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Stellar feedback in M83 as observed with MUSE
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ABSTRACT

Context. Young massive stars inject energy and momentum into the surrounding gas, creating a multi-phase interstellar medium (ISM)
and regulating further star formation. The main challenge of studying stellar feedback proves to be the variety of scales spanned by
this phenomenon, ranging from the immediate surrounding of the stars (HII regions, 10s pc scales) to galactic-wide kiloparsec scales.
Aims. We present a large mosaic (3.8 X 3.8 kpc) of the nearby spiral galaxy M83, obtained with the MUSE instrument at ESO Very
Large Telescope. The integral field spectroscopy data cover a large portion of the optical disk at a resolution of ~20 pc, allowing the
characterisation of single H1I regions while sampling diverse dynamical regions in the galaxy.

Methods. We obtained the kinematics of the stars and ionised gas, and compared them with molecular gas kinematics observed in
CO(2-1) with the ALMA telescope array. We separated the ionised gas into H I regions and diffuse ionised gas (DIG) and investigated
how the fraction of Ha luminosity originating from the DIG (fpig) varies with galactic radius.

Results. We observe that both stars and gas trace the galactic disk rotation, as well as a fast-rotating nuclear component (30” = 700 pc
in diameter), likely connected to secular processes driven by the galactic bar. In the gas kinematics, we observe a stream east of the
nucleus (50” =~ 1250 pc in size), redshifted with respect to the disk. The stream is surrounded by an extended ionised gas region
(1000 x 1600 pc) with enhanced velocity dispersion and a high ionisation state, which is largely consistent with being ionised by slow
shocks. We interpret this feature as either the superposition of the disk and an extraplanar layer of DIG, or as a bar-driven inflow of
shocked gas. A double Gaussian component fit to the Ha line also reveals the presence of a nuclear biconic structure whose axis of
symmetry is perpendicular to the bar. The two cones (20” =~ 500 pc in size) appear blue- and redshifted along the line of sight. The
cones stand out for having an Ha emission separated by up to 200 km s~! from that of the disk, and a high velocity dispersion ~80—
200kms~!. At the far end of the cones, we observe that the gas is consistent with being ionised by shocks. These features had never
been observed before in M83; we postulate that they are tracing a starburst-driven outflow shocking into the surrounding ISM. Finally,
we obtain fpig ~ 13% in our field of view, and observe that the DIG contribution varies radially between 0.8 and 46%, peaking in the
interarm region. We inspect the emission of the H1I regions and DIG in ‘BPT’ diagrams, finding that in H1I regions photoionisation
accounts for 99.8% of the Ha flux, whereas the DIG has a mixed contribution from photoionisation (94.9%) and shocks (5.1%).

Key words. galaxies: general — galaxies: individual: NGC 5236 — galaxies: ISM — galaxies: kinematics and dynamics —
ISM: structure — H II regions

1. Introduction momentum into the surrounding interstellar medium (ISM) via

different feedback processes such as thermal feedback from pro-
Young massive stars originate from the gravitational collapse tostars, photoionisation, and mechanical feedback from stellar
of giant molecular clouds (GMCs), and they inject energy and winds and supernovae (for a review, see Krumholz et al. 2014
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and Dale 2015). These combined effects can disrupt the par-
ent GMCs (Dale 2015; Howard et al. 2017), resulting in a
self-regulating mechanism which inhibits future star formation.
On the other hand, positive feedback can occasionally facilitate
further collapse in neighbouring regions, boosting the forma-
tion of new stars. Stellar feedback directly affects star-forming
regions by carving channels and ‘bubbles’ of ionised gas into
the surrounding cool gas and dust, and it also impacts the
ISM on wider galactic scales, as it clears the path for winds
and outflows to escape the star-forming regions. Overall, stel-
lar feedback can shape the global properties of a galaxy (e.g.,
Scannapieco et al. 2012; Hopkins et al. 2013), and it plays a
key role in the recycling of gas, the regulation of star forma-
tion, and the chemical enrichment and mixing of star-forming
galaxies (e.g., Leroy et al. 2015a; Maiolino & Mannucci 2019).
Modelling feedback has therefore proven to be essential in sim-
ulations of GMCs (e.g., Dale et al. 2014) as well as galaxy for-
mation and evolution (Schaye et al. 2015; Hopkins et al. 2018)
in order to correctly reproduce key observables and relations
between them.

A more detailed understanding of the process of stellar feed-
back is also key to explain the origin of a warm and diffuse com-
ponent of the ISM (diffuse ionised gas or DIG, see Haffner et al.
2009 for a review), which has been observed to make up a con-
siderable fraction of the Ha emission (up to 50%) in local spiral
galaxies (Ferguson et al. 1996; Zurita et al. 2000; Thilker et al.
2002; Hoopes & Walterbos 2003; Oey et al. 2007). The origin
of this ISM component is still under study, and has been linked
to radiation leaking from the star-forming regions (Zurita et al.
2002; Weilbacher et al. 2018; Belfiore et al. 2022; Della Bruna
et al. 2021), field stars (Hoopes & Walterbos 2000; Zhang et al.
2017; Belfiore et al. 2022), shocks (Collins & Rand 2001), cos-
mic rays (Vandenbroucke et al. 2018) or scattering by dust (Seon
& Witt 2012). Studying stellar feedback in nearby galaxies will
allow to probe the role of each of these processes in ionising the
DIG.

The advent of integral field spectroscopy (IFS) has been a
leap forward in the study of stellar feedback, as it allows to
acquire spectral information of multiple lines simultaneously
over a relatively wide field of view (FoV) at good angular reso-
lution. This makes it possible for example to obtain at the same
time the kinematics of gas and stars, and to disentangle different
gas ionisation mechanisms (see Kewley et al. 2019, for areview).

IFS instruments have led the way to multi-scale studies of
kinematics and physical properties of ionised gas in nearby
galaxies. At the largest (kpc) scales, surveys such as CALIFA
(Sanchez et al. 2012), MANGA (Bundy et al. 2015) and SAMI
(Croom et al. 2012; Bryant et al. 2015) provided a census of the
z ~ 0 galaxy population. The large sample of H1I regions pro-
vided by these surveys allowed for a better understanding of the
general properties of star forming regions. For example, it was
possible to investigate the link between the physical conditions
of the ISM and the stellar population in the regions (Sdnchez
et al. 2015), and between the stellar population and the leakage
of ionising photons (Morisset et al. 2016). Large scale surveys
also allowed to quantify and characterise the presence of extra-
planar DIG (eDIG) in edge-on spiral galaxies (Bizyaev et al.
2017; Jones et al. 2017; Levy et al. 2019).

At intermediate scales, two instruments whose wide field
coverage and high sensitivity have been particularly important
for the study of feedback are: the MUSE integral field unit (IFU,
Bacon et al. 2010), mounted on the ESO Very Large Telescope
(VLT) at Cerro Paranal observatory and the SITELLE imaging
fourier transform spectrograph at Canada-France-Hawaii Tele-
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scope (CFHT, Drissen et al. 2019). The relatively large FoV
(1 arcmin® and 11 x 11 arcmin?, respectively) and high spatial
sampling (0”72 and 0732 pixel™!) of these instruments are ideal
to study global properties of nearby galaxies, while at the same
time achieving a high level of detail at small scales. This was
exploited by galaxy surveys such as MAD (Erroz-Ferrer et al.
2019; den Brok et al. 2020), SIGNALS (Rousseau-Nepton et al.
2019) and PHANGS-MUSE (Emsellem et al. 2022), that are tar-
geting each ~20-50 galaxies, at distances where 1”~50-200 pc,
enabling the identification and characterisation of individual H 11
regions. This makes it possible to study the dependence of region
properties on their location in the galaxy (e.g., in arm vs. inter-
arm regions) and on the local ISM conditions (Kreckel et al.
2016, 2019; Erroz-Ferrer et al. 2019).

Finally, a few specific studies of local galaxies with MUSE
(LMC, McLeod et al. 2019; NGC 300, McLeod et al. 2020,
2021; NGC 7793, Della Bruna et al. 2020, 2021) are starting to
probe scales of tens of parsec, resolving individual H I regions
in detail and detecting the most massive individual stars, which
gives a way to bridge small and galaxy-scale stellar feedback.
For individual regions, this allows one to investigate, for exam-
ple, the contribution of various types of feedback (McLeod et al.
2019, 2020, 2021), the ionisation structure of the region and to
derive an escape fraction by modelling the expected ionising
photon flux based on the observed stellar population (McLeod
et al. 2019, 2020; Della Bruna et al. 2020, 2021).

In this study, we exploit MUSE IFS data to study the ISM in
the nearby galaxy M83 at a scale of ~20 pc. Our work comple-
ments the very high resolution (10 pc) studies and the large scale
(100 pc — kpc) studies, by covering a wide area (~20 arcmin?)
at a resolution that still allows the characterisation of individual
H1I regions while at the same time sampling a large number of
regions (~4700, Della Bruna et al., in prep.) and a wide range of

ISM conditions across the galactic disk.
M83 (also known in the literature as NGC 5236) is a nearby

spiral galaxy, at a distance of 4.89 Mpc (Jacobs et al. 2009).
Figures 1 and 2 show M83 observed with the Hubble Space Tele-
scope (HST) and the Atacama Large Millimeter/submillimeter
Array (ALMA), and with MUSE (this work). M83 has a grand
design barred spiral morphology, and its full optical disk is
~20kpc across; the position of the stellar bar and the two spi-
ral arms' are sketched in Fig. 1. The galaxy has a stellar mass
log,g My = 10.53 M, (Leroy et al. 2021b) and hosts a nuclear
starburst ring (Sérsic & Pastoriza 1965; Buta & Crocker 1993;
Calzetti et al. 2004; Comerdn et al. 2010; Knapen et al. 2010),
resulting in a high star formation rate (SFR = 4.2 M, yr~!, Leroy
et al. 2021b). Its offset from the SFR-M, main sequence for star
forming galaxies (Ays = 0.44 dex) is consistent with the typical
scatter at this stellar mass (Popesso et al. 2019). M83 has been
extensively studied over all wavelengths, and its stellar popu-
lation has been mapped across the galactic disk. Catalogues of
young star clusters (YSCs, Silva-Villa et al. 2014; Adamo et al.
2015), Wolf-Rayet stars (Hadfield et al. 2005) and supernova
remnants (Blair et al. 2014; Winkler et al. 2017; Williams et al.
2019; Russell et al. 2020) are publicly available. Overall, this
makes M83 an ideal candidate for the detailed study of stellar
feedback at scales of 10 s of parsecs.

! We determine the outline of spiral arms as the inner radius of
the star-forming regions identified in Sect. 5, and the bar position
angle based on archival Spitzer S*G data (Sheth et al. 2010; Salo
et al. 2015, https://irsa.ipac.caltech.edu/data/SPITZER/
S4G/galaxies/NGC5236.html).


https://irsa.ipac.caltech.edu/data/SPITZER/S4G/galaxies/NGC5236.html
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The MUSE data presented in this work consist of a large
mosaic covering the central 3.8 kpc in radial extent at ~20pc
resolution. This is the first extensive IFS study of stars and
ionised gas across the disk of MS83. Previous studies have
either targeted the ionised gas using a wide field spectrograph
(Poetrodjojo et al. 2019, ~40pc resolution) or Fabry—Pérot
observations (Fathi et al. 2008), or have focused on spectroscopy
of the nuclear region (e.g., Knapen et al. 2010; Piqueras Lopez
et al. 2012; Gadotti et al. 2020; Callanan et al. 2021). We com-
plement our observations with high-resolution archival imaging
from HST (<2pc resolution) and CO(2-1) observations from
ALMA at ~50 pc resolution. An overview of the dataset is shown
in Fig. 1. The MUSE data allow us to map for the first time
the large-scale stellar kinematics, as well as unprecedentedly
detailed Ha kinematics. The wealth of information provided by
IFU spectroscopy enables us to investigate spatially resolved
physical properties of the gas. At the same time, the HST cov-
erage provides us with a detailed catalogue of massive stars and
clusters, and the ALMA data trace the distribution of the molec-
ular gas in the galaxy. The goal of this project is the study of
star formation from galactic scales (this paper) to small scale
(~20pc, Della Bruna et al., in prep.). The data allow also for
a census of Wolf-Rayet stars (Smith et al., in prep.), planetary
nebulae (Della Bruna et al., in prep.) and supernova remnants
(Long et al., in prep.). Ultimately, we aim to provide a com-
prehensive picture of the star formation cycle in M83 at tens of
parsec scales.

This paper is organised as follows: in Sect. 2 we give an
overview of the dataset and of the MUSE data reduction. In
Sect. 3 we present the kinematics of stars and ionised gas. In

Fig. 1. HST colour-composite image of
MS83 (Red: F657N, Blue: F814W, Green:
F438W). The footprint of the MUSE
mosaic is overlaid in white. The position of
the bar and the two spiral arms is sketched
in black (see Sect. 1). The white contours
trace molecular gas mass surface density
from ALMA CO(2-1) (contours of 5 and
25K kms™!, corresponding to a surface gas
density ~30 and 170 M, pc™2).

14 12

Sect. 4 we estimate the extinction from the ionised gas and com-
pare it with the distribution of the molecular gas. In Sect. 5 we
identify HII regions complexes, determine the fraction of DIG
and inspect the properties of the ionised gas in emission line dia-
grams. In Sect. 6 we take a closer look at the kinematics and
emission of the central starburst region. Finally, in Sects. 7 and 8
we discuss the results and draw our conclusions.

2. Dataset overview and MUSE data reduction

We observed M83 with the MUSE instrument at VLT (observing
programmes 096.B-0057(A) and 0101.B-0727(A), PI Adamo).
The main properties of the target are summarised in Table 1.
The MUSE data cover the inner ~3.8 kpc in galactocentric radial
extent (1.1 X R, in effective radius, see Table 1), and a total phys-
ical area of 40.5kpc?. The dataset consists of 20 pointings (indi-
cated in green in the top panel of Fig. C.1) in Wide Field Mode
(WFM) and extended wavelength configuration (4650-9300 A),
for a total of 46 exposures. The pointings were observed with sci-
ence exposures of 550 s (4 exposures for pointings 1 to 8, a sin-
gle exposure for remaining pointings). Sky frames of 180s were
obtained such that every science exposure is preceded or fol-
lowed by a sky frame acquisition. Because of the large extent of
the target in the sky, sky frame offsets were larger than 4 arcmin.
We complemented our observations with MUSE data avail-
able in the ESO archive: observing programmes 097.B-0899(B)
(PT Ibar) and 097.B-0640(A) (PI Gadotti). Both programmes
were observed in WFM with nominal wavelength range (4800—
9300 A). From these programmes, we excluded some frames

AT77, page 3 of 26
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Fig. 2. Three-colour composites of the MUSE data. Left: composite of stellar bands (Blue: 4875-4950 A, Green: 65206528 A, Red: 6750
6810 A). The green rectangle indicates the central starburst region analysed in Sect. 6. The orange square indicates the position of the Ha cloud
highlighted in Fig. 3 (central panels). Right: composite of gas emission (Blue: [O 111], Green: [S1I] Red: He).

that had calibration issues, poor seeing or that were not fully
overlapping with the rest of our dataset. From archival dataset
097.B-0899(B) we included five pointings (indicated in blue in
Fig. C.1, top panel), each observed during three science expo-
sures of 600s with two external sky frames with a 180s expo-
sure. Archival dataset 097.B-0640(A) consists of one pointing
(purple square in Fig. C.1, top panel), of which we included four
480 s exposures, and an additional two sky exposures of 300 s.

The final mosaic consists of 26 pointings for a total of 65
MUSE exposures. The central coordinates and exposure time of
all the included pointings can be found in Appendix C (Table C.1
and Fig. C.1). The pointings were imaged over a wide range of
observing conditions. We derived a PSF for each pointing by
fitting a Moffat profile as a function of wavelength to bright,
isolated point sources with PAMPELMUSE (Kamann 2018), and
report the values in Table C.1. Across the full mosaic we mea-
sure a median PSF of 0”77 at 7000 A (17 pc at the distance of
our target). The full width at half maximum of the Moffat profile
declines with increasing wavelength, with a median difference
of 0”716 between the blue and red end.

MS3 was also observed with HST during the WFC3 Early
release science programme (GO11360, PI O’Connell), using
narrow and broad band imaging ranging from the UV to the
NIR. The coverage of the inner 4.5 kpc (1.3 X R.) in galactocen-
tric radius was later completed with the programme GO12513
(PI Blair). In total, the HST mosaic consists of seven contiguous
pointings (Blair et al. 2014), witha FWHM ~ 0708 (1.9 pc).

Finally, archival ALMA CO (J=2-1) data® covering the
inner 7.2 kpc (2.1xR.) of the galaxy in galactocentric radius have
been processed as part of the PHANGS-ALMA survey (Leroy
et al. 2021b) using the PHANGS-ALMA pipeline (Leroy et al.
2021a). The data have an angular resolution of 2”714 (50 pc), a
spectral resolution of 2.5 kms~! channel™! and a rms brightness

2 Project codes 2013.1.01161.S, 2015.1.00121.S and 2016.1.00386.S,
PI Sakamoto.
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Table 1. Physical properties of M83.

Parameter Value Ref.
Distance and morphology Distance 4.89Mpc (1”7 =24pc) (1)
Effective radius 3.5kpe 2)
Morphological Type SAB(s)c 3)
Physical properties logy M 10.53 M, 2)
SFR 4.2 Mg yr~! ?2)
Aus @ 0.44 dex 2)
log,, 7m0 @ 8.9yr (2)

dep

Central abundance 12 +10g(O/H)=8.99  (4)

Notes. @Offset from the SFR-M, main sequence. ®’Derived assuming
log,, Lco = 8.84 Kkms™! pc~2 (Leroy et al. 2021b), a standard Galactic
aco = 4.35Mypc™? (Kkms™)~! and R,; = 0.65 (den Brok et al. 2021;
Leroy et al. 2022).

References. (1) Jacobs et al. (2009); (2) Leroy et al. (2021b); (3) RC3
catalogue (de Vaucouleurs et al. 1991; Buta et al. 2015); (4) Bresolin
et al. (2016).

temperature sensitivity of 0.17 K. The data are described in detail
in Leroy et al. (2021b), and the data reduction in Leroy et al.
(2021a).

In Fig. 1 we show a 3-colour composite of the HST data.
The footprint of the MUSE mosaic is shown in white. The white
contours indicate the ALMA CO emission at levels of 5 and
25Kkms~!. Using Eq. (1) in Sun et al. (2020) and assuming a
CO(2-1)-to-CO(1-0) line ratio Rp; = 0.65 (den Brok et al. 2021;
Leroy et al. 2022) and a standard Galactic CO-to-H2 conver-
sion factor aco = 4.35 My pc~? (Kkms™!)~!, these values cor-
responds to a cold gas surface density of ~30 and 170 M, pc~2.
The position of the bar and the spiral arms is shown with black
dashed lines (see Sect. 1). The HST and ALMA data cover the
inner ~4.5-7kpc of the disk, imaging the spiral arms in their
entirety, whereas the MUSE mosaic is limited to the central
3.8 kpc.
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We reduced the MUSE data with the ESO pipeline
(Weilbacher et al. 2014, 2020, v2.8.3), following the standard
reduction procedure. In a first phase, the instrumental signature
was removed using muse_scibasic. For this purpose, we com-
bined bias frames to account for the readout noise and lamp
frames to correct for flat fielding. Wavelength calibration was
performed by combining arc-lamp frames, and correction of 3D
illumination and a refined flat-fielding was achieved by combin-
ing twilight frames. Moreover, we used the line spread function
(LSF) and geometry table (describing the spatial location of IFU
slicers) distributed with the pipeline. In a second phase, we per-
formed flux calibration using a standard star, and we modelled
the sky spectrum from the sky frames with muse_create_sky.
We then ran muse_scipost on the object and sky frames. For
the object frame, we used the ‘subtract-model’ sky subtraction
method, that uses sky lines and continuum estimated from the
sky frames. We saved whitelight images as well as individual
pixel table, that we later used when aligning and combining
the individual exposures. In a third step, we assembled the final
mosaic. We used muse_exp_align to compute offsets between
multiple exposures of the same pointing. Offsets between dif-
ferent pointings were instead computed by matching each
MUSE whitelight image with the B-band HST mosaic obtained
from the MAST archive®, and registered to the Gaia DR2
(Gaia Collaboration 2018). We selected in each MUSE image
at least ten point-like sources within the FOV that corresponded
to isolated bright clusters in the HST frame. The list of offsets
in WCS was then used by muse_exp_combine to combine the
individual pixel tables into a large mosaic. A colour composite
of the stellar continuum in different broad bands (left) and of
three line emission maps (right) extracted from the final MUSE
mosaic are shown in Fig. 2.

3. Kinematics of stars and gas
3.1. Stellar kinematics

We fitted the stellar continuum with PPXF (Cappellari &
Emsellem 2004; Cappellari 2017), using the E-MILES sim-
ple stellar populations models (Vazdekis et al. 2016) with an
unimodal IMF and Padova 2000 isochrones (Girardi et al.
2000). The data are spatially binned using the weighted adapta-
tion (Diehl & Statler 2006) of the Voronoi tessellation method
(Cappellari & Copin 2003). The bins were targeted to a sig-
nal to noise ratio (§/N)~250 in the continuum range 5025-
5065 A, corresponding to a S/N~40A~'. We fitted the range
4600-8740 A (in order to include the Cal triplet). All relevant
emission lines, as well as sky residuals were masked during the
fit; in particular, we excluded entirely the range 7220-8507 A
due to the strong residual sky emission. We used the Gaus-
sian parametrisation of the instrumental LSF by Guérou et al.
(2017)*. We note that following this parametrisation, velocity
dispersions below ~50kms~!' at Ha are undersampled by the
MUSE instrument.

The resulting stellar velocity and dispersion maps are shown
in Fig. 3 (top row). We observe that the stars exhibit overall a
regular rotation, and that the velocity dispersion increases from
o =~ 30kms™! in the outskirts to o ~ 80kms~' towards the
centre. At the very centre, we observe a fast rotating component
and a dip in the velocity dispersion (o~ ~ 50kms~!). We discuss

3 https://archive.stsci.edu/prepds/m83mos/
4 FWHM;e[A] = 6.266 X 107822 — 9.824 x 10741 + 6.286.

this feature in Sect. 6.1, where we analyse the kinematics of the
starburst region.

3.2. lonised gas kinematics

We created a stellar continuum subtracted cube (‘gas cube’)
by rescaling the best stellar population fit from PPXF in each
Voronoi bin by the height of the continuum in each spatial pixel
(spaxel). We studied the kinematics of the ionised gas from
the Ha emission line, the brightest line in the MUSE spectral
range throughout our FoV. We Voronoi binned the gas cube to
a S/N ~ 20 in He’ and fitted the line with a single Gaus-
sian profile. We used the python scipy module curve_£fit, with
an initial guess (v;,0;) = (Veyst, 20) km s~ for the velocity and
velocity dispersion, where vy is the systemic velocity esti-
mated from the stellar kinematics. We set the initial flux f; to
the integral of the binned spectrum in a window of width 22 A
(+500km ') centred on the line. We then performed the fit in
the same wavelength window, in order to avoid being affected
by a poorly subtracted stellar continuum. We constrained f > 0
and ¢ > lkms™!, and leave all other parameters free. We
removed the instrumental signature using the parametrisation of
the MUSE LSF described in Sect. 3.1. The resulting velocity
and dispersion maps are shown in Fig. 3 (middle row panels).
We remark that while the spectral resolution of MUSE at Ha
is coarse (o, =~ 120kms™"), the S/N on the Ha line yields a
median centroiding accuracy of ~2km s~!. We also note that the
artefacts in both maps are arising from minute calibration uncer-
tainties at the scale of a few 10s of kms~! and to undersampling
of the MUSE LSF (see Sect. 3.1).

The kinematics of the ionised gas are more complex than the
stellar kinematics. At galactic scales, we observe an overall disk
rotation, while the velocity dispersion increases in the interarm
regions (o ~ 80 kms~!) with respect to the star-forming regions
along the spiral arms (o0 ~ 20kms™'). The black square in the
central panels of Fig. 3 indicates a compact region that features
a peculiar Ha velocity which appears to be 100kms~! lower
than the surrounding disk rotation, and a high velocity disper-
sion ~80km s~!. Given that this region does not stand out in the
stellar RGB image (see orange square in Fig. 2) and that it shows
a typical spectrum of a low-luminosity He region, we interpret
it as a cloud of extraplanar gas, possibly falling into or being
ejected from the galactic disk.

We also performed a double Gaussian component fit to the
Ha line. A double component can better capture the emission
in the case of extreme line broadening on top of a single emis-
sion line peak (caused e.g., by shocks or unresolved flows) and
in the case where the line has a double-peaked profile, tracing
gas motions on top of the galactic rotation (e.g., resolved flows).
The fit was performed as following: in a first step, we fitted a
single component, as described above. This fit was then adopted
as initial guess for the first component, whereas for the second
component, we set an initial guess (v;,07) = (Vicomps> T 1comp)
and fo = 0.25 X ficomp. All boundary conditions were the
same as described above. In order to prevent over-fitting by the
broad component (e.g., in the case of a noisy or poorly sub-
tracted continuum), we limited the fit to a window of width 22 A
(+500km s~!) around the rest wavelength of Ha. We determined
the optimal number of parameters based on the Bayesian infor-
mation criterion (BIC) statistic (Schwarz 1978), following the
approach of Koch et al. (2021). The BIC statistic consists of a

5> Throughout this work, we estimate the S/N of Voronoi maps using a
window of 10 A centred on Agp,.
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Fig. 3. Kinematics of the stars and gas. Top row: MUSE stellar kinematics. Centre row: MUSE Ha kinematics. The black box in the bottom right
corner indicates the position of what we interpret as an extraplanar Ha cloud. Botfom row: molecular gas kinematics from ALMA CO(2-1) (mom1
and mom?2 maps). The footprint of the MUSE data is overlaid in black. All velocity maps have been corrected for systemic velocity; no inclination
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dashed lines sketch the position of the bar and spiral arms as shown in Fig. 1 (see Sect. 1). A zoom-in into the central kinematics is shown in
Fig. 11.

A77, page 6 of 26



L. Della Bruna et al.: Stellar feedback in M83 as observed with MUSE. 1.

Table 2. Parameters derived from the kinematic fitting described in Sect. 3.4.

Stellar component Ha component CO component

Model (GY) (B) © (D) (@ (b () () (e) (@) ®B (6]

x> m 1.21 1.23 1.27 1.36 43.7 44.2 46.7 44.6 46.9 1836 1870 2007
incl @ [°] 203 200 201 199 379  [203] [203] [203] [203] 350
vegst @ [kms™'] 514.2 5134 5130 5128 5138 5139 5180 5133 5161 5127 5125 5129
xe @ [ago/aresec]  13:37:0043  [+37] [+46] [+94] +07 w07 420 o] [o] 428 -16 [00]
ye © [2000/arcsec]  —29:51:56.2 | -1.0| |[-0.8| |-48| +20 420  -65 0]  +30 -18 |00]
PA©[°] 223.1 2230 2230 2229 2258 2258 2259 2258 2259 2250 2250 22438
AV @ [kms™!] 1.4 0.0 0.9 6 59 98 [o] 107 Jo] -16 21  -23

Notes. (VReduced y? obtained in fitting the velocity model to the observed velocity field. PGalaxy inclination. ®Heliocentric systemic LoS
velocity. “3For Col. (A), right ascension « and declination & of the kinematic centre. For the next columns: shift in @ and ¢ (in arcsec) from
the reference centre given in Col. (A). ©Position angle of the major axis of the velocity field. ”Mean velocity difference between both sides of
the rotation curve. The parameters framed in a box are those that are fixed for the fit. “Best Fit Model, all nine parameters are free to vary: five
parameters for the disk (incl, vy, X, y. and PA) and four for the two 2D-Plummer functions (not shown). (B All the parameters are free, except
x. and y, that are fixed to the centre of the yellow box in Fig. A.3 (i.e. the kinematic centre from Fabry-Perot data, Fathi et al. 2008). ©All the
parameters are free, except x. and y, that are fixed to the centre of the grey box in Fig. A.3 (i.e. the Pa 8 kinematic centre, Knapen et al. 2010).
(DAl the parameters are free, except x. and y. that are fixed to the grey cross in Fig. A.3 (i.e. the corner of the errorbox given by Knapen et al.
2010 that is the furthest away from the centre determination obtained in model (A)). ”Same as model (A). ®’All the parameters are free, except
incl (fixed to the value of stellar component). () All the parameters are free, except incl (fixed to the value of stellar component) and AV, (fixed to
0). @All the parameters are free, except incl, x. and y. (fixed to the value of stellar component). “Same as (d), except A(V,o) that is fixed. ¥Same
as model (A). P All the parameters are free, except incl (fixed to the value of stellar component). ®All the parameters are free, except incl, x. and
Ve (fixed to the value of stellar component).

likelihood term £ plus an additional term that penalises models
with more free parameters, and helps preventing overfitting:

Levenberg-Marquardt non-linear least-square algorithm. In our
work, the method has been upgraded using the MocKinG soft-
ware® to take into account uncertainties on the line of sight (LoS)
velocities, the flux distribution, the linewidth of the profiles and
the spatial resolution.

BIC = In(m)k — 2 In(L). 1)
Here, m is the number of fitted data points and k is the number
of free parameters. We selected the fit minimising the BIC statis-
tic; we furthermore ignored double component fits in which one
component contributes to less than 5% of the total flux. We sepa-
rated the resulting components into a first component, tracing the
galactic rotation, and a second component having a blue or red-
shift with respect to the disk. In the case where the two compo-
nents are closer in velocity than 57 kms~! (corresponding to the
MUSE spectral sampling of 1.25 A at A,), we picked as the first
component the one with the largest amplitude. We found that a
double component Gaussian improves the fit only in the starburst
region (black rectangle in the left panel of Fig. 2); we therefore
present and discuss the resulting kinematic maps in Sect. 6.1,
where we study in detail the central kinematics.

3.4.1. Analysis of the stellar velocity field

We fitted the raw stellar LoS velocity field with several two-
dimensional theoretical velocity distributions, and found that the
best fit is obtained using two Plummer components (Plummer
1911), one describing the galactic disk and the other tracing the
central structure. The Plummer density profile has a finite den-
sity core and falls off as 7= at large radii; this very steep fall-off
was essential to fit at best the central component.

The velocity field is described by nine free parameters (see
Table 2). They consist of four geometrical parameters — the disk
inclination (incl), the position angle of the major axis (PA), the
location of the kinematic centre (x., y.) — plus the heliocen-
tric systemic velocity of the galaxy (veys). Additionally, each
Plummer component has two free parameters which describe the
velocity amplitude and the turnover radius, accounting for four
other free parameters. We used an angular sector of inclusion
of 67.5 degrees (in the galaxy plane) around the major axis’,
and the LoS velocities were weighted according to their angu-
lar distance to the major axis by a cosine function, in order to
minimise the contamination due to the predominance of radial
motions around the minor axis. Regardless of the initial values
for the nine parameters, the best fit model converged towards the
same solution (model (A) presented in Table 2). We assessed the
robustness of the fit by masking low-S/N regions in the velocity
map using Kernel filters, testing various several S/N thresholds
(see also Appendix A). We found that even when reducing by

3.3. Molecular gas kinematics

In Fig. 3 (bottom row) we show the kinematics of the molecular
gas observed in CO(2-1) emission with ALMA. We selected the
moml and mom?2 data obtained with the high confidence ‘strict’
mask (see Leroy et al. 2021a). Despite the difference in resolu-
tion, we observe that the molecular gas velocity compares well
with the velocity of the ionised gas (centre left panel in Fig. 3).
The velocity dispersion is very low (<15kms™!) throughout
the disk, as expected for the cold gas component, and is only
enhanced (~25-30km s~!) around the starburst region. We dis-
cuss the kinematics of the central starburst region in Sect. 6.1.

3.4. Kinematic fitting

® https://gitlab.lam.fr/bepinat/MocKinG.

In order to derive the global kinematic parameters of MS83,
we fitted the velocity maps of stars and gas with the 2D fit-
ting method described in Epinat et al. (2008) and based on the

7 The reason for this choice is the fact that the LoS velocities along
and close to the minor axis are dominated by radial motions (expansion
and contraction along the radius) rather than by galactic rotation.
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Fig. 4. Rotation curves for the stellar (rop), Ha (centre) and CO (bottom)
velocity fields (models (A), (d) and (y) in Table 2). We remark on the
larger radial extent of the CO data on the bottom plot. The contributions
of the two best-fit Plummer components — modelling the galactic and
circumnuclear disk — are shown in cyan and light green, and the sum
of their contributions in purple. The red and blue curves correspond to
the receding and approaching side of the velocity map. In Fig. A.1, we
additionally show the Ha rotation curve for model (e), where we enforce
a more symmetrical curve. In the middle panel, the radial location of
features A and B discussed in Sect. 6.1 is indicated.

a factor two the number of fitted spaxels, the output parameters
are remarkably stable. The best-fit inclination incl = 20.3 £ 0.1°
is in excellent agreement with the one of 21° listed by Gadotti
et al. (2019), the position angle PA = 223.1 £ 0.1° is also very
close to the one of 227° found by Sheth et al. (2010) and the
systemic velocity veys = 514.2kms™! is only 6kms™! higher
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than the one from LEDA (Paturel et al. 2003; Makarov et al.
2014). The best-fit centre is consistent — within uncertainties
— with the PaB kinematic centre determined by Knapen et al.
(2010) (see Fig. A.3). Given the large number of spaxel used in
the fit, the statistical uncertainties derived on the fitted param-
eters are very low; in order to study the robustness of the fit
in Appendix A we test three additional models against model
(A), adopting different centres from literature values. Using the
parameters found with model (A), we computed the rotation
curve shown in the top panel of Fig. 4, on top of which we
overplot the contribution of the two Plummer components. The
agreement between both sides of the rotation curve is very good
for r > 50 arcsec (1.1 kpc). Within the first kpc, large discrepan-
cies are observed, with the approaching side rotating faster than
the receding one. Regardless of the chosen parameters, it is not
possible to make the slopes on both sides of the galaxy coincide
within the first 100 pc, indicating that the central stellar compo-
nent is non-axisymmetric. The discrepancy at the very end of the
rotation curve, on the other hand, is due to the decreasing S/N at
the edge of the disk.

3.4.2. Analysis of the ionised gas velocity field

We fitted the observed Ha velocity field with the same theo-
retical velocity distribution as for the stars. We tested several
models, whose parameters are also given in Table 2. The best-fit
model is model (a). However, the Ha velocity field is so per-
turbed that the hypothesis of an axisymmetric disk used by the
model provides a y? much higher than the one computed for the
stellar disk, and does not allow to correctly determine the incli-
nation of the galaxy, notoriously the most difficult parameter to
fit (e.g., Epinat et al. 2008). The problem persisted even when
masking the central region. To overcome this, we fitted a second
model (model b) in which we fixed the inclination to the one
of the stellar disk. This change only affected the y? parameter
(which increases by <1%), clearly indicating that the inclina-
tion is relatively decoupled from the other parameters. The bot-
tom row of Table 2 shows the average difference between the
two sides of the rotation curve. In the literature, the systemic
velocity is often determined by fitting a one-dimensional rota-
tion curve. In this case, the amplitude of each side of the curve
is matched by adjusting the centre location. On the other hand,
when fitting a two-dimensional velocity field as in this work, if
the receding and approaching sides display an asymmetric LoS
velocity distribution, a difference in rotational velocity (AViq)
may appear between the two sides of the rotation curve. We
therefore fitted a third model (model ¢), where we additionally
fixed AVt = 0, in order to make the rotation curve more sym-
metric. This resulted in a moderate increase in x? (5%). Finally,
we produced two more models (models d and e) in which we
fixed the centre of rotation to the one determined from the stel-
lar disk. This was motivated by the fact that the potential well
of the galaxy is dominated by the mass of the stars and of the
dark matter halo. In addition, this will facilitate the compari-
son between the stellar and the gaseous disks. With respect to
model (d), in model (e), we also fixed AV;,, = 0. The only
parameter marginally affected was the systemic velocity (vys).
We show the rotation curve corresponding to model (d) in Fig. 4
(middle panel). In the figure, we also indicate the radial loca-
tion of the central kinematic features that will be discussed in
Sect. 6.1 (A and B, black arrows). In Fig. A.l1, we include
the Ha velocity rotation curve produced with model (e) as a
comparison.
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Zimol ~ 600-5350 M, pc?).

3.4.3. Analysis of the CO gas velocity field

Finally, we fitted the CO data (‘moml with prior’ map®,
see Leroy et al. 2021b) with the same two Plummer profiles,
obtaining the best fit model (@) in Table 2. However, the best fit
model exhibits a large inclination incl = 35°, which is interest-
ingly very close to the one derived from the best-fit Ho model
(37.9°); this indicates that the warm and cold gas kinematics are
similar. For the same reasons mentioned above, in model (83),
we fixed the inclination of the CO component to the one of the
stellar disk, leaving the other parameters free. None of the fitted
parameters were affected by this; only the y? increases by <2%.
For model (y), we also fixed the centre of rotation of the CO disk
to that of the stars. This increased the y? by a further ~7% with
respect to model (5). To facilitate the comparison with the stellar
and ionised gas component, in Fig. 4 (bottom panel) we show the
rotation curve obtained from model (y). We remark that since
the area spanned by the ALMA data is much more extended
than that of MUSE, the CO rotation curve extends ~50% far-
ther. The first kpc is as difficult to fit as for the He component,
but we observe a fairly good agreement between the warm and
the cold gaseous component. The receding side of both compo-
nents shows a larger velocity up to the end of the MUSE rotation
curve, Beyond this radius, the CO rotation curve indicates that

8 This map uses a high completeness, in order to cover the larger pos-
sible number of sightlines.

the receding side velocities are lower than the approaching side
ones.

4. Extinction traced by the molecular and ionised
gas

We estimated the extinction from the HB/Ha ratio with
PYNEB (Luridiana et al. 2015). We assumed an intrinsic ratio
Ha/HB =2.863 (corresponding to case B recombination with
T. = 10*°K and n. = 100cm™>, Osterbrock & Ferland 2006)
and a Cardelli et al. (1989) extinction law. The HS/Ha ratio map
was obtained by spatially binning the gas cube to a S/N =~ 20
in HB with the Voronoi tessellation technique. The lines were
fitted with a single component Gaussian profile, as described in
Sect. 3.2.

The resulting extinction map is shown in Fig. 5 (right pan-
els). Because dust and gas are usually well mixed (e.g., Bohlin
et al. 1978), we expect extinction and emission from gas to
trace one another, modulo complications due to geometry and
the presence of foreground and background sources, as observed
for example with CALIFA by Barrera-Ballesteros et al. (2020).
By comparing the extinction map with the CO intensity emis-
sion traced by ALMA (left panels in Fig. 5), we observe that
indeed regions with high extinction correspond to dense molec-
ular gas, with a surface density larger than 100 M pc~2 (black
contours in the top right panel Fig. 5). This is particularly
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evident along the spiral arms, where the extinction is clearly
higher (E(B — V) 2 0.5) with respect to interarm region, due
to the presence of dense gas. In the bottom right panel of Fig. 5,
we show a zoom-in of the central region with CO emission over-
laid in black on the extinction map. We observe two high density
peaks in the molecular gas density distribution. These regions
spatially coincide with the circumnuclear ring and dust inner
bar reported in Elmegreen et al. (1998), and also studied by
Callanan et al. (2021) in dense gas tracers. The northern peak
in CO coincides with the approaching part of the circumnuclear
disk observed in Sect. 3.1, and with a peak in the gas extinction
map. The southern CO peak (receding part of the circumnuclear
disk) shows very low extinction values. Given the inclination of
the galaxy, we interpret this as a perspective effect on the vertical
separation of the gas, due to the denser molecular gas residing
deeper in the disk: the low extinction traced by the ionised gas
would then be estimated based on line ratios from gas that is on
top of the CO layer.

5. Properties of the ionised gas
5.1. Hu region identification and fraction of DIG

In Fig. 6 (left panel), we show a map of the intensity of the Ha
line, obtained by fitting the line in the gas cube spatially binned
toa S/N =~ 20 in He. We separated the Ha emission into H1I
regions and DIG using the Python package ASTRODENDRO’. We
remark that within the scope of this work we only require the
outer boundaries of star-forming complexes. The detection of
individual H1I regions will be presented in an upcoming work
(Della Bruna et al., in prep.). The data were organised into a
hierarchical tree structure of a given depth and minimum leaf
size. We set the minimum size of the leaves based on the typical
PSF measured at Hoe (FWHM = 4.3 pixels = 0786) and we
fixed the optional min_delta parameter (minimum difference
in flux between two separate structures) to zero. We set the depth
of the tree to a surface brightness (SB) threshold corresponding
to an H1I region ionised by a single low-luminosity O star. We
determined this low luminosity threshold using the models of

° https://dendrograms.readthedocs.io.
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Martins et al. (2005) (Table 1 in their work), which predict an
ionising photon flux log Q(H") = 47.56 photons s~! for a 09.5
class V star. In the case B approximation'’, the Ha luminosity is
related to the ionising photon flux as

eff
LHo) fergs™1 = 2 vy, - QO [571),
B

where ail'z is the effective recombination coefficient at He and
ap is the case B recombination coefficient. Assuming an electron
temperature and density T, ~ 10000K and n, = 10°> cm™, this
gives (Draine 2011):

L(Ha) = 1.37 x 1072 Q(H").

We obtained thus L(Ha) = 4.97 x 10% ergs™!, corresponding to
a SB threshold of 1.23 x 10~ ergs~! cm2 arcsec™2, where we
assumed an H1I region diameter of 10 pc (lower limit estimate).
We note that our SB cut is slightly deeper than the one applied in
the recent work by Poetrodjojo et al. (2019), which used a cut-off
of 1.86 x 10" ergs™' ecm™2 arcsec™2 for their H1I regions sam-
ple. The outer contours of the resulting tree are shown in white
in Fig. 6 (left panel). By inverting the HII mask obtained from
the dendrogram, we found an (extinction corrected) DIG fraction
Joic = F(Ha)pig/F(Ha)ror ~ 13%. In order to get a first order
correction for DIG contamination, we obtained the distribution
of the Ha emission over the entire FoV, and estimated its median
value via sigma clipping. We then subtracted this value from the
H 11 regions emission. Correcting for the diffuse emission coinci-
dent with H1I regions results in a negligible increase of <0.1%.
We also estimated the fraction of DIG based on a cut
in [S1]/Ha, as recently done by Kreckel et al. (2016) and
Poetrodjojo et al. (2019). The advantage of this ratio over a sim-
ple cut in Ha SB is that it is sensitive to the ionisation state of
the gas, as shown in Fig. 6 (right panel): a high ratio (in black)
traces regions where the ionising photons have Is+ = 10.4eV <
hv < 13.6eV = Iy, where I denotes the ionisation poten-
tial. An intermediate ratio (orange to purple) indicates gas with

10 Case B recombination assumes that photons emitted during recom-
bination are immediately reabsorbed, so that recombinations directly to
n = 1 are ignored.
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Iy- = 13.6eV < hy < 23.3eV = Ig+ and a low ratio (yellow
to orange) marks regions where sulfur is largely doubly ionised
(hv > 23.3eV). As remarked by Kreckel et al. (2016), a cut
in [S1]/He is better to detect fainter regions, but the generally
lower S/N of the [ST1I] lines can result in irregular boundaries.
Figure 6 (right panel) shows a map of the [S 11] 16716,31/Ha ratio,
obtained by fitting the emission lines in the gas cube tessellated
to S/N = 20 in the [S1I] 46731 line. We observe that the ratio
is enhanced in the interarm regions, consistent with DIG obser-
vations in the Milky Way and in nearby galaxies (Madsen et al.
2006; Haffner et al. 2009). If the DIG is solely ionised by radiation
leaking from H I regions, the enhanced ratios can be explained
with the fact that photons escaping from density bounded regions
have a harder spectrum between the HI and He I ionisation ener-
gies, due to partial absorption, and a softer spectrum at shorter
wavelengths, as has been shown for instance by the simulations
of a stratified ISM from Wood & Mathis (2004). In their work,
Poetrodjojo et al. (2019) applied a cut [S 11] 16716,31/He = 0.29,
based on typical ratios observed in HII regions and DIG in the
MW (Madsen et al. 2006). We adopted the same limit, which
results in the contours shown in Fig. 6 (right panel). We observe
that the regions contours are similar but somewhat more con-
servative than the one selected from the Ha map. We recovered
a (reddening corrected) fpig ~ 20%; also in this case correct-
ing for the diffuse emission coincident with HII regions has a
negligible impact (<0.01%). The recovered value is somewhat
lower than the value of 30% estimated by Poetrodjojo et al. (2019)
in M83 in the radial range R < 2R, (using the distance and
R. adopted in this work). The discrepancy could be due to the
more accurate fitting of the stellar continuum in the MUSE data
or to the difference in spatial coverage, depth and spatial and
spectral resolution of the two datasets. For the remainder of this
work, we adopt the H 11 region contours selected on the He map
as a reference.

In Fig. 7, we show the radial flux profile for the H1I regions
and the DIG. The profile was obtained by radially binning the
reddening corrected and de-projected Ha map in annular sectors
of width dr = 0.15 R, (indicated in green in Fig. 6, left panel),
and matching it with the H1I regions contours. The DIG flux
was corrected for the diffuse background emission as described
above. The first point refers to the emission in the starburst
region, 0 < R < 0.15R.. We see that the luminosity of the
H1I regions is highest in the centre, due to the starburst activ-
ity, and then reflects the configuration of the spiral arms. The
SB of the DIG follows a similar trend, although the minimum is
offset by 0.15 R.. The resulting fpig ratio is shown in black in
Fig. 7; we see that the DIG contribution to the total luminosity
varies between 0.8% and 46%, peaking in the interarm region.
The radial trends are in good agreement with what observed by
Poetrodjojo et al. (2019, Fig. 6 in their work)'!.

5.2. BPT diagram analysis

We studied the physical conditions of the ionised gas in
‘BPT’ emission line diagrams (Baldwin et al. 1981; Veilleux &
Osterbrock 1987). This set of diagrams offers a powerful tool
to interpret ionised gas emission, as the location in the diagram
is sensitive to parameters such as the electron density, metal-
licity, strength and hardness of the radiation field (see e.g., the
review by Kewley et al. 2019). We inspected the full set of dia-

' We note that using the distance and R, adopted in Poetrodjojo et al.
(2019), the MUSE data presented in this work only span the range R <
0.8 R in their Fig. 6.
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grams, showcasing [N II]/He, [S 1I]/Ha and [O 1]/Hea as function
of [O1I]/HB. In each diagram the fluxes were obtained by sin-
gle component Gaussian fitting of the emission lines in the gas
cube tessellated to a S/N = 20 in the weakest line of interest
([0 1] A5007 for the N2- and S2-BPT diagrams, and [O 1] 16300
for the O1 diagram). Typical Voronoi bin sizes in the H 11 regions
vs. the DIG are: 0”3 vs. 0”79 in the O I1I binning and 0”7 vs. 2" in
the OT binning. We caution that bins located in HII regions are
typically below the seeing limit, especially in the blue end of the
spectrum (where PSF sizes range between 0.7-0.9 arcsec). How-
ever, this should not have a relevant impact within the scope of
this work.

The resulting diagrams are shown in Fig. 8: each point corre-
sponds to a Voronoi bin, and is colour-coded as located in an HII
region (purple) or in the DIG (green). The black dashed line indi-
cates the location of the ‘extreme starburst’ line by Kewley et al.
(2001), corresponding to the upper limit for gas excited purely
by SF. Emission above this limit likely originates from shocks
or active galactic nuclei (AGN) activity. In Fig. 9 (top panel) we
show again the N2-BPT diagram, with each point colour-coded
according to its orthogonal distance from the extreme starburst
line (A N11). A N1I increases from the bottom left (dark blue,
purely SF gas) towards the top right corner (orange-red, purely
ionised by shocks or AGN) of the diagram. In the figure, we
additionally show the empirical line of Kauffmann et al. (2003,
black dotted line), denoting a more stringent limit for gas excited
by pure photoionisation. Points located between this line and the
extreme starburst line (yellow-green) are likely excited by a mix
of SF and shocks or AGN. In the bottom panel of Fig. 9 we show
the corresponding ‘2D-BPT’ diagram, where each spatial bin is
colour-coded according to A N II. We observe that the spiral arms
regions stand out as purely SF, the diffuse gas immediately sur-
rounding the regions shows a composite emission, and some of
the interarm regions — especially at 0.2-0.4 R. — show a clear
signature of shocks.

Finally, we assessed the overall fraction of Ha luminos-
ity originating from SF (regions with A N1I < 0) and shocks
(A N1I > 0). We observe that, as expected, in HII regions SF
accounts for most of the He flux (99.8% of the flux origi-
nates from regions where photoionisation is the dominant mech-
anism), whereas bins classified as DIG have a mixed contribu-
tion from both photoionisation-dominated regions (accounting
for 94.9% of the flux) and shock-dominated regions (accounting
for the remaining 5.1%).

A7, page 11 of 26



A&A 660, A77 (2022)

=300k -
0.0{" ™ e v =100 km/s

log1o ([OI1I] 5007 / HB )

HIl regions
DIG

-2.0 !
-1.0 -08 -06 -04 -02 00 02 0.4

logio ([NIl] 6584 / Ha)

logso ([OIII] 5007 / HB )

-10 -08 -06 -04

logio ([SII] / Ha )

-0.2 0.0 0.2

logyo ([OI1] 5007 / HB )

-2.5 -2.0 =15 -1.0

log1o ([O1] 6300 / Ha)

-0.5 0.0

Fig. 8. BPT emission line diagrams. Each point corresponds to a
Voronoi bin, and is colour-coded as located in an H I region (pink) or
in the DIG (green). The contours overplotted on the data correspond to
iso-proportions of the density, with a probability mass <0.25, 0.5, 0.75
and 1. The data are compared to the extreme starburst line from Kewley
et al. (2001, black dashed line), the fast shock models from Allen et al.
(2008, black grid), and slow shock models from Rich et al. (2011, blue
grid).

We compared our observations with models of fast and slow
shocks (black and blue grid in Figs. 8 and 9). The black grid cor-
responds to the fast shock models of Allen et al. (2008). We use
the models that include the photoionising shock precursor, with
metallicity Z = 2 Z, and electron density 7, = 1 cm™. We show
the model grid spanning b= (0.001-100) uG in magnetic field
strength and v, =290-1000kms~! in shock velocity. The blue
grid displays the slow shock models described in Farage et al.
(2010) and Rich et al. (2011). These models describe shocks
driven into the galactic disk by ram pressure originating as a
cloud of cool gas (possibly a filament from a merger remnant)
falls into the hot ISM halo of a galaxy. The full model grid covers
the range 12 + log(O/H) =7.39-9.39 (~0.05-5Z;) in metallic-
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ity and v, = 100-200 km s~! in shock velocity; we show however
only the super-solar range, Z > 8.69. We observe that the points
located beyond the SF limit overlap with shock model grids. In
particular in the [N II] diagram, we observe a cloud of points with
log[N11]/Ha > O that only overlaps with the slow shock models:
we investigate more closely these regions in Sect. 6, where we
study the kinematics and ionisation state of the starburst region.

6. Analysis of the starburst region

We now analyse in more detail the kinematics and ionisation
state of the starburst region, indicated by a black rectangle in
Fig. 2 (left panel) and shown in more detail in Fig. 10. In the
figure, we outline the approximate location of the outer dust ring
(of radius =~ 9”) and inner bar as determined by Elmegreen et al.
(1998) (purple lines) and mark the kinematic features that will
be discussed in the rest of this section (black lines).

6.1. Kinematics of the central starburst region

In Fig. 11 we show a close up view of the kinematics of the
central region. In Fig. 12 we additionally inspect the ionised gas
kinematics obtained from the 2-component Gaussian analysis.
Grey shaded areas in the maps of the second component indicate
regions in which the line was best fit by a single component (see
description of the fitting method in Sect. 3.2).

In the stellar kinematics (top panels in Fig. 11) we observe
a fast rotating nuclear component (~30”~700 pc in diameter),
already reported by Gadotti et al. (2020). We stress that the align-
ment of the rotation axis of this inner component (black dashed
line) and the stellar bar is purely coincidental, and is expected
to significantly vary over secular timescales. We also observe
a dip in velocity dispersion (oo < 60kms™') at the location of
the starburst arc and along the dust lane west of the arc. Simi-
lar ‘central dispersion drops’ were reported by Emsellem et al.
(2001) and Emsellem (2004) as being possibly due to a dynam-
ically cold stellar component that has formed as a consequence
of a bar-driven gas accretion episode.

The ionised gas kinematics are — as already observed in
Sect. 3 — more complex. In the velocity map of the single com-
ponent fit (centre left in in Fig. 11) and in the first component
of the double Gaussian fit (top left in Fig. 12), we observe a
similar signature of a rotating circumnuclear disk, as already
traced by the stellar kinematics. On the east of the nucleus, we
observe a stream of gas (labelled as feature C), extending for 50”
(=1250pc) and having a velocity difference Av ~ +30kms™!
with respect to the surrounding disk rotation. The stream is sur-
rounded by an extended region (~1000 x 1600 pc) having an
enhanced velocity dispersion ~60-80kms~!. This feature was
already reported in molecular gas by Lundgren et al. (2004) and
in ionised gas by Fathi et al. (2008) as a potential inflowing
stream of gas into the central starburst. Also Piqueras Lépez
et al. (2012) observe a global velocity gradient in the central
region that is pointing to the possible presence of an inflow.

Surrounding the nucleus in the map of the second velocity
component (second row on the left in Fig. 12), we also observe
two conical features on each side of the stellar bar (labelled as
features A and B). The two cones are 20" ~ 500 pc in size, have
a Av = +100kms~! on top of the disk rotation and a high veloc-
ity dispersion ocomp2 2 80km s~ (second row on the right in
Fig. 12). Cone A appears blueshifted along our LoS, while cone
B appears redshifted. In Fig. 5 (bottom panels), we also observed
that at the location of cone A there is a peak in the molecular
gas emission, whereas the ionised gas traces low extinction. We
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of the bar and spiral arms.

interpreted this as the fact that the CO emitting gas is located
‘behind’ the ionised gas along our LoS; together with the fact
that cone A appears blueshifted, this could indicate that the gas is
moving towards us. On the other hand, we do not see a mismatch
between CO and E(B — V) along cone B, which might indicate
that the ionised gas is moving away from us. Features A and B
also clearly stand out in the Ha rotation curve'2, as remarked in
Fig. 4 (black arrows). On the third and fourth row of Fig. 12, we
show the velocity difference between the two Gaussian compo-
nents, as well as three example spectra, corresponding to features
A, B and C. We observe that at the centre of the two cones, the

12 Both on the receding side, due to their position with respect to the
angular sector used to compute the curve.

velocity difference between first and second component reaches
200kms~!.

In the molecular gas (third row in Fig. 11) we observe again
the signature of a circumnuclear disk. We also observe some
clouds of redshifted molecular gas coincident with feature C.
Along these lines of sight, we observe two or three distinct bright
peaks of emission, as illustrated in Fig. 13. All but one of these
components correspond to gas with a velocity compatible with
the galactic rotation, whereas the remaining component is red-
shifted by ~100kms~! with respect to the disk CO emission.
For these complex spectra, we remark that the corresponding
moml velocity value corresponds to an average of the features.
In fitting Gaussian models to some of these clouds, we find
that the velocity dispersion of the CO emission at the velocity
expected from the circular rotation field is 7-20 km s~!, whereas
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Fig. 10. Morphology of the M83 starburst region. The background
image shows a zoom-in into the three colour stellar composite from
MUSE (Fig. 2). The purple dashed lines indicate the schematic location
of the outer circumnuclear ring and dust inner bar from Elmegreen et al.
(1998). The brightest region of star formation (‘starburst arc’) is visible
inside the ring. Black lines indicate the location of the kinematic fea-
tures discussed in Sect. 6. The scalebar of 20" corresponds to ~500 pc
at the distance of our target.

the redshifted component has a larger velocity dispersion
~25kms~!.

The peak brightness of the redshifted CO gas blobs is 0.3
to 0.5K, their velocity dispersions are 15-25 kms~!, and their
the clouds are marginally resolved by the ALMA beam (diam-
eters > 50 pc). Using our adopted conversion factors, the red-
shifted blobs would have equivalent surface densities of 70—
200 Mg pc? and a total mass of 4 x 10° M. At these surface
densities and velocity dispersions, such gas would be typical of
what is found in the central regions of barred galaxies' (e.g.,
Sun et al. 2020). We remark that features A and B, on the other
hand, do not stand out in the CO map. In the remainder of this
section, we study features A, B and C in more detail, and in
Sect. 7 we discuss their possible origin.

6.2. BPT analysis of the starburst region

In Fig. 14 we show a close up view of the 2D N 1I-BPT diagram
presented in Fig. 9. Blue shaded regions in the map correspond
to areas whose emission is overlapping purely with slow shock
models (area spanned exclusively by the blue grid in the top
panel of Fig. 8). We observe that most of the region surround-
ing stream C, as well as the far end of cone B (at d > 20” from
the galactic centre) are consistent with pure slow shocks.

We also performed a BPT analysis analogous to Sect. 5.2
for the two Gaussian components separately. We fitted the rel-
evant emission lines in the cube binned to a S/N =~ 20 in the
[O11] A5007 line. Given that for weaker emission lines double
components might be harder to disentangle, we first performed
a fit to the He line and then fixed the kinematic parameters
obtained from this fit for all emission lines.

13 We estimate however that these clouds are likely not self-gravitating
— if our assumed aco value is correct — by evaluating the ratio of the
kinetic energy (K) to the gravitational binding energy (Ugr,) under
a simple spherical model (e.g., Sun et al. 2020; Rosolowsky et al.
2021) along a single line of sight with a radius of half the beam size
(R =25pc), oco = 15kms™" and a surface density of 100 Mg, pc=2. The
total mass in a synthesised beam is then 2 x 10° My, and K ~ 30 Ugrav-
Alternatively, their opacity and corresponding conversion factors may
be lower than for disk clouds, as observed in some galaxy centres (Sand-
strom et al. 2013).
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In the top panels of Fig. 15 we show the resulting N2-BPT
diagrams. Hereby, points with an uncertainty on either [N 11]/Ha
or [O11]/HB greater than 50% of the ratio are masked, in order
to remove bad fits. We observe that both components are tracing
both SF and shocks, although the second component extends to
more extreme values of [N1I]/Ha. This is more clearly visible
in the 2D-BPT diagram shown in the bottom panels of Fig. 15.
We see that cones A and B are — in both components — con-
sistent with star formation near the stellar bar, and only become
shocked at a projected distance d > 20" from the galactic centre,
perhaps tracing an outflow originating from the starburst region
that is shocking into the surrounding gas. We discuss this further
in Sect. 7.

6.3. Shock-sensitive emission line ratios

The top two panels of Fig. 16 show a map of the
[O 1] 24959,5007/Ha ratio for the central region (maps of the
full FoV can be found in Appendix B). The maps were obtained
by fitting the emission lines with a double Gaussian compo-
nent in the gas cube spatially binned to a S/N =~ 20 in the
[O1m] 45007 line. A high [O1I]/He ratio is indicative of gas
with a high ionisation state, where emission from doubly ionised
oxygen (tracing photons with Av > 35.1eV) is non-negligible
with respect to ionised hydrogen (e.g., Veilleux & Osterbrock
1987). We observe that both the region surrounding stream C
and the far end of cone B (at d > 20” from the galactic cen-
tre) have a high ratio both in the first ([O 1]/Ha =~ 0.4-0.8) and
in the second Gaussian component ([OTIT[/Ha ~ 0.5-1.1). Cone
A, on the other hand, only shows a very locally enhanced ratio
([Om]/Ha =~ 1) in the second component. This could however
in part be due to the extremely high extinction at this location,
as traced both by the ionised and molecular gas (bottom panel of
Fig. 5).

In the bottom panel of Fig. 16 we show a map of the
[O1] 246300/He ratio, obtained from a single Gaussian compo-
nent; we do not perform a 2-component fit to the [O 1] line due to
its weak nature. A high ratio of [O I] emission with respect to Ha
is indicative of the presence of shocks (Veilleux & Osterbrock
1987). We observe that also in this map both the region surround-
ing stream C and the far end of cone B have an enhanced ratio
([O1]/Ha ~ 0.5-0.7).

7. Discussion
7.1. Kinematic features in the starburst region

Both models and observations have shown how bars in mas-
sive disk galaxies are responsible for physical processes that
result in new stellar structures such as nuclear discs or rings
and inner bars (Gadotti et al. 2020, and references therein).
These processes are driven by bar-induced resonances resulting
from the non-axisimmetric potential (e.g., Binney & Tremaine
1987), such as Lindblad resonances'*. Dynamical models for
the evolution of gas in barred spiral galaxies in 1D (Krumholz
& Kiruijssen 2015; Krumholz et al. 2017) and 2D (Simkin
et al. 1980; Regan & Teuben 2003) are able to model the cre-
ation of a nuclear ring within the inner Lindblad resonance
(ILR). The main processes involved are described in detail in

14 Lindblad resonances occur for 2(Q — Q,) = +k, where « is the fre-
quency of the radial oscillation and Q,, and Q are, respectively, the angu-
lar velocity of the bar and of the stars/gas (neglecting the effect of spiral
arms).
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Krumbholz & Kruijssen (2015); see also Renaud et al. (2015); we
briefly summarise them here.

In a first phase, the bar exerts torques on the orbiting mate-
rial. As the gas looses angular momentum, it moves inwards
and by energy conservation, the gravitational potential energy
is transformed into turbulent energy, resulting in an increase
in velocity dispersion. In a second phase, due to the increased
velocity dispersion and the mostly flat rotation curve (low shear)
within the ILR, acoustic instabilities develop in the gas. This
allows for a more efficient transport of angular momentum, and
leads to an inflow of gas with high turbulent pressure that is
extremely gravitationally stable and has a low SFR. In a third
phase, gas starts to build up on the stable ILR orbit, eventually
leading in gravitational instabilities that cause fragmentation and
collapse, resulting in a circumnuclear ring. The ring can form
stars episodically (e.g., in the 1D dynamical models of Krumholz
& Kruijssen 2015), or having an initially steady fuelling rate
before fragmenting after ~10 Myr (e.g., in the hydrodynamical
simulations from Emsellem et al. 2015).

In Sect. 6.1, we confirmed the presence of a circumnuclear
disk, both in the stellar, ionised gas and molecular gas kinemat-
ics (Fig. 11). This feature had already been recently observed
with MUSE (Gadotti et al. 2020), and has been postulated to
coincide with an ILR. Recently, Callanan et al. (2021) analysed
high resolution ALMA data mapping the central 500 pc at scales

of ~10pc, and put forward a model in which the gas revolves
around the centre in eccentric orbits. The study proved that the
gas in the ring features strong azimuthal variations in velocity
dispersion and intensity which are consistent with the expecta-
tions from 1D dynamical models (Krumholz & Kruijssen 2015;
Krumholz et al. 2017). Furthermore, in their simple model sce-
nario the starburst phase resulting from the disk instability is
constrained to be highly localised, both in space and in time,
resulting in very efficient stellar feedback.

We furthermore observed that both the ionised and molec-
ular gas are tracing a flow of gas east of the nucleus (feature
C in Fig. 11). Lundgren et al. (2004) were the first to report
this feature in CO(2-1) and (1-0). Their observations traced —
on top of a regular rotating disk — streaming motions along the
spiral arms, with the strongest deviation on the NW side of the
nucleus. This feature was later confirmed by Fathi et al. (2008)
using Fabry-Perot data of the He line across the disk. More
recently, the Piqueras Lopez et al. (2012) observed evidence of
what they intepreted as a gas inflow also in high-resolution NIR
IFS data mapping the central ~200 x 200 pc. In our dataset, we
observe that the stream has Avy, ~ +30kms~"' with respect to
the surrounding disk rotation (Fig. 11, centre left) and multi-
ple peaks of emission at different velocities in the molecular gas
(Fig. 13), one of which is redsfhited by ~100km s~! with respect
to the disk rotation and has an enhanced velocity dispersion
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are clearly doubly peaked, with Av ~ 300km s~'. In panel C, both components are at similar velocity, but the second component has an extremely

high o ~ 140 kms~!.

(=25kms™!). The MUSE data furthermore trace an extended
region surrounding the stream (~1000 x 1600 pc) featuring: (1)
a high velocity dispersion (~80kms~', Fig. 11, centre right); (2)
[N11]/Ha and [O 1iT]/Hp ratios that situate the gas clearly above
the line separating SF from shocks in a BPT diagram (Figs. 9
and 15), in a region consistent for most part with slow shock
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models only (Fig. 14); (3) high ratios of [O1II] and [O1] with
respect to Ha (Fig. 16), indicative of gas with a high ionisation
state and of shocks; (4) the presence of bright molecular gas but
weak Ha emission (Fig. B.1).

We interpret feature C as the result of two main scenar-
ios. A first possible physical picture is the superposition along
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the LoS of the disk and an extraplanar layer of DIG. Boettcher
et al. (2017) obtained a high-resolution (o, = 23kms™! vs.
the MUSE resolution of 120kms™") single slit spectrum cut-
ting through feature C. Their data show the presence of two dis-
tinct Gaussian components: a narrow component tracing Galac-
tic rotation and a broad component (- =~ 95kms~') having a
velocity lag of ~25kms~! (similar to what we observe in the
MUSE data) and high ratios of [N1[/Ha ~ 1.0. The authors
interpret this as the presence of an extraplanar layer of DIG, as
broadly observed in other star-forming disks (see e.g., Rossa &
Dettmar 2003; Lacerda et al. 2018; Levy et al. 2019; Rautio et al.
2022). This scenario is supported by the multiple peaks observed
in the CO spectrum in Fig. 13.

In a second scenario, feature C could be a bar-driven inflow
of gas located in the same plane as the disk; in this case the
increased velocity dispersion would be tracing excess turbulence
as the flow is shocked within the bar. An excess turbulence in the
molecular gas could explain the lack of He emission despite the
bright CO emission along the stream, as the gas would be unable
to collapse and form stars.

A final possibility could be a past interaction, possibly with
the neighbouring galaxy NGC 5253 (1.8° in projected distance).
This option has been taken into account by many authors in order
explain the peculiar morphology and kinematics of the central
region, where the optical nucleus is offset from the kinematic
centre (Thatte et al. 2000; Diaz et al. 2006; Mast et al. 20006;
Houghton & Thatte 2008; Rodrigues et al. 2009; Knapen et al.
2010; Piqueras Lopez et al. 2012) and the structure of the HI
disk (Miller et al. 2009; Heald et al. 2016). However, given the
extremely regular stellar rotation field and the general lack of
global scale perturbances, we discard this hypothesis.

In the ionised gas kinematics resulting from the double com-
ponent Gaussian fit (Fig. 12), we also observed two kinematic
features (labelled as cones A and B) where the Ha line is com-
posed of two peaks, separated by a velocity Av < 200kms™!
(third and fourth row in Fig. 12) and a high velocity dispersion
(up to 200 km s~!, top and centre right in Fig. 12). The two cones
appear, respectively, blue- and redshifted along our line of sight
(v =~ £100kms~"). Cone B features at its far end (d > 20” from
the galactic centre): (1) [N 1I]/Ha and [O 11]/Hp ratios above the
SF limit in a N2-BPT analysis (Figs. 9 and 15), in a region of the
diagram that overlaps mostly with slow shock models (Fig. 14);
(2) high ratios of [O11] and [O1] with respect to Ha (Fig. 16),
indicative of gas with a high ionisation state and/or shocks; (3) a
relatively bright CO emission in a region with little SF (bottom
left in Fig. 5 and left panel in Fig. 6). Cone A stands out less
clearly in these tracers, perhaps owing to the high extinction at
this location (see bottom right panel of Fig. 5). Nonetheless, we
observe BPT line ratios indicative of shocks in the second Gaus-
sian component (Fig. 15, for d > 20”) and a locally enhanced
[O1]/Ha ratio (central panel in Fig. 16).

So far, no AGN activity has been confirmed in M83, and
hard X-ray observations (Yukita et al. 2016) constrain any AGN
to be either highly obscured or to have an extremely low lumi-
nosity. Given the fact that the origin of cones A and B is offset
from the galaxy’s centre, the lack of shock-related emission
immediately surrounding the central region and the presence
of slow shocks, we favour over the presence of an AGN the
hypothesis of a starburst-driven outflow cone shocking into the
surrounding ISM. Similar starburst-driven bi-conical outflows
have been observed in M82 (Shopbell & Bland-Hawthorn 1998;
Leroy et al. 2015b), in which the outflow cones also feature a
double component He line with Av = 300 km s~ low [N11)/Ha
ratios compatible with photoionisation and an [O m1]/Hea ratio
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Fig. 13. ALMA CO(2-1) spectrum of one of the CO ‘blobs’ along
feature C in Fig. 11 (one ALMA spaxel centred on RA =204.266,
Dec =—-29.8665). The spectrum has been corrected for the systemic
velocity. We observe three separate Gaussian velocity components. The
component at veo ~ —30km s™! is associated with the spiral arm in the
galaxy, and the component at —20 km s~! traces broadening around the
first one, likely associated with a bar orbit. We interpret the third com-
ponent at v sg ~ 80kms™! as being associated with infalling material.
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Fig. 14. Zoom-in into the 2D N 1I-BPT diagram from Fig. 9. The grey
contours correspond to ANII=0. Blue shaded areas indicate regions
whose emission is compatible with slow shock models only (blue grid
in Fig. 8).

that increases along the outflow, as well as in NGC 253 (Bolatto
et al. 2013) and ESO 338-1G04 (Bik et al. 2018). The scenario
of a starburst- (rather than AGN-) driven outflow is also in bet-
ter agreement with the low [S 1] 16716/6731 line ratio observed
throughout cones A and B (see e.g., Bik et al. 2018). The ratio
is very close to the sensitivity limit ([STI] 16716/6731 =1.45,
corresponding to n, < 1cm™, Draine 2011), and within the
measurement errors is largely consistent with n, < 30cm™. A
starburst-driven outflow would be compatible with the scenario
of a short-lived and localised starburst activity by Callanan et al.
(2021), resulting in very efficient stellar feedback and, poten-
tially, in nuclear outflows.

An alternative explanation could be the combination of past
AGN activity followed by starburst emission. In this scenario,
the AGN could have carved a path for the starburst feedback,
and could explain the ‘jet-like’ morphology of the outflow and
its extent.

Finally, what appear as redshifted and blueshifted cones
along our line of sight could simply simply be the result of
the superposition of bar-driven orbits, resulting from the non-
axisymmetric and time varying potential. However, this effect
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alone would be difficult to reconcile with the large separation
between the two peaks of Ha emission (up to 200km s™') at the
centre of the cones.

In the near future, the increasing availability of IFS datasets
comparable to the present study, covering large portions of local
spiral galaxies at intermediate to high resolution, will allow for
a better understanding of the signatures imprinted on the ionised
gas by in- and outflows, as well as the relative importance of
extraplanar gas in low inclination spirals.

7.2. Origin of the DIG

In Sect. 5 we separated the Ha emission in our FoV into
compact H1I regions and diffuse ionised gas, finding a DIG
fraction fpig ~ 13% (20%) based on a cut in Ha surface
brightness ([SI]/Ha line ratio). This fraction is on the low
end of the range with respect to observations in nearby spiral
galaxies, where it was constrained to be between 30 and 50%
(Ferguson et al. 1996; Hoopes et al. 1996; Zurita et al. 2000;
Thilker et al. 2002; Belfiore et al. 2022), and in some cases even
up to 60% (Oey et al. 2007). This might be due to the fact that
the MUSE data only cover the inner portion of the optical disk
(R < 1.1R.). The wide field spectrograph data by Poetrodjojo
et al. (2019) imaging most of the optical disk (R < 2 R, at our
assumed distance and R.) revealed indeed that the DIG contri-
bution increases (up to 40%) in the outskirts of the disk. Over-
all, we observe that despite the enhanced ratios of [N1I], [S1I]
and [O1] with respect to Ha, 94.9% of the Ha luminosity in
the DIG is consistent with originating from star formation (BPT
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diagrams in Figs. 8 and 9). This could support the hypothesis
that the diffuse gas is for most part ionised by radiation escap-
ing the SF regions. DIG featuring stronger ratios of [N 1I]/He,
[S1]/He can instead be partially explained with being extra-
planar, as observed by Boettcher et al. (2017). The [N1I] and
[S 11]/Ha ratios are indeed known to increase with distance from
the galactic midplane (Madsen et al. 2006; Jones et al. 2017,
Levy et al. 2019), due for example to shocks (Rand 1998), tur-
bulent mixing layers (Rand 1998; Collins & Rand 2001) or ion-
isation by hot, old, low-mass evolved stars (HOLMES, Lacerda
et al. 2018; Levy et al. 2019; Weber et al. 2019). We will inves-
tigate the origin of the diffuse ionised gas in more detail in a
second publication (Della Bruna et al., in prep.).

8. Conclusions

We have presented a large MUSE mosaic covering the central
3.8 kpc x 3.8 kpc of the nearby barred spiral galaxy M83 with
a spatial resolution ~20pc. We obtained the kinematics of the
stars and the ionised gas, and compared them with molecular gas
kinematics from ALMA CO(2-1). We observed that the stellar
kinematics trace regular rotation along the main SF disk, plus
a fast rotating circumnuclear disk of 30” (=700 pc) in diameter,
likely originating from secular processes driven by the galactic
bar.

The gas kinematics are rich in substructures, and the ionised
and molecular gas substantially match one another. At large
scales, the gas maps rotation along the disk, as well as the
fast rotating circumnuclear disk component. On top of the disk
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maps have been corrected for extinction. The labelled features are dis-
cussed in Sect. 6.3. Maps of the full FoV are shown in Fig. B.2.

rotation, the gas traces a flow east of the nucleus (50" ~ 1250 pc
in size), that appears redshifted on top of the disk rotation. In
the ionised gas, we observe Avy, =~ +30kms~! with respect
to the surroundings, and in the molecular gas we observe mul-
tiple peaks of emission, one of which is redshifted by Avco =
+100km s~ with respect to the emission tracing galactic rota-
tion. We also observe an enhanced velocity dispersion both in
the ionised gas (0y, ~ 80kms™!) and molecular gas (oco =
25kms~! for the redshifted peak). The ionised gas showcases an
extended region (~1000 x 1600 pc) surrounding the flow, whose
emission lies above the upper limit for star formation in a N2-
BPT emission line diagram, and is in large part consistent with
models of slow shocks. The extended region also features high
ratios of [O1I]/Ha (30.5) and [OI]/Ha (30.5), indicative of a
high ionisation state and of the presence shocks. We interpreted
this feature as either the superposition of non-collisional flows
originating from multiple vertical layers of gas or a bar-driven
inflow of shocked gas.

A double component Gaussian fit to the He line more-
over revealed the presence of two distinct cone-shaped veloc-
ity components (20” =~ 500pc in size) on either side of the
stellar bar, where the line features two distinct peaks that are
up to 200kms~! apart. The two cones appear blue- and red-
shifted along our line of sight, with v = +100km s~! and have a
velocity dispersion >80kms~! and up to 200kms~!. At the far
end of both cones, the gas emission lies above the star formation
limit in a N2-BPT diagram, in an area of the diagram consistent
with slow shock models, and features an enhanced [O II]/Ha
ratio (0.4 in one or — in the case of cone B — in both of the Gaus-
sian components). One of the two cones also features enhanced
[O1]/Ha ratios (20.4). We postulate that these two components
are tracing a starburst-driven outflow perpendicular to the stellar
bar, shocking into the surrounding ISM.

We estimated the gas extinction from the MUSE Hp/Ha
ratio, and found that the regions more strongly affected by
extinction (E(B — V) > 0.5) in general have a high density
of molecular gas (>100 Mg pc~2). Finally, we separated the
ionised gas into H1II regions and DIG, using a cut in Ha sur-
face brightness (S II/Ha line ratio). We obtained a DIG fraction
Jfoic ~ 13% (20%) in our FoV, and observed that the DIG con-
tribution varies radially between 0.8 and 46%, peaking in the
interarm region (at R ~ 0.3 R.). We inspected the emission
of the HII regions and DIG in BPT diagrams, finding that in
H1I regions 99.8% of L(Ha) originates from photoionisation-
dominated regions, whereas the DIG has a mixed contribu-
tion from both photoionisation- (94.9%) and shock-dominated
regions (5.1%).
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Appendix A: Additional material on the kinematics
fitting analysis

A.1. Rotation curves and 2D velocity fields
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Fig. A.1. Same as the middle panel of Fig. 4, but for model (¢) in
Table 2, which enforces a symmetrical curve.

In Fig. A.1 we present the rotation curve for model (e) (same as
in Fig. 4 but enforcing AV, = 0). In Fig. A.2 we show two-
dimensional (2D) residual velocity fields for the best-fit models,
(A) and (a), respectively. 2D-residual fields are used to optimise
the free parameter determination of the rotation curves that are
computed from 2D—velocity fields. The residual velocity fields
(Vres) shown in the figure are obtained after subtracting the best
fit models (models (A) and (a) reported in Table 2) from the
observed velocity field. Because rotation curves are based on
axisymmetric models, specific patterns observed on the resid-
ual velocity field would be due to an incorrect parameter deter-
mination (Warner et al. 1973). As a consequence, when the
free parameters of the rotation curve are optimised, the resid-
ual velocity field is typical-pattern-free and the amplitude in the
2D residual velocity is minimum. No artefacts are observed in

the residual velocity fields, indicating that the models are opti-
mal. The main residual patterns that remain are due to non-
axisymmetirc features (e.g. the large-scale spiral structure and
the central component which features an asymmetric X-shape
pattern).

A.2. Uncertainty estimation

The raw stellar LoS velocity field consists of 1,678,471 veloc-
ity measurements. To remove spaxels possibly containing spu-
rious information, the raw stellar field was masked accounting
for spaxels with low S/N and/or large errors in the velocity or
velocity dispersion determination, which resulted in masking of
0.16% of the spaxels. Despite the nine free parameters, due to
the large number of spaxels used in the fit, the associated statis-
tical uncertainties are very low. Therefore, in order to study the
robustness of the fit we inspect three additional models for which
we set centre locations estimated in the literature. Fig. A.3 shows
these locations, all found within a box of ~3x3 arcsec?, close to
the brightest central clumps of M83. For models (B), (C) and (D)
we fix the centre to the coordinates computed in two different
studies for which uncertainties have been computed. In model
(B), we utilise the kinematic centre computed by Fathi et al.
(2008) that used the Ha line and 2D-spectroimagery (Fabry-
Perot); for model (C) we use the one determined by Knapen
et al. (2010) from kinematic Pa 8 data. Finally, to estimate our
own uncertainty on the centre, for model (D) we consider the
corner of the uncertainty box from Knapen et al. (2010) (grey
box in Fig. A.3) that is the furthest away from the centre deter-
mined in model (A). The fits lead to very similar parameters
(see table 2). Even if model (A) provides the smallest y?, model
(B) cannot be discarded just on the relevance of its y? which is
only less than 2% higher than those of model (A). Model (C)
and (D) lead to x? respectively 5 and 12% larger than model
(A). In conclusion we can estimate that our centre uncertainty
within a y? variation of 2% is Aa+4 arcsec and Ad+1 arcsec. We
observe that the disagreement in the rotation curves between the
approaching and receding sides within the first kpc - and espe-
cially within the first 100 pc - becomes increasingly large with
models (B), (C) and (D), confirming that model (A) is the best
fit.
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Fig. A.2. 2D residual velocity for model (A) (left) and (d) (right) , as described in Table 2.

Fig. A.3. Different centre positions from this work and the literature. Boxes indicate uncertainty determinations from centres as calculated by other
authors. The background images show: continuum emission around the He line, rescaled in intensity (left panel, arbitrary units) and the observed
stellar velocity field (right panel and horizontal colour bar, not corrected for the systemic velocity). The coordinates of the symbols and the box
centres are given in Table A.1. Yellow box (Fabry-Perot kinematic centre, Fathi et al. 2008, Knapen et al. 2010, size of the box: 4.0x4.2 arcsec?);
grey box (Pa 8 kinematic centre, Knapen et al. 2010, size of the box: 9.6x8.0 arcsec?); grey "+ (corner of the Pa 8 uncertainty box that is the
furthest away from the centre determined using the MUSE stellar velocity map); purple * X’ (optical nucleus, Diaz et al. 2006); white O (MUSE
stellar kinematic centre from model (A), this work); black >+ (CO kinematic centre from model (3), this work).
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Table A.1. Centre positions from this work and the literature shown in Fig. A.3.

Centre RA (J2000) DEC (J2000) Symbol Ref
MUSE stellar kinematic centre (model (A))  13:37:00.43  -29:51:56.2  white '’  This work
CO kinematic centre (model (3)) 13:37:.01.14  -29:51:52.5 black ’+’  This work
Fabry-Perot kinematic centre 13:37:00.75  -29:51:57.3  yellow box M, @)
Pap kinematic centre 13:37:00.81  -29:51:57.1 grey box 2)
Outermost Pag centre @ 13:37:01.13  -29:51:59.5  grey '+’ (3)
Optical nucleus 13:37:00.95  -29:51:55.5  purple *X’ 3),(2)

Notes. “Maximum distance to the MUSE stellar kinematic centre within the uncertainty on the Pa 3 centre.
References. (1) Fathi et al. (2008); (2) Knapen et al. (2010); (3) Diaz et al. (2006).

Appendix B: Supplementary linemaps
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Fig. B.1. Central starburst region observed in ALMA CO(2-1) (left panel) and in MUSE Ha (reddening corrected, right panel). The white lines
mark the position of the features discussed in Sect. 6.
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Fig. B.2. Same as Fig. 16, but for the full FoV.
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Appendix C: MUSE dataset coverage and properties

Table C.1. Central coordinates, exposure time, and seeing of the MUSE mosaic tiles. The seeing has been measured at 7000 A, as described in

Sect. 2.

1D Programme ID RA (J2000) DEC (J2000)  fexpuot [s]  Seeing [arcsec]
Pntl 096.B-0057(A) 13:37:00.4900 -29:52:00.300 2750 0.72
Pnt2 096.B-0057(A) 13:37:03.6200 -29:51:21.700 2200 0.77
Pnt3 096.B-0057(A) 13:37:00.5000 -29:50:41.100 2200 0.80
Pnt4 096.B-0057(A) 13:36:57.4500 -29:51:20.600 2750 0.80
Pnt5 096.B-0057(A), 0101.B-0727(A)  13:37:06.6600 -29:52:00.300 2200 0.81
Pnt6 096.B-0057(A), 0101.B-0727(A)  13:37:09.7000 -29:52:39.900 2200 0.84
Pnt7 096.B-0057(A), 0101.B-0727(A)  13:37:09.7100 -29:51:20.700 2200 0.68
Pnt8 096.B-0057(A), 0101.B-0727(A) 13:37:06.6700 -29:50:41.100 2200 0.73
Pnt9 096.B-0057(A) 13:37:03.6200 -29:52:39.900 550 0.63
Pnt10  096.B-0057(A) 13:37:06.6600 -29:53:19.500 550 0.91
Pntll 096.B-0057(A) 13:37:03.6100 -29:53:59.100 550 0.73
Pnt12  096.B-0057(A) 13:37:00.5700  -29:53:19.400 550 0.67
Pnt13  096.B-0057(A) 13:36:57.5300 -29:52:39.900 550 0.73
Pnt1l4 096.B-0057(A) 13:36:57.5200 -29:53:59.100 550 0.57
Pntl5 096.B-0057(A) 13:36:54.4800 -29:53:19.400 550 0.73
Pntl6  096.B-0057(A) 13:36:51.4400 -29:52:39.800 550 0.66
Pntl7 096.B-0057(A) 13:36:54.4800 -29:52:00.300 550 0.62
Pnt18 096.B-0057(A) 13:36:51.4400 -29:51:20.600 550 0.77
Pnt19 096.B-0057(A) 13:36:54.4900 -29:50:41.100 550 0.67
Pnt20  096.B-0057(A) 13:36:57.5300 -29:50:01.500 550 0.71
Al 097.B-0899(B) 13:36:58.2800 -29:51:55.900 1800 0.86
A2 097.B-0899(B) 13:36:53.7300 -29:51:57.100 1800 0.80
A3 097.B-0899(B) 13:37:02.7000 -29:51:55.500 1800 0.87
A4 097.B-0899(B) 13:37:07.2100 -29:51:54.600 1800 0.71
A7 097.B-0899(B) 13:37:11.7100  -29:51:53.700 1800 1.10
B1 097.B-0640(A) 13:37:00.8300 -29:51:55.500 1920 0.80
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Fig. C.1. Layout of the MUSE mosaic. Top panel: location of the MUSE mosaic tiles. In green we indicate the data acquired as part of this project
(PI Adamo); in blue and purple archival data that we have included in the final mosaic (PI Ibar and Gadotti). Bottom panel: total exposure time of
each mosaic tile.
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