, occupy a region in the M.—SFR
plane similar to that of massive (1.6-60 x 10° M) starbursts
at z~4-5 characterised by sSFR of 40 to 100 Gyr~! (Caputi
et al. 2017, 2021). Therefore, SPT0311-58 is an extreme sys-
tem formed by two starburst galaxies each consisting of several
massive starbursting clumps in a region of few kiloparsecs in
size.

The presence of massive kpc-size star-forming clumps has
been predicted in cosmological simulations of gas dominated
discs that are fed by cosmological cold streams (Dekel et al.
2009; Ceverino et al. 2010; Mandelker et al. 2014). The clumps
are produced as a natural consequence of instabilities in the gas
dominated systems that have a quasi-continuous supply of raw
material from the cold streams of gas. Under the scenario of
disc instabilities, giant clumps that have masses of a few per-
cent of the mass of the disc are predicted to form (Ceverino et al.
2010). SPT0311-58 is a very gas-rich system with intrinsic gas
masses of 3.1+2.7x10'! My, and 5.4+3.4x10'' My, in the E and
W galaxies (Jarugula et al. 2021). Therefore, clumps with typ-
ical masses of about a few 10° to 10'° M, are expected. These
masses are in agreement with the stellar and dynamical masses
derived for the clumps. Following these cosmological simula-

tions, the massive clumps will migrate inwards in about two or-
bital periods, forming a spheroidal galaxy (Dekel et al. 2009).
Since the clumps are distributed in small volumes of a few kilo-
parsecs in radius and the orbital velocities correspond to about
200-300kms~!, the timescale is short (i.e. <100 Myr), and a
bulge grows in a few to several hundred million years. In ad-
dition, the feeding of a black hole and its transformation into a
bright AGN has also been considered as part of the evolution-
ary scenario of clumpy discs in high redshift galaxies (Bournaud
etal. 2011, 2012). Following this overall scenario, the SPT0311-
58 system could be in an evolutionary phase that would rapidly
evolve into a massive spheroid, potentially feeding a central
black hole and therefore generating an infrared-luminous quasi-
stellar object similar to those already detected at redshifts of 6
and above (Venemans et al. 2020; Walter et al. 2022).

Massive clumps could also be formed in major mergers, as
indicated by the observed increasing clumpiness of mergers that
are identified as starbursts in intermediate redshift galaxies (Cal-
abro et al. 2018). This scenario is further supported by the hy-
drodynamical simulations of mergers of gas discs that confirm
the formation of star-forming clumps during the evolution of the
merger as opposed to isolated discs (Calabro et al. 2019). Merger
scenarios (Bournaud et al. 2011) predict SFRs with peaks of
1000-2000 My, yr~! and clumps that become more massive and
more dense during the evolution of the merger. SPT0311-58 is a
system formed by two galaxies separated by ~7 kpc and that are
likely interacting; thus, a merger scenario could be at play here.

In summary, SPT0311-58 is a system composed of two mas-
sive gas-rich interacting galaxies with a clumpy morphology
consisting of several massive gas and stellar clumps within a ra-
dius of a few kpc. Independent of the dominant scenario, be it
disc instabilities, mergers, or a combination of both, new simu-
lations with high angular resolution (at least 100 pc) exploring
the formation and evolution of such galaxies as SPT0311-58 in
the early Universe (i.e. at ages of less than 700-800 Myr) are
required to understand their evolution considering the physical
characteristics measured by JWST and ALMA. Also, additional
ALMA and JWST observations are needed to put better con-
straints on the internal extinction, ages of the stellar population,
and presence of an obscured AGN as well as to obtain more ac-
curate stellar and gas masses in the clumps. Some of these addi-
tional observations will be taken soon with JWST.
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Fig. 8. Star formation rate vs stellar mass. This figure shows the position of the F1000W clumps associated with the [C 1] clumps in the SFR

versus stellar mass plane. The stellar masses are extinction-corrected and assume a continuum star formation of ~50—100 Myr. The SFR is from
the SFR¢y derived by Spilker et al. (2022). The values for the E and W galaxy clumps are displayed as black and red triangles, respectively. Filled
squares represent the total values for the E and W galaxies using the F1000W masses and [C ] SFRs. Empty squares are the analogous points
using the M, and SFR derived from the SED fitting (see Table 3). Grey dashed lines represent constant sSFR. blue dashed and orange dashed
lines in both panels represent the SFMS derived by Speagle et al. (2014) and Di Cesare et al. (2022), respectively, at z~6.5 and z~7.5. For a direct
comparison, we transformed the MS by Di Cesare et al. (2022) from a Salpeter to Kroupa IMF, multiplying the SFRs and M, by 0.67 and 0.66,
respectively (Madau & Dickinson 2014). Yellow-shaded area represents the ‘starburst region” at z~4.3 defined by Caputi et al. (2017). Green, blue,

and magenta stars represent the results by Witstok et al. (2022), Sun et al. (2022), and Barrufet et al. (2022), respectively.

5. Summary

SPT0311-58 consists of two gas-rich galaxies at redshift 6.9 sep-
arated by about 8 kpc and experiencing a strong starburst. This
paper has presented mid-infrared sub-arcsec imaging and spec-
troscopy of the SPT0311-58 system taken with MIRI/JJWST. The
data provide the first resolved kpc-scale rest-frame near-infrared
light of an extreme dusty, infrared-luminous star-forming system
within the Epoch of Reionization. The data enable the explo-
ration of the stellar and ionised gas structure of the galaxies that
form the system. The study also combines the new MIRI data
with archival high angular resolution ALMA imaging to derive
additional physical properties, such as the SFR, the ratio of the
stellar mass to dynamical and gas masses, and the specific SFRs.

The main results are summarised below:

— The stellar light of the two galaxies (E and W) that be-

long to the system shows a clumpy structure with a total of
nine clumps (five in the E and four in W, plus one tentative
clump). The clumps appear as unresolved sources and within
regions of a few kpc in size.

The clumps are very massive, with stellar masses in the range
of 3 to 5 x10° M, assuming a constant star formation of
50 to 100 Myr. The stellar mass in the massive clumps rep-
resents a fraction, 20% up to 100% but with an average of
43%, of their dynamical mass, implying that the mass of the
clumps is dominated by gas.

The gas to stellar mass ratios derived in the clumps and en-
tire galaxies of the system appear to be consistent with values
(1-3) of [Cu]-detected galaxies at redshifts above 4. Which
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is in agreement with a flattening in the evolution of the gas
mass fraction, even in massive starbursts at redshift 7 such
as SPT0311-58. Extreme ratios measured in some W clumps
(Mgas/M.. ~ 7 to 22) could be due to a combination of effects,
including internal extinction, the presence of stellar popula-
tions older than 100 Myr, and uncertainties in the gas esti-
mates.

The stellar and interstellar medium morphology of the two
galaxies shows a complex structure. Some of the stellar
clumps detected in the MIRI images are spatially offset from
those already identified in the rest-frame 160um continuum
and [Cu]158um line. In addition, some far-infrared clumps
(e.g. W1, W2, W8, and E1) are not detected in near-infrared
light. Other stellar clumps detected with MIRI (e.g. ED and
EE) do show UV emission (HST) but not far-infrared emis-
sion. This complex morphology is likely due to the combina-
tion of an intrinsic clumpy stellar structure with several inde-
pendent clumps forming stars at different rates (i.e. different
sSFR) and a patchy dust distribution producing internal dif-
ferential extinction effects, very similar to what is observed
in low-z ultra-luminous infrared galaxies at (sub)kpc scales.
The ionised interstellar medium is traced by the Paa emis-
sion line present in the two galaxies of the system, with no
detection of Hev. This implies a large internal nebular extinc-
tion in the two galaxies with lower limits of 4.2 mag and 3.9
mag in the visual (Ay) for the E and W galaxies, respectively.
These large extinctions agree with values measured in low-
and intermediate-z ultra-luminous galaxies. Nebular extinc-
tion based on SED fitting provides larger values, Ay =5.6
(E) and 10.0 (W). The SED-based extinction towards stars
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older than 10 Myr is lower and amounts to 1.3 and 5 visual
magnitudes.

— The lower limits of the ongoing SFR traced by the extinction
corrected Paa line corresponds to 383 and 230 M, yr~! for
the E and W galaxies. This represents 50% and 13% of the
SFR derived from the [Cu]158um line. These amounts are
similar to those measured in typical low-z LIRGs (E) and in
extreme dust-enshrouded ULIRGs (W).

— The sSFR in the stellar clumps ranges from 25 to 60 Gyr™!
and is three to ten times larger than the predicted values for
main-sequence star-forming galaxies of similar mass at red-
shifts 6 to 8 in cosmological simulations of dusty galaxies
(Di Cesare et al. 2022) and recently detected by JWST. Thus,
SPTO0311-58 is a starburst system even when compared with
typical massive star-forming galaxies at such high redshifts.

The stellar mass and spatial distribution of several massive
star-forming clumps within a few kpc in each of the galaxies
that form the SPT0311-58 system is consistent with the scenario
of the formation of massive clumps in high-z gas-rich discs. The
dynamical evolution of the system should be very fast, with the
clumps moving inwards in less than 100 Myr and producing a
massive spheroid (Dekel et al. 2009). In addition, a central BH
could be activated and produce a luminous AGN very similar to
most of the quasi-stellar objects at redshifts above 6 where a lu-
minous AGN coexists with a powerful starburst in the nucleus.
Thus, SPT0311-58 could be exhibiting the evolutionary phase
immediately previous to the infrared phase of a luminous quasi-
stellar object. Alternative scenarios predicting the formation and
evolution of massive clumps as a consequence of interaction and
merger can also be relevant in this galaxy. The combination of
high angular resolution JWST and ALMA data and hydrody-
namical cosmological simulations of massive structures in the
early Universe are required to further illuminate the formation
and subsequent evolution of systems like SPT0311-58 during the
first Gyr after the Big Bang.
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