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ABSTRACT

Context. Outflows from low-mass star-forming galaxies are a fundamental ingredient for models of galaxy evolution and cosmology.
Despite seemingly favourable conditions for outflow formation in compact starbursting galaxies, convincing observational evidence

for kiloparsec-scale outflows in such systems is scarce.

Aims. The onset of kiloparsec-scale ionised filaments in the halo of the metal-poor compact dwarf SBS 0335—052E was previously
not linked to an outflow. In this paper we investigate whether these filaments provide evidence for an outflow.

Methods. We obtained new VLT/MUSE WEM and deep NRAO/VLA B-configuration 21 cm data of the galaxy. The MUSE data
provide morphology, kinematics, and emission line ratios of H3/He and [O 1]A5007/Her of the low surface-brightness filaments,
while the VLA data deliver morphology and kinematics of the neutral gas in and around the system. Both datasets are used in concert

for comparisons between the ionised and the neutral phase.

Results. We report the prolongation of a lacy filamentary ionised structure up to a projected distance of 16kpc at SBy, = 1.5 X
10~"8 erg s cm™2 arcsec™2. The filaments exhibit unusual low He/HB ~ 2.4 and low [O II]/He ~ 0.4—0.6 typical of diffuse ionised gas.
They are spectrally narrow (~20 km s~!) and exhibit no velocity sub-structure. The filaments extend outwards from the elongated H1
halo. On small scales, the Ny; peak is offset from the main star-forming sites. The morphology and kinematics of H1 and H 11 reveal
how star-formation-driven feedback interacts differently with the ionised and the neutral phase.

Conclusions. We reason that the filaments are a large-scale manifestation of star-formation- driven feedback, namely limb-brightened
edges of a giant outflow cone that protrudes through the halo of this gas-rich system. A simple toy model of such a conical structure

is found to be commensurable with the observations.

Key words. galaxies: starburst — galaxies: halos — galaxies: individual: SBS 0335—052E — ISM: jets and outflows

1. Introduction

The response of interstellar gas to energy and momentum depo-
sition from supernovae and stellar winds is the growth of a hot
bubble surrounded by a dense shell. Star-forming populations
can inject energy and momentum long enough to sweep the shell
up and out to lower density gas, where Rayleigh-Taylor instabil-
ities eventually deform it before breaking it up. The hot gas then
vents into the circum-galactic halo of the galaxy as a wind that
also entrains warm and cold gas. If the wind is powerful enough,
the gas may escape the gravitational potential of a galaxy and
thereby enrich the intergalactic medium (IGM) with metals. The
gas from less powerful outflows then rains back on the galaxy
and is available to form the next generation of stars. Outflows

* Data products are only available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/670/A121

and winds — next to inflows of fresh gas — are a cornerstone
of galaxy formation models and are vital for regulating cosmic
chemical evolution (see reviews by Veilleux et al. 2005, 2020;
Collins & Read 2022; as well as Schneider & Robertson 2018;
Nelson et al. 2019; Mitchell et al. 2020; Schneider et al. 2020;
Pandya et al. 2021 for state-of-the-art computer models).
Observationally, signatures of galactic outflows in star-
forming galaxies are ubiquitous, both in the nearby (e.g.
Heckman et al. 2011; Chisholm et al. 2016) and in the high-
redshift universe (review by Erb 2015). Galaxies in the local
Universe allow for detailed panchromatic mappings of out-
flow phenomena, from the highest energies (cosmic rays and
hot gas) to the longest wavelengths possible (cold and molec-
ular gas) — especially if the outflow occurs ‘edge-on’. The
most detailed observational studies that analyse multiple phases
of outflows simultaneously are performed on nearby, more
evolved, and massive systems. These observations nourish our
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understanding and provide robust constraints of how mass,
energy, and momentum from star formation couple with the
different phases of the interstellar-medium (ISM) to drive out-
flows'. However, from a cosmological perspective, similar con-
straints are especially needed for the abundant and, in the
early universe, dominating population of low-mass star-forming
galaxies. Currently, cosmological models have to implement
those processes in the form of phenomenological ‘sub-grid
physics’ recipes that are tuned to match observed galaxy popula-
tion statistics, especially luminosity- and stellar-mass functions
(Somerville & Davé 2015).

Understanding the effects of feedback and winds in low-mass
systems is especially required to grasp the large-scale physics
of the universe during the cosmological phase transition known
as the Epoch of Reionisation at z > 6. This is because dense
shells in the pre-fragmentation stage are more opaque to hydro-
gen ionising radiation than perforated bubbles at a later stage
(e.g. Fujita et al. 2003). Theoretical modelling requires sustained
momentum and energy injection to drive a wind and thereby sig-
nificant Lyman continuum (LyC) photons out of low-mass galax-
ies (Kimm & Cen 2014; Paardekooper et al. 2015). Detailed
‘zoom-in’ simulations of individual dwarf star-forming galaxies
suggest that LyC escape is highly variable and highly anisotropic
(Trebitsch et al. 2017). The angular dependence is modulated by
high optical depth sight-lines along cold-flow accretion filaments
(Park et al. 2021) and low optical depth sight-lines that follow
the direction of the outflow phenomena (Trebitsch et al. 2017).
Such anisotropic beamed LyC may have consequences for the
mechanisms by which HII zones percolate during reionisation
(Paardekooper et al. 2015; Furlanetto & Oh 2016).

While a pan-chromatic approach is required for a detailed
understanding of the multiple phases of the outflowing mate-
rial, narrow band imaging and kinematic analysis of the clas-
sical principal emission lines can expose and characterise
feedback, outflow, and wind phenomena just from the 7 ~
10* K phase (e.g. Calzetti et al. 2004; Westmoquette et al. 2008;
Zastrow et al. 2011; Leeetal. 2016; McQuinn et al. 2019).
The increased sensitivity for low surface-brightness line emis-
sion offered by modern integral-field spectrographs (IFSs;
Bacon & Monnet 2017) allows for unparalleled discoveries in
this respect.

Observational evidence for the T~ 10*K phase of
feedback-driven winds in nearby dwarf galaxies and poten-
tial early-universe analogues have been amassed for decades
from such imaging and spectral analyses (e.g. Marlowe et al.
1995; McQuinn et al. 2015, 2018; Collins & Read 2022). Com-
bined HI-HII morpho-kinematical investigations of those tar-
gets are feasible as well. The studies by van Eymeren et al.
(2009a,b, 2010) are noteworthy as they compare 21 cm HI and
HII kinematics from He in five nearby irregular dwarf galax-
ies (NGC 4861, NGC 2366, NGC 5408, and IC4622). In these
galaxies, multiple localised velocity offsets between the ionised
and the neutral phase are found and are interpreted as being
driven by feedback (see also Bomans 2001; Bomans et al. 2007
for reviews and X-ray follow-up). This idea is corroborated by
filamentary features seen in Ha that extend towards regions
of lower neutral columns, as well as the detection of partially
broken super-shells in Ha. However, in the van Eymeren et al.

' Proto-typical example galaxies with well-mapped outflows are M 82
(e.g., Bland & Tully 1988; Leroy et al. 2015; Lokhorst et al. 2022) and
Arp220 (e.g. Perna et al. 2020); see Veilleux et al. (2005, 2020) for
more examples. We also mention in passing that the centre of our
galaxy also powers an outflow that can be studied in exquisite detail
(e.g. Hsieh et al. 2016; Ponti et al. 2021).
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(2009a) studies, feedback was never found to be strong enough
to drive outflows into the IGM. A similar conclusion was reached
by Westmoquette et al. (2008) for the dwarf starburst NGC 1569,
where the hot wind fluid is still presumed to be confined by
super shells that extend up to 1 kpc outwards from the super-star
clusters in this system. Roychowdhury et al. (2012) compared
H1 with HII in three compact dwarf galaxies but found only
tentative evidence for outflows. More recently, McQuinn et al.
(2019) analysed Ha and 21 cm morphologies simultaneously
in a sample of 12 nearby dwarfs. They traced potential galac-
tic winds via low surface-brightness Ha emission isophotes
(23 x 107 ergs~! cm™2 arcsec™2) that extend beyond regions of
their limiting neutral column (Ng ~ 10**cm™2 or 1 M pc~?)
gas; however, even the most convincing winds found in this
study were not deemed strong enough to have material escap-
ing into the IGM.

More compelling early universe analogues for such obser-
vational studies are small, low-mass, and low-metallicity galax-
ies that exhibit high specific star-formation rates — so-called
blue compact dwarf galaxies (Gil de Paz et al. 2003, see also the
review by Thuan 2008 and the recent, more general review on
dwarf galaxies by Henkel et al. 2022). Their shallow gravita-
tional potential and the spatially and temporally concentrated
energy and momentum injection from the starbursting popu-
lation make them prime candidates for powering large-scale
outflows (Mac Low & Ferrara 1999). And indeed, the unprece-
dented sensitivity for mapping low-surface brightness emission
lines offered by the Multi Unit Spectroscopic Explorer (MUSE)
at ESOs Very Large Telescope (VLT) UT4 (Bacon et al. 2014)
unveiled spectacular outflows around the blue compact dwarfs
Haro 11 (Menacho et al. 2019), Haro 14 (Cair6s et al. 2022),
and ESO 0338-1G04 (Bik et al. 2015, 2018), as well as for the
nearby HII galaxy Heinze 2—10 (Cresci et al. 2017).

In this paper we report new observational results on HI-
H1I morphology and kinematics from the interstellar and cir-
cumgalactic medium of the observationally well-studied blue
compact dwarf galaxy SBS 0335-052E (e.g. Izotov et al. 1990,
2001; Thuan et al. 1997; Papaderos et al. 1998; Johnson et al.
2009; Adamo et al. 2010; Hunt et al. 2014; Kehrig et al. 2018;
Woftord et al. 2021, and references therein). Numerous proper-
ties render this galaxy a unique analogue of early universe galax-
ies. With an absolute UV magnitude of Myy = —16.8, it is
significantly fainter than the characteristic absolute UV mag-
nitude of the z > 6 luminosity functions (M, < -20.6;
Bouwens et al. 2015). With 12 + log(O/H) ~ 7.25 (Izotov et al.
2009), it is one of the most metal-poor galaxies in the local Uni-
verse. This low-mass galaxy (M, = 6 x 10° M; Reines et al.
2008) is also extremely compact; the starburst is taking place
within 500 pc, where six super-star clusters with diameters
<60 pc form stars at ~0.7 Mg yr~! or at specific star-formation
rates up to 20 Mg yr~! kpc 2.

Our previous analysis of VLT/MUSE integral-field spectro-
scopic data from this galaxy unveiled two prominent ionised
filaments in its halo (Herenz et al. 2017, hereafter H17). Here
we present an analysis of new MUSE data in concert with new
Karl G. Jansky Very Large Array (VLA) B-configuration obser-
vations that show that these filaments are likely related to an
unprecedented large conical outflow structure that pinches deep
into the halo of this compact starburst galaxy (Sect. 4). Prior to
this, we summarise observations and data reduction in Sect. 2;
also, the morphological and kinematic analyses of neutral and
ionised gas are detailed in Sect. 3. In Sect. 5 we summarise and
conclude. For distance conversions we assume a flat A cold dark
matter Universe with Q, = 0.3 and Hy = 70kms~! Mpc™',
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and we adopt z = 0.01352 as the cosmological redshift for
SBS 0335-052E (Moiseev et al. 2010). This translates to a lumi-
nosity distance of 58.42 Mpc and an angular scale of 276 pc/”.

2. Observations and data reduction
2.1. VLT/MUSE

For the present analysis we combine data from two ESO/VLT
MUSE programmes: Programme 096.B-0690 (PI: Hayes) with
data taken on November 16th and 17th in 2015 (clear to photo-
metric sky, DIMM seeing ~0.7-0.9"") and Programme 0104.B-
0834 (PI: Herenz) with data taken on October 2nd and 3rd in
2020 (photometric sky, DIMM seeing 1.1"-1.4"). Both pro-
grammes were observed in wide-field mode (1'% 1” field of view)
with the blue cut-off filter removed (extended mode, wavelength
range 465 nm—930 nm) and without adaptive optics. Programme
096.B-0690 centred the field of view on SBS 0335-052E (RA:
03M37M44.075° Dec: —05°0239.5”). These data lead to the
discovery of ionised filaments in the halo of SBS 0335-052E
(H17), and were also analysed by Kehrigetal. (2018) and
Wofford et al. (2021) to understand the properties of the ionising
sources of this galaxy. In order to map the extent of the filament
we obtained new MUSE data in programme 0104.B-0834 with a
pointing centred north-west of the galaxy (RA: 03"37™41.9167
Dec: —05°01”57.2""). This pointing overlaps partly with the dis-
covery data. The total open shutter times are 5680 s (8 exposures
a 710s) and 55765 (8 exposures a 697 s) for the central- and
offset pointing, respectively.

We reduced the data with version 2.8.3 of the MUSE data
processing pipeline (Weilbacher et al. 2020). The reduction of
the 2015 data was already detailed in Wofford et al. (2021,
Sect. 3.2) and we apply here the same recipes to our new 2020
data. These recipes provide us first with sky-subtracted, flux
calibrated, and astrometrically roughly calibrated pixel tables
for each exposure. As explained in H17, the spatially extended
line emission in the data requires a modification of the default
pipeline sky subtraction procedure; significant flux from the
extended principal H1I emission around SBS 0335—-052E would
be removed without this modification. The most prominent over-
subtracted emission shows up as spikes at the observed wave-
lengths of Ha and [O 111] 25007 in the sky continuum spectra that
the pipeline determines after the best-fit sky emission line spec-
tra have been subtracted (Weilbacher et al. 2020, Sect. 3.9.1).
We thus altered the output sky continuum spectra from the ini-
tial run of the sky subtraction routine by replacing the values
around principal emission lines via linear interpolation from the
surrounding spectral bins. The corrected sky continuum spec-
tra and the unaltered sky emission line spectra from the first
run were then used as input in a second run of the sky subtrac-
tion procedure. This removed the visible oversubtraction arte-
facts at Ha and [O 111] A5007 in the initial reduction, and to be
secure we also repeated the procedure for the lines [O 111] 14363,
HeIr 14686, He1 45876, [S11] A16717,6731, and [O1] 46300,
even if such strong spikes were apparent in the continuum sky
spectrum from the initial run of the sky subtraction. Lastly,
the individual exposure pixel tables are resampled onto a 3-
dimensional 473 x 532 x 3802 grid (datacube); the first two axes
sample the spatial domain with 0.2"" x 0.2” spectral pixels (spax-
els) parallel to RA and Dec and the third axis samples wave-
length linearly from 4599.96 A to 9351.21 A with 1.25 A bins.
The final coordinate transformation between datacube spaxels
and (RA, Dec)-coordinates is registered by cross-correlating
the Pan-STARRS (Chambers et al. 2016; Magnier et al. 2020)

r-band image against a synthetic r-band image created from the
datacube.

22. VLA

We obtained new HI 21 cm observations with the Karl G. Jansky
Very Large Array (VLA) in its B-configuration. The observa-
tions (project number 17B-234; PI: Herenz) made use of the
L-Band receiver centred on the redshifted 21 cm frequency of
the galaxy. The programme was executed in 10 X 3h blocks from
Sep. 30th to Oct. 20th, 2017.

All raw VLA data are calibrated following standard prescrip-
tions using the National Radio Astronomy Observatory (NRAO)
casa software package (version 5.6.1-8; McMullin et al. 2007;
Emonts et al. 2020). Radio-frequency interference is manually
identified and excised from the raw data. These data are then
calibrated, and once a satisfactory calibration is achieved, the
data are continuum subtracted and weighted using CASA’s
uvcontsub and statwt functions. “Satisfactory” calibration
constitutes an rms noise value in source-free channels of the cube
that is within 10% of the theoretically optimal rms value given
the duration of the observation, the configuration of the VLA,
and the spectral properties of the datacube.

Using  tclean and the  masking  algorithm
Auto-Multithresh (AMT,; Kepleyetal. 2020), we gen-
erate an intermediate image cube using casa version 6.3.0.48.
From this intermediate cube, we extract the AMT-generated
mask. We chose AMT for mask generation as it produced
high quality data products with reproducibility and speed. All
image cubes are created using Briggs weighting with a robust
parameter of 0.5 for a compromise between angular resolution
and sensitivity.

We set the AMT noise threshold to 30 In doing so, AMT
finds and masks all emission associated with our target sources,
in addition to noise peaks that rise above this threshold. To
address this, we then examine the AMT-generated mask interac-
tively and extract only the regions that include source emission.
Through this process of automated mask generation and interac-
tive selection, we end up with a final, robustly generated mask
that solely and fully masks the target sources. With this mask in
hand, we then initiate a final tclean with the same parameters
as used for the mask-generation clean, but now providing the
source-only mask generated in the previous step. We clean down
to 0.50, as this removes the need for residual flux rescaling. The
resulting final image cube covers an area of 22.8 arcmin® sam-
pled at 1”/pixel, and the channel width is 10.26 kms~!. The typ-
ical rms-noise per channel is 2.5 x 10~* Jy beam~'. The beam is
6.1” x 4.6” and it is oriented 23.6° west of north. The positional
accuracy of the VLA HI data, which is based on milli-arcsecond
precision positions of quasars in the VLA calibrator manual?,
can be assumed to be typically 10% of the synthesised beam
size.

We also create another datacube from the B-configuration
data, that provides us with a different spatial resolution. This
cube is created by applying a 7 kA UV-taper in the imaging pro-
cess. This UV-tapering downweights the longest baselines using
a Gaussian function in the uv-plane (with the FWHM measured
in units of wavelengths), producing a cube at a spatial resolution
that is roughly equivalent to VLA C-configuration observations
(beam 15.9” x 14.7” at 66.4° east of north). The datacube dif-
fers from the untapered cube by an adjusted spatial sampling of

2 https://science.nrao.edu/facilities/vla/observing/
callist
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3" /pixel and the rms-noise per channel is 4x10~* Jy beam~'. The
7kA-tapered data are less sensitive than the untapered data, but
this is compensated by the larger beam that enables the mapping
of lower columns over larger areas.

3. Analysis and results

3.1. Detection and morphology of extended Hiand H1
emission

3.1.1. lonised gas

To optimally detect extended line emission in our MUSE data,
we processed the reduced datacube with routines from the
LSDCat software (Herenz & Wisotzki 2017). We started by
subtracting a running median in the spectral direction. The
band-width of this filter (which effectively enables the removal
of low-frequency continua) is 151px (188.75 A). We then
cross-correlated the continuum-subtracted datacube with a 3D
Gaussian template. The result of this procedure is a unit-less
datacube, that we dub in LSDCat as “S/N cube” in reference to
the signal-to-noise ratio maximising characteristic of matched
filtering. However, we here use LSDCat only as a simple linear
filter to suppresses high-frequency noise and enhance the emis-
sion line signal in the datacube. By experimentation we found
that the parameters FWHM, = 150kms~!' and o = 2” opti-
mally augmented the spectrally narrow and spatially extended
emission line features in the circumgalactic medium around
SBS 0335-052E. We visually examined the resulting S/N cube
with the QFitsView software (Ott 2012) in layers with strong
nebular line detections in the integrated spectrum (cf. Fig. 3
in Wofford et al. 2021). We here report significant detections
of extended filamentary emission in He, [O 11T] 45007, and HB
around SBS 0335-052E (Fig. 1). HB was not reported in H17,
but the increased exposure time in the region where the discov-
ery data overlaps with our new observations renders the detec-
tion of this line significant. The filaments remain undetected in
other emission lines.

The Ha narrowband image shown in Fig. 1 was synthesised
by summing over the three layers in the median-filter subtracted
datacube (6651.21 + 1.25 A observed frame). Only these layers
contain appreciable Hae emission (see also the line-width anal-
ysis in Sect. 3.3.1). The maximum S/N-images in Fig. 1 were
created by taking the maximum values from the LSDCat cross-
correlated datacube over a few layers around the emission lines
of interest. We define SNhiD > § as a conservative criterion for
detected emission line signal. Spaxels in the S/N cube that fulfil
this criterion are surrounded by a white dotted contour in Fig. 1.

As can be appreciated from Fig. 1, the new MUSE obser-
vations reveal a continuation of the filamentary structure first
reported by H17. This He emitting complex extends up to > 15 kpc
in projection towards the north-west from the galaxy’s main stel-
lar body. While the pronounced high-SN emission stems from the
two filamentary threads, He is also detected throughout a con-
tiguous region in between the filaments. The [O 111] and HB detec-
tions, on the other hand, are confined exclusively to the filaments.
The northern filament shows quite a strong detection in [O I]
(SN > 25), whereas the north-western filament is significantly
weakerin [O III] (SN > 10). Ananalysis of the observed line ratios
from the filaments is presented in Sect. 3.2.

To make the discussion of morphological features of the
extended ionised structure text more accessible, we display in
Fig. 2 Ha surface brightness contours with annotations. The
two filaments that protrude towards the north (northern filament;
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PA =~ 0°) and north-west (western filament; PA ~ 315°) are
characterised by SBy, ~ 3 x 1078 ergs~' cm™2. The northern
filament fragments after ~19” (~5kpc) into a lacier prolonga-
tion. This threadlike extension continues outwards up to ~58”
(~16kpc). The western filament, on the other hand, brightens
noticeably after ~25” (~7 kpc) to SBy, ~ 5x 1078 ergs~' cm™
(Ha “hot-spot”). After this brightening the western filament fans
out into two short branches, one to the west and one to the north-
east. The accented filamentary features are surrounded by dif-
fuse emission at SBy, ~ 7x 107"? erg s~ cm~2. Two shorter and
fainter filaments are found towards the north-east of the galaxy;
these are labelled as “eastern foreshortened filaments” in Fig. 2.
They may trace a similar structure as the northern and the west-
ern filaments, but appear shorter due to a different alignment
along our sight-line.

While He in the northern circumgalactic halo shows com-
plex morphological features, the southern halo displays a rather
smooth and slowly decaying light profile. At our sensitivity
we detect diffuse Ha emission up to 25” away from the main
stellar body of the system. To provide a quantitative assess-
ment of this emission we extract a radial surface-brightness
profile, SBy,(7), under the assumption of circular symmetry.
Therefore, we first determine the photometric centre (X,y) =
Dy LyX/ Xoxy Liys Xy Lyy/ Xy Iny), Where Iy is the Ha flux
value of the pixel at coordinates (x,y). We find (x,y) =
(153.7,162.7) which is located at (RA, Dec)=(3"3743.99,
—5°02’39.2”). We then extract SBy,(r) in semicircular annuli
of 0.6” width south of y and centred on (x,y). The result of
this procedure is shown in Fig. 3. The measured Ha SB pro-
file of SBS0335-052E is characterised by a central high-SB
region (“core”) which drops rapidly from 2 x 107'# to 2 x
10" '® erg s~! cm~2 arcsec ™2 within the first 5 and then kinks into
a more slowly decaying (“halo”) profile. Further out, at ~13”
and ~10~'7 erg s~! cm™? arcsec2, another kink towards an even
flatter profile is found.

As can be seen from Fig. 3, the outer profile can be described
adequately by a sum of two exponentials with scale lengths
ri = 1.62" (447pc) and r, = 8.94” (2.47kpc). We caution
that given the extreme intensity contrast — four orders of mag-
nitude between core and outer halo region — diffuse scattered
light may have brightened the observed profile at the faintest
isophotes. This observational effect of scattered excess light was
studied extensively by Sandin (2014, 2015). These papers cau-
tion against the physical interpretation of faint halo scale lengths
around bright compact galaxies in the absence of an accurate
extended point-spread function model for the observations. In
particular the here measured flattening at larger radii was put for-
ward as a tale-tale sign of diffuse scattered light (see especially
Sect. 5 and Appendix E in Sandin 2015).

The “core” high-SB region (SBy, = 2 x 107 % ergs™! em™2),
denoted as “central circumgalactic zone” in Fig. 2, is charac-
terised by an intricate morphology. This region is detected in a
plethora of other emission lines in the MUSE IFS data (see fig-
ures in Kehrig et al. 2018). To visualise the morphology of this
region adequately we display in the left panel of Fig. 4 a zoomed-
in view of the Ha narrow band image from Fig. 1; we now use
a different cyclic asinh-stretch that is appropriate to trace the
brighter morphological features relevant at this magnification.
To better visualise the size difference between circum-galactic
ionised gas structures and main stellar body of the galaxy, we
inset the Hubble Space Telescope (HST) F550M image into the
brightest central (SBy, > 107 ergs™' cm™2) region. This band
is devoid of strong emission lines and thereby traces only the
morpholgy of the stellar continuum. We show the HST FR656 N
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Fig. 1. HI1 and HI emission as seen with MUSE and VLA around SBS 0335-052E. Top panel: continuum-subtracted Ha narrowband image.
Fluxes are encoded via an asinh-scaled cyclic colour map from 0 to 1078 erg s™! cm~2 in the low surface-brightness, and from 10~'® ergs™' cm=2
to 107'% erg s™' cm™ in the central high surface-brightness region. The cyan solid contours demarcate Ha isophotes at SBy, = {1.5,2.5,5, 12.5} x
1078 erg s™! cm™2 arcsec™ while the white dotted contour demarcates the limiting surface-brightness of SBy, = 7.5 x 107" erg s™! cm=2 arcsec™2.
The image has been smoothed with a Gaussian of 0.4” FWHM. Subdued grey contours indicate HI column densities Ny; = {5, 10, 20, 30, 40} x
10 cm~ from our VLA-B configuration observations; these contours are displayed more prominently in Fig. 4. The dashed white contour
demarcates the 2.50- = 2.5 x 10?° cm~2 detection limit. The VLA-B configuration beam, 6.1” X 4.6” oriented 23.6° west of north, is indicated via
a grey shaded ellipse in the top left. The displayed field of view is 1’35” X 146" corresponding to 26.2 kpc X 29.2 kpc in projection. The dashed
violet square in the centre indicates the viewport used in Fig. 4. North is up and east is to the left. Bottom panels: signal-to-noise of the three
principal emission lines (Ha, HB, and [O 11T] 45007 in the left, centre, and right panel, respectively) in which extended ionised gas is detected (see
text for details). The maps are displayed with a linear cyclic colour map from 0 to 90 and from 90 to 900. White dotted contours mark out regions
with SN > 8. The chartreuse dashed rectangles in the Ha panel outline the rectangular regions used for the line ratio analysis in Sect. 3.2.
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total Ha flux from that structure (Sect. 4).

image in the right panel of Fig. 4. This resolves morphological
features in the central region in greater detail and nicely demon-
strates the gain in depth of our MUSE data with respect to HST.

Figure 4 reveals that the high-SB Ha region exhibits mul-
tiple nested arcs or loops, as well as outward pointing fila-
ments or spurs. Generally loops seen in Ha at such large scales
trace the limb-brightened edges of so-called super-bubbles or
super-giant shells (e.g. Chu 1995; Bomans 2001; Bomans et al.
2007). Disconnected loops are believed to point towards regions
where the shells are broken up and where the pressurised inte-
rior can vent out. The interaction of the hot wind (>10°-107 K)
with the colder material in the surroundings and warm gas
(~10*K) entrained in these bubble-blow outs, as well as the
merging of super-bubbles, are believed to manifest in outward
pointing filamentary spurs (e.g. Cooper et al. 2008; Tanner et al.
2016). Here we see that the two brightest inner arcs towards
the north-west resemble closed loops, but variations in surface
brightness point at inhomogeneities that indicate cracks in the
shells caused by Rayleigh—Taylor instabilities. Further outwards
towards the north-west, only barely detected in the FR656N
image but clearly visible in the MUSE data, we see a flaring
of spur-like features. These structures are very extended, up to
~10” or 2.7 kpc from the main star-forming regions. These fea-
tures may be interpreted as outflowing warm gas that is entrained
in the hot wind that vents through the cracks in the shell.

3.1.2. Neutral gas

For our mapping of the signals from the neutral phase we pro-
cessed the VLA datacubes with the software SoFiA (Source
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Fig. 3. He surface brightness profile in the south, i.e. not affected by
the filaments in the north. The points show the observed profile in cir-
cular annuli and error-bars are 2¢-. The black line indicates the double
exponential profile fitted to the outer (r > 5”) profile, while dot-dashed
and dashed lines indicate the individual components with scale-lengths
rp = 1.62” (447pc) and r, = 8.94” (2.47kpc). The grey line indi-
cates the light profile of the central (r < 5”) residual component that is
obtained after subtracting the double exponential.

Finding Application; Serraetal. 2015). We used SoFiA’s
smooth+clip source detection algorithm that is most commonly
employed for searches of extragalactic HI emission. Here the
radio datacube is smoothed with a set of top-hat kernels of vary-
ing sizes and the final detected source mask is built from the
union of the binary masks that result from thresholding each
individually smoothed cube. We used the recommended param-
eters for detection of extragalactic HI signal, i.e. a set of 12
top-hat kernels of zero, three, seven, and 15 channels width and
spatial dimensions of 0 X O (i.e. no spatial smoothing), 3 X 3,
and 6 x 6pixels (1pixel=1arcsec?), and a detection thresh-
old of 5. The SoFia runs provide us with moment-0 maps,
SV [Jykm s~ beam™'], that are of interest here and moment-1
maps that are used for the kinematic analysis in Sect. 3.3.2. The
moment-0 maps are converted into maps of neutral column, Ny
[cm™2], via

Nu = 1.1 x 10*(1 + 2)*S”/(ab), (1)
where a [’] and b [’] are the FWHM of the major- and minor
axis of the synthesised beam, respectively, and z is the redshift
of the galaxy (Eq. (78) in Meyer et al. 2017). The Nyg; map of
SBS 0335—-052E from this procedure is displayed in Fig. 6 and
the top panel of Fig. 7 shows the moment-0 map encompassing
both galaxies SBS 0335—-052E & W. The individual layers that
contribute to the spatially resolved HI signal are assembled in
Appendix B in the form of channel maps.

Translating the detection threshold of the smooth-and-clip
algorithm into an Ny sensitivity limit needs to account for the
different smoothing kernels that contributed in building up the
3D source mask. We proceeded empirically by inspecting the
final binary-mask cube from SoFiA to determine that the faintest
pixels in the outskirts of the moment-O map are mostly single
channel detections. As stated in Sect. 2.2, and verified by the
noise cube produced by SoFia, the typical rms-noise per chan-
nel in the B-configuration data is 2.5 x 107*Jybeam™'. For a
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Fig. 4. Left panel: zoomed view (22" x 22" /6 kpc x 6 kpc) of the Ha narrow band image from the top panel of Fig. 1 with Ny contours from the
VLA B-configuration 21 cm observations (Ng; = {5, 10, 20, 30,40} x 10%° cm™2, rose lines); these contours are also shown in Fig. 1 as subdued
white lines. The cyclic colour map encodes Ha flux in a asinh-scale from 0 to 1077 ergs™' cm™ to 10" erg s~ cm™2. In the brightest central
region the archival HST F550M image is inset, with an arbitrary asinh-scaling to highlight the compact super-star clusters that comprise the main
stellar body of this system. The violet dashed square indicates the region that is displayed in the right panel. Right panel: inner high-SBy, region
as seen in the archival HST FR656N image (13" x 13”/3.5kpc x 3.5kpc) displayed here with a cyclic asinh-scale from 0 to 5 x 105 ergs™! cm™
to 103 erg s™' cm™2. Here the violet dashed square indicates the region that is displayed in Fig. 5.
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Fig. 5. HST archival F550M image with super-star clusters labelled
according to Thompson et al. (2009); Ny contours as in Fig. 4. The
viewport, indicated as a violet dashed square in Fig. 4, is 77 X 7" or
1.88 kpc x 1.88 kpc.

10 kms™! wide-channel this translates via Eq. (1) into a 1-o
column-density limit of oy, = 1 X 10 cm™. We finally used
the contouring algorithm of ds9 (Joye & Mandel 2003) with-
out smoothing on the Ny; map (Fig. 6) to produce contours
at Ny = {2.5(2.50),5,10,20,30,40} x 102 cm™2. The clos-
ing 2.50 contour associated with SBS 0335—052E is shown as a
white-dashed line only in Fig. 1; all other contours are displayed
in Figs. 1, 4, and 5.

From Fig. 4 it becomes apparent that the peak of Ny is
slightly offset to the west from the He peak and from the star-
clusters. The offset with respect to the star-clusters is made more
apparent in Fig. 5, where we overlay the Ny contours onto the
emission-line free HST/ACS F550M image. Such offsets are
observed frequently in dwarf starbursts and it is hypothesised
that that feedback from starbursting SSCs will mechanically dis-

5 kpc

\ N
Fig. 6. 21 cm moment-0 map of SBS 0335-052E with the colour-bar
encoding the neutral column Ny in units of 10%° cm™2 using an asinh-
scaling. The magenta ellipse indicates the dimension and orientation of
the VLA B-configuration beam. This map has been used to draw the
Ny contours in Figs. 1, 4, and 5.

rupt and ionise HT in their vicinity (e.g. van Eymeren et al. 2010;
Cannon et al. 2016; Teich et al. 2016; Jaiswal & Omar 2020).

At lower column densities the resolved HI structures appear
to relate spatially with Ha morphological features. Towards the
north we find an extended tail at Ny 10! cm2 that bends
towards the east at a slightly lower columns (Figs. 1 and 4). The
northern tail is almost co-spatial with a northern Ha spur before
it curves around the He spur towards the east. At even lower
neutral columns, close to the detection limit of our observations
(2.50 = 2.5 x 10 cm™2; white dashed contour in Fig. 1), we
trace an extended tail that aligns with the foreshortened filaments
towards the east. Towards the north-west and more prominently
towards the south-east, two “ears” emerge at the lowest column
density, both of which appear also co-spatial with spurs pointing
in the same direction.
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Fig. 7. Moment-0 maps from VLA B-configutration 21 cm observa-
tions. The colour mapping encodes Ny in 10 cm~2 and the beam for
each dataset is indicated as a black ellipse. Top panel: VLA-B config-
uration data. Bottom panel: VLA-B configuration observations, tapered
at 7 kAa; this map has been used to draw the Ny; contours in Fig. 8.

Given the observed spatial correlations between HI and He
we suspect that the low-column HI emission stems from cold
gas that is interacting with the ionised phase. The entangled
interactions between star-forming H I regions and H1 phase are
observationally well studied on small (<10% pc) scales in more
nearby systems (e.g. Egorov et al. 2014; Cannon et al. 2016;
Egorov et al. 2018; and review by Veilleux et al. 2020). These
processes are complex, observationally challenging to tackle,
and far from being quantitatively fully understood. Here, in the
extreme environment of the starburst, we may now have resolved
such interactions on kiloparsec scales.

To study the interaction between the ionised and neutral
phase on larger scales, we use the VLA B-configuration data
tapered at 7 kA (Sect. 2.2). The Ny moment-0 maps and the 1-0
detection threshold, 2.2 x 10! cm™2, were computed in the same
way as described above for the untapered dataset. The tapered
data reveal HI within and around the pair SBS0335-052E
& W. We juxtapose the moment-0 maps for the two different
beams in Fig. 7. We compare the large-scale HI contours from
tapered data with our MUSE Hea image in Fig. 8. There we use
Pan-STARRS imaging (Chambers et al. 2016; Magnier et al.
2020) outside the MUSE FoV. In Pan-STARRS the fainter
companion SBS0335—-052W is prominently visible as a blue
cometary object close to the position of the western Ny peak.

The juxtaposition of the moment-0 maps in Fig. 7 illustrates
how different beams are sensitive to different scales of the neu-
tral gas distribution in and around the galaxies. The untapered
data resolves the morphology of higher-column HI within the
galaxies and in their immediate vicinity. The measured peak
Nur = 4.1x10%" em™2 for SBS 0335—052E is only slightly lower
than the inferred NEIOS from Lya absorption with HST/COS
spectroscopy: N5 = (5.0+0.5)x10?! cm™2 (James et al. 2014).
However, this does not indicate that the gas seen by COS in
absorption is spatially resolved with the VLA. Especially the
spatial offset between the Ny peak and the star-clusters dis-
cussed above (cf. Fig. 5) precludes such a conclusion. This
rather indicates substantial substructure below our resolution
limit in the neutral phase. The larger beam of the 7 kA-tapered
data smooths out almost all resolved features in the untapered
data (Fig. 7, central panel). This is evidenced by the peak col-
umn (9.5 x 10?° cm~2) being only slightly higher than the aver-
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age column (9 x 10%° cm~2) in the untapered map. However, the
tapered data reveals the diffuse lower-column gas that is spread
over larger areas in the outskirts of the system. Here this gas
forms a bridge between the galaxy pair and also possible tidal
features towards the east and west. The Ny morphology from
this reduction appears broadly consistent with the significant
detected HT in the VLA C- and D-configuration data presented
in Pustilnik et al. (2001). We find a similar level of agreement
between our maps and the GMRT 21-cm observations presented
by Ekta et al. (2009). As described both by Ekta et al. (2009) and
Pustilnik et al. (2001) in detail, the morphological features (and
also the kinematics) of the HT halo gas on larger scales strongly
indicate an early stage of a merger between both galaxies. The
onset of this merger is hypothesised as having triggered the cur-
rent star-formation episodes in both galaxies.

Comparing the morphology of the HI envelope and the
extended Ha emission, it is evident that the filaments extend into
regions that are characterised by lower neutral column densities
or, at greater radial distance, are even devoid of detected HT;
This is especially so for the eastern filament. However, the west-
ern filament appears to overlap more with the low-column gas
of the bridge. Especially in Fig. 8 it appears as if the extended
He structure starts to interact with the extended HI halo of the
western galaxy. Interestingly, this boundary coincides with the
fanning out of the western filament (Fig. 2). The elongation of
the HI halo surrounding the eastern galaxy is oriented almost
perpendicular to the direction of the filaments.

3.2. Emission line ratios along the filaments

Our detections of HB and [O 1] 45007, in concert with He,
enable us to make limited inferences on the physical state of
the emitting plasma in the filaments. We show in Fig. 9 the
continuum-subtracted narrowband images in [O 1] 45007 and
Hp. The images were synthesised by summing over the datacube
layers at 4927.46 + 1.25 A and 5074.96 + 1.25 A observed frame
for HB and [O 111], respectively. These narrow windows are ade-
quate, since the line emission in the filaments is barely resolved
(see kinematic analysis in Sect. 3.3.1).

We analyse the emission line ratios H3/Ha (Sect. 3.2.1) and
[O m1]/He (Sect. 3.2.2) within two rectangular regions that cover
each filament of an area where all three lines are detected; these
slits are indicated in the bottom left panel of Fig. 1. Both slits
cover 6” across each filament, and the length of the eastern and
western slits are 27.6” and 19.2”, respectively. The flux distri-
bution of Hea, HB, and [O1m] along (Al) and across (Aw) the
filaments is shown in the top three panels of Fig. 10. These flux
distributions were extracted directly from the synthesised nar-
rowband images. Corresponding variance maps in all lines were
created by summing the respective layers in the variance dat-
acube. We measured the individual emission line fluxes by sum-
ming the emission across the filaments in bins of 1.2 along
the direction of the slit. We then calculate the ratios for each
bin after correcting the individual measurements for galactic
foreground emission using the Cardelli et al. (1989) extinction
curve for a given Ay = 0.123 from the Galactic dust map of
Schlafly & Finkbeiner (2011).

3.2.1. Inverse Balmer decrement H3/Ha

Traditionally the Balmer decrement, Ha/Hg, is used to measure
interstellar extinction. We here use the inverse of the Balmer
decrement since the statistics for the ratios of measurements
for the low surface-brightness emission close to the detection
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Fig. 9. Top panel: continuum subtracted [O 1] 45007 narrowband; con-
tours indicate SBjomy = {5, 12.5,25} x 107 erg s~ cm~2 arcsec 2. The
cyclic colour map encodes flux densities from 0 to 5x 107 erg s~! cm™2
(colour bar) to 5 x 107" ergs™! cm™. The image has been smoothed
with a Gaussian of 0.4” FWHM. Bottom panel: continuum sub-
tracted HB narrowband. The cyclic colour map encodes flux from 0 to
3x 107 ergs'em™ to 3 x 1077 ergs™' cm™2. The image has been
smoothed with a Gaussian of 0.95” FWHM to enhance the visibility of
the low-SB HB emission.

limit are only well defined if the denominator is chosen to have
the smaller error-bar. Then the standard 1-0- error on the ratio,
A(HB/Ha), can be calculated via

Fig. 8. Ha narrowband from MUSE (log-
stretch from 0 to 1.25x 10715 erg s™! cm™2) inset
into a grz colour composite (Pan-STARRS)
with Ny, contours from VLA B-configuration
data tapered at 7kA; contours delinate Ny =
{0.5(2.50),1,2,5,8} x 10® cm™. The beam is
15.9” x 14.7” oriented at 66.4° and is indicated
as a hatched ellipse.

y/Var(Ha) + Var(HB)(HB/Ha)?
HB ’

where Var(Ha) and Var(Hp) are the variances on the extracted
fluxes Ha and Hp, respectively. Equation (2) is only valid as long
as +/Var(HB) < 0.25Hg (e.g. Dunlap & Silver 1986), which is
the case here.

To aid the interpretation of this non-standard ratio, we plot in
Fig. 11 its behaviour as a function of temperature for a recombin-
ing plasma under Case-A and Case-B recombination scenarios.
Both in Figs. 10 and 11 we also include ticks on the right ordi-
nate that allow reading off the conventional Balmer decrement.

From an integrated spectrum covering the star-forming sites
in the galaxy (depicted in Fig. 3 in Wofford et al. 2021) we find
an inverse Balmer decrement of 0.34 (or Ho/HB = 2.92). As
can be seen in Fig. 10, both the eastern and the western filament
are predominantly characterised by higher H3/Ha ratios (lower
Balmer decrements), that is H8/Ha > 0.35 (Ha/HB < 2.86).
Interesting features in the radial ratio profiles are the dips before
and after the Ha “hot-spot” in the western filament, for which the
higher ratios appear closer to the galaxy; in contrast, the eastern
filament shows the highest values at its end. The mean (median)
of HB/Ha along the eastern and western filament are 0.4 (0.38)
and 0.41 (0.39), respectively.

Some of the here observed (high) low (inverse) Balmer
decrements in the filaments are not compatible with standard
Case-B or even Case-A recombination values (Fig. 11). The
ansatz of the Case-B recombination scenario is infinite optical
depth in all Lyman series lines (1y, = oo), but zero optical depth
in all other transitions, whereas for Case-A also 11y, = 0. Case-B
delivers realistic values for Hydrogen line ratios in the interstel-
lar medium, since the absorption cross section for Lyman series
photons is very high. Both in Case-B and in Case-A HS/Ha
increases with increasing temperature, but the increase is more
rapid for Case-A. However, even for T ~ 3 X 10* K, the highest
temperature provided in the calculations by Storey & Hummer
(1995), the resulting H3/Ha = 0.385 for Case-A (red dashed
line in Fig. 10) and HG/Ha = 0.370 for Case-B are well below
the measured ratios, 0.4 < HB/Ha < 0.5, at the beginning (end)
of the western (eastern) filament.

Since the low-surface brightness filaments are observed in
the low-density outskirts of the galaxy it is qualitatively con-
ceivable that the filaments originate in gas where neither the

A(HB/Ha) = (@)
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Fig. 10. Analysis of emission line ratios along the eastern (left) and western (right) filament. In the top three panels the emission in He, HB, and
[O 1] 45007 is shown, now aligned such that the x-axis runs along the direction of the filament (A/) and that the y-axis runs across the filament
(Aw); the correpsonding areas have also been outlined in the bottom left panel of Fig. 1. The two bottom panels show the HS/Ha and [O 11]/Her
ratio in bins of 1.2” along Al. These ratios are obtained after integrating the emission in each line along Aw. The 1-o errors on the ratios have been
computed with Eq. (2). For HB/He the Case-A recombination expectations from Storey & Hummer (1995), are indicated as dashed lines for three
different temperatures (T = (1,2, 3} x 10* K in green, orange, and red); cf. Fig. 11. For H8/Ha the corresponding conventional Balmer decrement

values are measured on the right ordinate.
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Fig. 11. Inverse Balmer decrement values for Case-A (dashed line) and
Case-B (solid line) recombination as a function of temperature as cal-
culated by Storey & Hummer (1995). The right ordinate measures the
conventional Balmer decrement values.
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TLy, = oo nor the 11y, = 0 approximation can be justified. Radia-
tive transfer effects thus may alter the population levels, and nei-
ther the Case-A or Case-B approximation are reasonable any-
more. Calculations for this intermediate 71y, — 0 regime were
performed by Capriotti (1966) and Cox & Mathews (1969); cf.
Chap. 4.5 of Osterbrock & Ferland (2006). Especially at low
optical depths in Ly (try, < 10) Balmer decrements compat-
ible with the range of the here measured ratios in the filaments,
2 < Ha/HB < 2.5(0.4 < HB/Ha < 0.5), are possible (Fig. 4.3 in
Osterbrock & Ferland 2006). Deviations from equilibrium occur
in media that are ionised of fast-radiative shocks, but model cal-
culations in low-metallicity environments favour higher Balmer
decrements =3 (Alarie & Morisset 2019).

3.2.2. [Om)/Ha

The line ratio [O IIT]/Hg is typically used to map the excitation of
the plasma. Given the limited coverage of detected HB emission
we here substitute HB with He in the denominator. The standard
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error on [O1]/Ha, A([O1I]/Ha), can then be calculated in an
analogous way to Eq. (2). In principle, [O 11T1]/Ha must be under-
stood as a lower bound to the excitation, since extinction lowers
the ratio. This needs to be kept in mind, since the unusual low
Balmer decrements discovered in the previous section preclude
us from making definitive claims on the presence of dust within
the filaments.

From the integrated spectrum covering the central star-
forming sites (see Fig. 3 in Wofford et al. 2021) we measure
[OmI]/He = 1.13. For both filaments the ratio is significantly
lower, with an mean (median) of 0.63 (0.65) and 0.26 (0.23)
for the eastern and western filament, respectively. Such low
[O1a]/He ratios have been reported recently in the outskirts
of the blue compact dwarf galaxy Haro 14 (Cairds et al. 2022).
From Fig. 9 it could be already anticipated that the western fila-
ment is significantly dimmer in [O 1] (see also Fig. 1 in H17).
The ratio in the eastern filament is relatively flat, and only at the
end (Al 2 17”) of it does the [O 1] flux decrease more rapidly
than He. For the western filament the ratio appears to show an
overall decrease with increasing distance from the galaxy, albeit
with significant fluctuations. There appears to be no strong cor-
relation between trends seen in HS/Ha and [O 11T]/Ha.

Interpreting the [OTII]/Ha ratio is complicated, as it is
regulated by multiple parameters that characterise the physi-
cal conditions of the emitting plasma. At low-densities (n <
1000 cm™3) the emissivity of [O11] 45007 depends only on T,
(Luridiana et al. 2015; Morisset et al. 2020), but the ratio of O**
to H* ions is influenced both by the oxygen abundance and the
ionisation mechanism. More specifically, if O**/H* is held fixed
then the important parameters regulating [O ITI]/He are the hard-
ness of the ionising radiation field and the ionisation parameter
(ratio between density of ionising photons to density of H atoms)
for photo-ionisation, whereas in fast radiative shocks the shock-
velocity, density, and the strength of the magnetic field are influ-
ential (e.g. Alarie & Morisset 2019). We recall that the western
filament appears to interact with the low neutral column gas
that belongs to the tidal bridge that connects the western with
the eastern halo, whereas the eastern filament appears to pro-
trude more freely out of the neutral envelope (Sect. 3.1.2 and
Fig. 8). Thus, a plausible interaction with the more pristine halo
gas in the western filament might lower the oxygen abundance
and thereby also attenuate the [O IIT] line. On the other hand, this
interaction could also lead to a higher neutral fraction within the
western filament that in turn lowers the ionisation parameter and
thereby also attenuates [O IIT] line.

3.3. Kinematic analysis
3.3.1. Hu kinematics

In Fig. 12 we display the line-of-sight velocity field (vjos, top
panel) and the velocity dispersion (o, bottom panel) of the line
emitting plasma. We created these maps from fits of Gaussian
profiles to Ha, HB, and [O m1] 414959,5007 in a Voronoi tes-
sellated’® continuum-subtracted datacube; in the outer filaments
only Ha is contributing to the kinematic signal. By experiment-
ing we found that a S/N threshold of 8.5 and a maximum bin-
size of 4 square arcseconds provided useful results, that is to say
those parameters preserve the morphological appearance of the
filaments while also providing a large number of high-SN bins
throughout the low-SB regions; all bins in the high-SB region

3 The Voronoi tessellation was computed with the algorithm of
Diehl & Statler (2006), which is an extension of the Cappellari & Copin
(2003) binning scheme.

consist of single spaxels. Despite the morphological complexity,
the emission lines are all well modelled by a single Gaussian.
We show in Appendix A the line profiles and model along the
main filaments. Only for a few spaxels in the central regions a
weaker secondary component could be added to better fit the
observed skew in some profiles. As zero-point velocity we set
v = ¢z = 4053kms™! and ¢, is corrected for the instrumen-
tal line spread function using the prescription provided in the
MUSE user manual.

Low S/N o, values obtained from Gaussian fits are known
to be biased high, since increasing the noise relative to the
line flux artificially broadens the fits. Therefore we show in
the bottom panel of Fig. 12 only o,’s where SBy, > 1.5 X
1078 ergs™' cm™? arcsec™>. Moreover, we only include bins
in the v os map where the measurement uncertainty Av <
15kms~!. In the low-SB filaments typical values for the 1-
o uncertainties on velocity and velocity dispersion are Av ~
10kms™! and Ao, ~ 20kms~!, respectively. Further, it is known
for MUSE data, that velocity fields derived from narrow emis-
sion lines exhibit a characteristic striping pattern on small scales
(see Sect. 3.4 in Weilbacher et al. 2015); this is due to the LSF
being undersampled by the MUSE spectrograph. For the display
in Fig. 12 we removed the most prominent effects of this striping
pattern by slightly degrading the spatial resolution of the veloc-
ity fields. This is achieved by smoothing the computed v os map
with a circular top-hat kernel of 0.4" (2 pixels) radius.

The HII v os map in the central high-SB region appears
quite chaotic at first glance. Nevertheless, Moiseev et al. (2010),
using SAO/SCORPIO Fabry-Perot spectroscopy of Ha in the
central region and using VLA C- and D-configuration 21 cm data
from Pustilnik et al. (2001), showed that the velocity field can
be characterised by a disk-like north-west to south-east gradient
that exhibits a distinct perturbation in the centre. Moiseev et al.
(2010) modelled this central disturbance, which is shaped some-
what like a hook, as the effect of an expanding super-bubble dis-
turbing a disk-like velocity field. The best-fitting disk was found
to be aligned at a position angle of 53° east of north. We plot
this kinematic axis and the orthogonal axis forced through the
photometric centre (Sect. 3.1.1) in Fig. 12. It can be appreciated
how the orthogonal axis appears almost symmetric in between
the two filaments.

We do not observe velocity gradients along the direction
of the extending filaments. As already noted in H17, the fil-
aments seemingly inherit the velocity that is found at their
base where they connect the high-surface brightness region. The
northern filament appears to inherit the blue-shifts from the cen-
tral perturbation, whereas the western filament appears slightly
more redshifted. A conspicuous kinematic feature is the blue-
shift (x—35kms~!) at the western sub-branch at the tip of the
western-filament. As analysed in Sect. 3.1.2, this is where the
21 cm maps indicate an overlap between Ha emitting gas and
the H1 bridge that connects to the western galaxy. Excluding this
sub-branch, the velocity difference between the average veloci-
ties in the filament is ~3—5kms~!.

The overall shear of the complete velocity field iS vgpear =
1/2 % (vo5 — v5) = 28.5kms~!, with vgs and vs being the upper
and lower fifth-percentile of the velocity map. By limiting the
calculation of vgpear Only to the high-SB region (SBy, > 12.5 X
10" ergs™! cm~2 arcsec™2) we find vghlezaf = 22.9kms~!. This
can be compared to the disk model by Moiseev et al. (2010),
that is characterised by a maximal rotation velocity of v =
28.2kms~! and an inclination of i = 37° (see also Moiseev et al.
2015), that is the projected maximum amplitude of this disk is
Umax - $ini = 17kms™" < 03125 Moiseev et al. (2010) attributed
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this discrepancy between disk-like and observed motions in the
high-SB region to non-circular motions due to the expanding
shell near the centre. For the large-scale H1I velocity field the
discrepancy is even more pronounced.

That neither a large velocity offset between the filaments, nor
a strong velocity gradient along the filaments, nor abrupt discon-
tinuities with respect to the central velocity field are observed
may be caused by projection effects (i.e. because of material
moving mostly perpendicular to our sightline). However, it may
also indicate the absence of strong flows of ionised gas along
the filaments. The eastern “foreshortened” filaments (cf. Fig. 2)
are not characterised by an abrupt break in line-of-sight veloci-
ties. Ostensibly they just continue the velocity gradient towards
positive velocities along the north-eastern direction. However,
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-10

30 Fig. 12. Line-of-sight velocity map (fop) and veloc-
ity dispersion map (bottom) of the ionised gas; sub-
dued contours mark various Ha surface brightness
levels as in Fig. 1. As zero-point velocity v = ¢ - z =
4053 kms™!' (Moiseev et al. 2010) was adopted. The

20 kinematic major and minor axis after Moiseev et al.
(2010) are indicated with a dash-dotted and dot-
ted line, respectively. The viewport of this figure is
1’35” x 146" as in Fig. 1. The blue dashed square
indicates the 22" x 22" viewport centred on the cen-

10 tral circumgalactic medium (Fig. 2) shown in the left
panel of Fig. 4.

the vghear > V712> behaviour is caused by the redshifts of the

foreshortened filaments and by the blue-shift in the western sub-
branch of the western filament. Hence, The velocities observed
in those extended regions are not compatible with an idealised
disk and thus the motions of the ionised filamentary halo gas are
not predominantly driven by the gravitational potential of the
galaxy.

The velocity dispersion map in Fig. 12 (bottom panel)
shows that the filaments are characterised by relatively nar-
row emission, with average values of ~30km s~!. This is
similar to the galaxy’s luminosity weighted average oy =
Yy NBo .,/ 3, NB = 29kms™'; here o, denote the dis-

persion measures in each pixel of the dispersion map and NB?;
are the flux values recorded in each pixel of the Ha narrow band
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Fig. 14. Comparison between HI and HII kinematics on small scales.
The H1 velocity field (top left panel) is a zoomed-in view of the velocity
field shown in the top panel Fig. 13. The H1I velocity field (top right
panel) is the same as in Fig. 12, but regions outside of detected HI have
been subdued. In the bottom left panel we show the HII velocity field
convolved with a 2D Gaussian (6.1” X 4.6”, position angle —23.6°) to
mimic the VLA B-configuration observations beam smearing (see text).
The bottom right panel shows the smoothed Ha velocity field resampled
onto the native grid of the VLA B-configuration cube.

image (Fig. 1). This value is in exact agreement with o7y derived
from high-spectral resolution (R ~ 86 000) Fabry-Perot spec-
troscopy (Moiseev et al. 2010, 2015). We note, however, that in
the filaments o,/Ac, < 2, that is there the Ha line is barely
resolved with MUSE.

The ratios of large-scale ordered motions, quantified by vyax
Or Ughear, tO localised unordered motions, quantified by o, are a
useful quantity to characterise the kinematical state of a galaxy

Outflow cone of SBS 0335-052E
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>
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IU}
0 g Fig. 13. Moment-1 map from VLA-B configuration
=4, 21 cm data showing the intensity weighted line-of-
2 sight velocity field of HI (top: untapered data; bot-
-20 tom: 7kA tapered data). The purple contours mark
various Her surface brightness levels as in Fig. 1. For
-40 the zero-point velocity the optical recession velocity

from the eastern galaxy, vy = ¢ = 4053kms™!

(Moiseev et al. 2010), was used.

(see review by Glazebrook 2013). We confirm vyax /09 ~ 1 for
the disk model of Moiseev et al. (2010), and we note vgpear/0o ~
Umax/00. The v/o-ratio for SBS 0335-052E is lower that what is
observed for typical disk-galaxies (vmax/00 = 4). A large frac-
tion of star-forming galaxies at high-z show also vp,x/0¢ < 1
(e.g. Turner et al. 2017; Wisnioski et al. 2019). Star-formation-
driven feedback is deemed to be an important driver of those
so-called dispersion dominated kinematics.

The zone of narrow lines at the photometric centre
is surrounded by zones of elevated velocity dispersions
(45-55km ™!, towards the north and south). These zones appear
as double-peaked Ha profiles in high spectral resolution (R ~
10000) VLT/GIRAFFE ARGUS data (Izotov et al. 2006, their
Fig. 7a), but at our lower spectral resolution we here only
observe a broadening. These double peaked profiles were inter-
preted as expanding shells. Moreover, Izotov et al. (2006) con-
jectured the launch of an outflow perpendicular to the disk from
the intricate line profiles seen in the small ARGUS field of view
(see especially Figs. 7 and 8). This is consistent with our inter-
pretation of the filaments being large-scale effects of this outflow
(see discussion in Sect. 4).

3.3.2. Hi kinematics

In Fig. 13 we display the intensity weighted line-of-sight veloc-
ity field of the 21 cm signal from SBS 0335-052E & W, both for
the untapered and the 7 kA-tapered data products. The velocity
maps in kms~! were computed from the moment-1 maps pro-
duced by the source finding software SoFiA (Serra et al. 2015).
The relevant input parameters for our SoFiA runs were stated in
Sect. 3.1.2.

The velocity map from the 7 kA-tapered datacube appears
quantitatively consistent with the maps from GMRT data
(Ekta et al. 2009) and with the maps from VLA C- and D-
configuration data (Pustilnik et al. 2001). The HI envelope
encompassing both systems may be characterised by an overall
shear from east to west, whose gradient is, however, not perfectly
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Fig. 15. Comparison between H1 and HII kinematics on larger scales;
we here display a zoomed-in view of the 7 kA tapered 21 cm data shown
in the bottom panel of Fig. 13. The top panel shows the first moment
from the HI data, the middle panel shows the ionised gas velocity
field, with regions outside of HI detections being subdued, and the bot-
tom panel shows the H1I velocity field convolved with a 2D Gaussian
(15.9” x 14.7”, position angle 66.4°) to mimic the beam smearing and
resampled onto the native grid of the HI observations.

smooth. Both Ektaetal. (2009) and Pustilnik et al. (2001)
argued for the envelope being comprised of two disk-like sys-
tems. Judging from our maps, but also from the maps presented
in the aforementioned publications (Fig. 6 in Pustilnik et al.
2001 and Fig. 1 in Ekta et al. 2009), this reading appears overly
simplistic. Focusing here on the eastern galaxy, another gradient
from redshifts in the south-east to blue-shifts the north-west is
perceivable. The alignment of this gradient along the directions
of the filaments is suggestive of causal relationships between
ionised and neutral phase. At the higher spatial resolution of
the untapered datacube the velocity fields exhibit an even higher
complexity, and simple disk-like gradients appear indiscernible.
In the top-left panel of Fig. 14 we show a magnified view of
the velocity field of the eastern galaxy; an overall north-west to
south-east shear may be envisioned, but this velocity gradient is
significantly warped.

As already noted in Sect. 3.1.2, the faintest HI signals from
the outskirts are often only single channel detections. This can
also be appreciated from the channel maps in Appendix B. While
our data does not allow for robust higher-order measurements,
these channel maps supplement the view of high kinematic
complexity in the HI on kpc scales in the system. From H 1 mor-
phology and kinematics alone it is not possible ascribe tidal- or
feedback effects as the source of this complexity. We thus pro-
ceed by comparing HT and H1I kinematics quantitatively in the
next section.
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3.3.3. Comparison between Hiand Hu kinematics

We compare the ionised gas velocity field derived from the
MUSE data (Sect. 3.3.1) to the HI velocity field from the
VLA observations (Sect. 3.3.2). For this comparison we need
to account for the lower spatial resolution and the coarser spa-
tial sampling of the HT data products. To this aim we follow the
method used by van Eymeren et al. (2009a,b) and convolve the
H1I v map (Fig. 12) with a 2D Gaussian, whose position angle,
major-, and minor-axis are matched to the beam of the respective
21 cm data. We next re-bin this convolved velocity field to the
native resolution of the VLA datacubes. The complete process is
illustrated in Fig. 14, with the top right panel displaying the H 11
velocity field as observed, with the bottom left panel displaying
it after convolution, and with the bottom right panel displaying
this convolved field after re-binning. For the 7 kA-tapered dataset
we omit the intermediate step and show only the resulting resam-
pled velocity field (bottom panel of Fig. 15).

Qualitatively, both the velocity fields from the untapered
and the 7 kA-tapered HT data show a high level of congruence
with the degraded and resampled H1I velocity fields (Figs. 14
and 15). Our method ignored the effect of intensity variations
on the resulting resolution-degraded and re-binned H 11 velocity
fields. If we instead convolve each MUSE datacube layer with
the beam-imitating 2D Gaussian prior to the kinematic fitting,
then the resulting degraded velocity fields show almost no spa-
tial variation, as they mostly trace HII velocities stemming from
the brightest regions. Hence, the unknown intrinsic 21-cm sig-
nal from the neutral phase does not mimic the extreme intensity
variations seen in the HII emitting plasma.

The degraded H I velocity fields appear more smoothly vary-
ing compared to the HI measurements, which is partly related
to the low-SN of the HI data. We analyse the quantitative dif-
ferences between HT velocity fields, vy, and the resolution

degraded and re-sampled H1I velocity fields, vy, in Fig. 16.

There we display Av = vy — vy maps both for the untapered
and the 7 kA-tapered datasets. These Av-maps exhibit mostly an
amplitude of absolute differences <10kms™' and thus confirm
the qualitative impression of overall congruence already antici-
pated from Figs. 14 and 15. The similarity between both velocity
fields manifests in small mean (median) absolute differences of
0.6kms™! (0.2kms™!) and 1.1kms™" (0.6kms™") for the unta-
pered and 7 kA-tapered velocity fields, respectively. There are,
nevertheless, some notable differences. In the untapered data we
find Av > 15kms™" near the centre. This vy > vygp; zone is in
close vicinity to the most prominent “hook-like” disturbance of
the H1I map. A causal connection between H I-H II velocity off-
sets and the expansion thus suggests itself. In the 7 kA-tapered
data we find a prominent rim vy > v,y along the south-west,
parallel to the minor axis. The origin of this feature is not obvi-
ous. Both high-Av zones in both datasets are related to the most
prominent complexities of the HT velocity fields that inhibited
the identification of simple disk-like velocity gradients in the
first place (Sect. 3.3.2).

4. Discussion

The presented observational evidence in the previous section
leads us to explain the observed features in the circumgalac-
tic halo of SBS 0335—052E as limb-brightened edges of a con-
ical outflow phenomenon. We briefly summarise the main clues
towards the suggested interpretation before making an attempt to
quantitatively illustrate this scenario with a didactic toy model.
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Fig. 16. Maps showing Av = vy — v:ﬁ, where vy are the HI line-of-sight velocities and vy, are the resolution matched and re-projected H1I
line-of-sight velocities. The left panel shows the comparison with the untapered VLA-B configuration data, i.e. the subtraction of the velocity field
in the lower-right panel of Fig. 14 from the upper-left panel of Fig. 14, while the right panel shows the comparison for the 7 kA-tapered data, i.e.
the subtraction of the velocity field in the lower panel of Fig. 15 from the upper panel of Fig. 15.
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Fig. 17. Toy model to explain the NW filaments as limb-brightened edges of an outflow cone. We assume a cone filled with a hot wind fluid that
is surrounded by walls filled with ionised hydrogen in recombination equilibrium (7 = 2 x 10K, n = 0.05 cm™?). Details on the setup and the
model parameters that are derived from the observations are given in the text. The left panel shows a projection of the resulting He emission (as
surface-luminosity in erg s~ kpc™') from this model along the Y-axis of the model box; this axis is chosen to be parallel to the line of sight. The
right panel shows how the Ha emission from this model would appear in our MUSE data under the assumption that the model is at the distance of
SBS 03352—-052E. Here we overlay some Ha contours from Fig. 1 (dotted white lines) to indicate the degree of congruence between the simulated

observations of this simple toy model and reality.

VLT/MUSE reveals two faint ionised filaments of delicate
morphology that extent up to 15kpc to the north-west of the
starburst (Fig. 1). The orientation of a perceived symmetry axis
that separates the rays of the filaments is perpendicular to the
shearing direction of the large-scale velocity field (Fig. 12). This
large-scale shear lines up with the major axis of the disk-model
derived from SAO/SCORPIO Fabry-Perot observations in the
central high-SBy, region (Moiseev et al. 2010, 2015); therefore,
the symmetry axis of the bifurcating filaments is nearly paral-
lel with the minor axis of this model (Fig. 12). The ionised fila-
ments protrude away from the elongation axis of the HI envelope
(Fig. 8). This envelope also exhibits overall disk-like shearing
motions (Fig. 15). These observational facts are reminiscent to
prototypical conical outflows in disk-galaxies that launch such
cones from their central starburst outwards from the disk plane
(Veilleux et al. 2005; Bland-Hawthorn et al. 2007; Nelson et al.
2019).

We explore the possibility of this scenario by setting up a
heavily idealised astrophysical structure with parameters sug-
gested by the observations. Our toy model geometry is a simple

cone of opening angle 6 and height 4. The apex of this cone is
fixed at the centre of a disk at position angle  and inclination i.
Thus the observed opening angle, 6p, is a projection of the true
cone opening § = 2 X arctan[sin(7) X tan(fp/2)]. We assume that
the Ha filaments are confining this cone. We measure 6p = 34°
as the angle between the filaments from the Ha NB (Fig. 1) and
the disk-model of Moiseev et al. (2010) which fits i = 43°, hence
6 = 27°. We note, however, that conical winds can be tilted
and asymmetric with respect to the centre; our value for 6 thus
represents an approximate working hypothesis. We also adopt
¢ = 52° from Moiseev et al. (2010). We fix [, = 10kpc for the
projected length of the filaments from Fig. 1, where we ignore
for now the threadlike extension. The height of the inclined cone
is then h = [, - cos(8/2)/ sin(i) = 16.2 kpc.

Our estimate of the height 2 may be translated into a velocity
requirement that the hypothesised wind from a stellar-population
of age ¢, must have to blow out such a structure. The oldest
star-clusters in the north (SSC 5 & SSC 6; Fig. 5) have ages
t. < 15Myr (Reines et al. 2008; Adamo et al. 2010). Accounting
for the delay after which supernovae start to inject kinetic energy,
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tsn & 5 Myr, we have vying = h/(t. — tsn) = 10kpc/10Myr X
cos(6/2)/ sin(i) ~ 1000 km s~ x cos(8/2)/ sin(i) = 1620kms~!.
This rough limit, which neglects variations in energy input and
flow-speed, is broadly consistent with predictions for velocities
in the tenuous hot phase (7 > 10°~10" K, n ~ 1073=10"* cm™)
of galactic winds. This “wind-fluid” is believed to carry most
of the momentum and energy of an outflow, and at larger radii
even most of the mass (Schneider et al. 2020). If the volume
of the cone, Vi = /3 - tan?(0/2) - h* = 256 kpc?, would be
filled uniformly with this fluid, then its mass would comprise
Mot ~ 6 % 10°=6 x 10° M. This requires loading rates, Apor =
(Mhot)/(Msgg - At), of order unity if all the mass is asserted to be
loaded into the wind via star-formation over the last At = 10 Myr
given the determined Mspg =~ 1 Myyr~! in SBS0335-052E
(Reines et al. 2008; Thompson et al. 2009). This rough limit
for Ape is higher than the expected average mass-return from
stellar winds and supernovae in stellar populations, A = 0.1
(Leitherer et al. 1999), that is also used as the injected mass frac-
tion for the hot phase in computer simulations of wind phenom-
ena (e.g. Schneider & Robertson 2018; Schneider et al. 2020).
However, a significant fraction of the fluid will consist of shock-
heated ambient ISM, hence the required mass loaded into the
interior of our cone does not appear unphysical.

The hot fluid, which does not emit in optical recombination
lines, is assumed to be surrounded by the warm ionised medium
that fills the wall of the cone and leads to the observed structure
in He. Denoting the thickness of the walls as # and writing Ah =
2 -t - cos(6/2) the volume inhabited by the diffuse HII gas is
Vim = /3 - tan%(6/2) - ((h + Ah)® — h* — Al?®). Figuratively, Viny
is the volume between two identical cones pushed into each other
(oc(h + Ah)® — h3), but ignoring the volume between the apexes
of the inner and the outer cone (c<Ah3). From the Ho NB we
estimate ¢ = 1.5 kpc and hence Vi = 142 kpc3.

In the spirit of a toy-model we assume the plasma filling
Vi is in recombination equilibrium, fully aware that deviations
from equilibrium are expected in shocked gas (e.g. Allen et al.
2008; Morisset et al. 2020) or due to radiative transfer effects
(Sect. 3.2.1). An ionised hydrogen plasma of density n (=n. =
np, i.€. no electrons from other species) and temperature 7 filling
a volume V emits He emission at luminosity

Lo = €1a(T) - n* - V A3)

in recombination equilibrium, where €(7T) denotes the Ha
equilibrium emissivity that follows from atomic data. For
T = {1.0,1.5,2.0} x 10*K in case-A recombination € (T) =
{2.3,1.5,1.1} x 107 erg s~! cm? (Storey & Hummer 1995); the
small density dependence on € can be neglected for our pur-
poses. Using a hand-drawn aperture that encompasses the fila-
mentary structure while not covering inner high-SB spurs and
shell-like structures (thin dotted line in Fig. 2), we estimate
Fho ~ 2.6 x 107 ergs™ cm™2 as the flux from the supposed
cone. From Eq. (3) then ny = {3,4,5} x 1072cm™> follows for
T = {1,1.5,2}) x 10°K in case-A. We recall from Sect. 3.2.1
that Case-A recombination appears more compatible with the
observed Balmer decrement in the filaments than case-B recom-
bination, noting here that €5 (T) < €} (T) and that &} /€5, is
only mildly temperature dependent. Therefore we can approxi-
mate e, ~ 0.65¢;;, and hence ng ~ 1.24 - ny would be required
for case-B.

The required densities in the walls of the cone are only a fac-
tor of two to three lower than the canonical n = 0.1cm™ for
diffuse warm ionised gas in the circumgalactic medium. They
are consistent with the expectations for the 7 ~ 10*K phase
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of galactic winds. The correspondence between the derived
parameters in our idealised setup and the physical characteris-
tics expected in outflows appears encouraging and supportive of
the idea that we indeed observe a 15 kpc outflow cone emanating
from a tiny starburst galaxy. We remark that the mass of ionised
hydrogen in the toy-model, My = 1.5-1.7 x 10% My, requires
a mass-loading factor Agy; 2 10 if this mass has been loaded
into the wind over the last 10 Myr. Neglecting the cold phase,
which is expected to provide only a minor contribution to the
total mass of outflowing material, we arrive at a total mass load-
ing factor of A = (Mpo + MHH)/(MSFR -At) 2 10. Given the low-
stellar mass of SBS 0335-052E, M, ~ 6 x 10° M, (Reines et al.
2008), the required A is in line with theoretical expectations
(Pandya et al. 2021) and observed trends for the other dwarf
starbursts (Collins & Read 2022, their Fig. 4). Interestingly, the
ratios Ano/A = 0.1 and Agp/A = 1 are in line with the expec-
tations of the wind models by Pandya et al. (2021). We caution
that our results have to be taken cum grano salis, as we assumed
that the diffuse Ha emission in the cone is caused by pure Case-
A recombination. As explained above, slightly higher densities
would be required for the Case-B scenario, thus the mass in the
warm phase would be slightly lower. However, we have shown in
Sect. 3.2.1 that the Balmer-decrement in the filaments is sugges-
tive of neither Case-A or Case-B being appropriate. Ultimately
photo-ionisation models are required to obtain more stringent
constraints on the observed mass in the warm phase.

We now explore the observable He morphology of our toy-
model cone-wall structure numerically. To this aim we com-
pute the emission on a cubic 3D lattice with 500% volume cells
that cover a 25° kpc3 volume, that is each cell has a volume
of Veen = 50° pc’. Then all grid cells C are set to emit Ha
according to Eq. (3) with V. when their centre-coordinates are
within the walls of the cone. Formally, this is the set of cells
C={y.,2: f(,y,Z1h0) <0 f(x',y,Z'|h + Ah,0) < 0},
where @ denotes the exclusive disjunction and f(x’,y",z'|h,60) =
x? +y? — 72 tan?(#/2) is the implicit parametric equation for
the surface of a single cone and x’, ', and 7z’ € [0, k] are the
coordinates in a rotated frame that is tilted along ¢ and inclined
along i using standard intrinsic Euler rotations. We set up the
model grid with cell-coordinates x,y,z such that the y-axis is
parallel to the sight-line. We project along this axis by summa-

tion after dividing by the surface area of a cell (6 Viﬁ). This

provides a map of surface luminosities (erg s~! kpc2). This map
is transformed into observable fluxes in ergs™' cm™2 on a grid of
0.2” MUSE-like spaxels for the given distance to galaxy. Prior
to this re-binning the received fluxes are convolved with a Gaus-
sian of 1.2” FWHM, which was the average DIMM seeing in our
observations (Sect. 2.1). Finally, we add noise to the re-binned
image consistent with the noise determined in the outskirts of the
Ha NB (0, = 1.8 x 107 erg s~ cm™2). We show the result of
this exercise for the observationally constrained parameters from
above (0 = 27°,i =37°, 9 =52°, h = 16.2kpc, and ¢t = 1.5kpc)
and (n, T) = (0.05cm™>,2 x 10* K) in Fig. 17. To provide visual
intuition regarding the projected morphology for different geo-
metrical parameters we study the effects of varying 6, ¢, and i
in Appendix C; we note that the projection of the model is the
same if the cone is inclined towards us or away from us. Further-
more we examine the effects of varying 7" and n on the overall
observability in Appendix C. We also verified the consistency
between numerical computation and the analytical results pre-
sented beforehand.

We overlay in Fig. 17 the two faintest He SB isocontours
from Fig. 1 to visualise morphological similarities and differ-
ences between calculation and observation. These contours were
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aligned by eye to maximise congruity. The resemblance between
the MUSE mock data of the cone-wall model and observed real-
ity is readily apparent. An interesting feature of the model is the
brightening along the walls with increasing distance from the
apex. This radial brightening is caused by more wall material
being intersected perpendicular to the sightline closer to the base
of the cone. In reality we observe a brightening with increasing
distance only in the western filament (Ha “hot-spot” in Fig. 2);
however, compared to the smooth radial gradient in the model
this feature emerges more abruptly. In fact, the observed fila-
ments brighten towards the central high-SB zone. Density or
temperature variations, as well as variations of the ionisation
mechanisms, may be invoked to explain the differences between
model and observations and to produce localised features such
as the Ha hot-spot.

The observations reveal further morphological sub-structure
that is not reproducible with our simple purely geometrical
setup. Most prominently, the cone-wall structure cannot explain
the threadlike extension and the fanning out of the western fil-
ament (Fig. 2). Parts of these filamentary sub-structures coin-
cide spatially with the region where only one wall of the cone
would be intersected by the sight-lines. Zones of higher density
or lower temperature in the wall section or lumps of gas that have
been advected by the hot fluid could lead to brighter Ha patches.
Alternatively, these features may be interpreted as the terminat-
ing cloud-wind interface where dense gas has been compressed
and pushed up by the hot wind fluid and now cools radiatively.

State-of-the-art numerical models of starburst-driven winds
(Schneider & Robertson 2018; Schneider et al. 2020) produce
small-scale density and temperature variations in wind struc-
tures that all have been neglected in our didactic scenario.
Sub-structure within the hot wind fluid arises due to interplay
between the different gas-phases; cold and warm material swept
up from the ISM may survive within the hot flow whereas den-
sity variations in the hot phase might lead to condensation and
radiative cooling. Substructures in the HII emitting phase pro-
duce turbulent mixing layers between the fast moving tenuous
fluid and the slower-moving denser warm-phase. The emergence
of a conical structure appears, however, a common feature of
wind phenomena. This “beaming” is believed to be a purely
hydro-dynamical collimation effect due to the intrinsic density
distribution in the gaseous disk surrounding the energy and
momentum injecting star-formation sites (Nelson et al. 2019).
In this respect it appears interesting to note that Micheva et al.
(2019) advocate to interpret 6 as the opening angle of a Mach
cone, that is the surfaces of the cone are created by a shock-
front from the overlapping sound waves in a supersonic flow.
The opening angle is then related to the Mach number M, that
expresses the velocity of the flow as multiples of the speed of
sound via M = 1/sin(6/2). For our cone we have M = 4, that
is to say in this interpretation the wind fluid is required to be
super-sonic. Intriguingly, M =~ 4 flows are again consistent with
sophisticated model expectations for the tenuous hot wind fluid.

Obviously our toy-model is static and neglects kinematics.
A kinematic model requires many assumptions and is beyond
the scope of our current analysis. Still, some important kinemat-
ical features need to be discussed qualitatively, especially since
the absence of a strong velocity gradient and the narrow line
widths appear incompatible with the idea that the HII phase is
being accelerated in an outflow. Projection affects surely may
influence the observed line-of-sight velocities and velocity dis-
persions given that we look at the cone from the side. However,
under the assumption of isotropic random motions the combi-
nation of ordered motions and inclination can only broaden the

line. This effect is known to as “mixing term” in observational
studies of velocity dispersions in disk galaxies (see, e.g. Sect. 2.1
in Bouché et al. 2015). In this scenario then the narrowness of
the lines would indeed reflect an intrinsic narrow velocity disper-
sion. A projection effect is thus only expected if the distribution
of velocities is larger parallel to the walls of the cone. Similarly,
the lack of an observed velocity gradient along the walls of the
cone may be an projection effect. Nevertheless, the large-scale
wind simulations by Schneider et al. (2020) show that the HI
emitting gas at larger radii is moving at fairly constant veloci-
ties. Interestingly, we do not observe strong velocity differences
between HI and H1I at the base of the cone in the 7 kA-tapered
data (Fig. 15 and right panel of Fig. 16). We thus speculate, that
the walls of the cone are HT halo gas that is advected into the
flow of the hot fluid. During this advection there might only be
a short window of time before the dense warm medium, which
is likely in the form of clumps, is being transformed into a more
dilute wind fluid. If this is the case, then we expect that here
observed emission of warm phase inherits mostly the velocity
dispersion of the neutral gas. In this scenario the narrow lines
appear consistent with the detection of HI emission in only 2—-3
channels (see Fig. B.2), which corresponds to ~20-30kms™".

5. Summary and conclusions

We have presented new MUSE and VLA B-configuration 21 cm
observations of the extremely low-metallicity blue compact star-
burst galaxy SBS 0335—052E. Our observations reveal the con-
tinuation of two ionised filaments in Ha emission towards the
north-west of the galaxy’s main stellar body (Sect. 3.1.1 and
Fig. 1). The onset of this structure was observed with MUSE
observations centred on the galaxy and described in H17. The
morphology of the newly detected prolongation can be described
as thread-like lacy fragments. These somewhat detached por-
tions of extended Ha emission are of lower SB (SBy, ~ 1.5 X
108 erg s™' ecm™? arcsec™?) than the inner straight portions of
the filaments (SBy, ~ 3 x 107'8 erg s~ em™2 arcsec™?). The rays
of the inner filaments are aligned at a projected angle of 8p = 43°
relative to each other. Diffuse ionised gas with a smoothly declin-
ing brightness profile is found up to ~25” towards the south of
the galaxy.

The inner parts of the filaments are detected in Ha, [O1I1]
A5007, and HB. The flux ratios between those three lines
are different compared to typical ISM ratios in the vicinity
of star formation. The inferred average Balmer decrement is
Ha/HB = 2.5 for both filaments, whereas [O1lI]/Ha = 0.65
and [OHI]/Ha = 0.26 for the eastern and western filament,
respectively. The unusual low Balmer decrement, which does
not agree with standard recombination cascade expectations, is
deemed to be caused by radiative transfer effects in the low-
density halo gas that alter the populations of the contributing
energy levels compared to the classical calculations (Sect. 3.2.1;
Osterbrock & Ferland 2006).

Our VLA B-configuration observations enable us to resolve
HT at unprecedented spatial resolution within and in the vicinity
of the starburst. The peak of the 21 cm signal is spatially offset
by ~1” to the west from the main super-star-cluster complexes.
Atlower Ny (5—-10x10%° cm™2), we observe morphological cor-
respondences between neutral and ionised phases. In particular,
we observe a bent tail that lines up in the direction of the eastern
foreshortened filaments. Our observations are thus mapping the
entanglement and interactions between the neutral and ionised
phases in feedback-driven gas.
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Tapering the VLA B-configuration data at 7kA in the UV
plane in the imaging process enabled us to map the neutral
halo around the interacting galaxy pair SBS 0335-052E and
SBS 0335-052W. Our results are consistent with the previ-
ous analysis of 21 cm data from VLA C- and D-configuration
(Pustilnik et al. 2001) and GMRT (Ekta et al. 2009) observa-
tions. The He emitting filaments extend outwards from the
east to west elongated neutral halo around SBS 0335-052E.
However, there is significant overlap between halo gas and the
western filament. Especially the coincidence of the Ha hot spot
and the fanning-out of the western filament with the extended
tidal halo gas from the western galaxy appears intriguing.

Our kinematical analysis of the ionised gas shows that
the line emission from the filaments is very narrow, o, =
20-30kms~!, and in fact barely spectrally resolved in the
MUSE data. We do not map velocity gradients along the fila-
ments. Zones nearer to the star clusters appear in the MUSE
data at high o, (45-50kms'), but they have previously
been resolved into double-peaked profiles with VLT/GIRAFFE
(Izotov et al. 2006). The seemingly chaotic appearance of the
H1I line-of-sight velocity map near the centre has also been pre-
viously described as a kinematic disturbance of an expanding
shell superimposed onto a disk-like velocity field (Moiseev et al.
2010). The position angle of the Moiseev et al. (2010) model
velocity field, ¢ = 52°, is parallel to the shearing velocities
mapped at lower SB levels and in HI. Interestingly, this gradi-
ent is aligned perpendicular to the symmetry axis in between the
bifurcating filaments.

The line-of-sight kinematics of the neutral phase exhibit a
significant degree of complexity, both in the untapered and in
the 7 kA-tapered data products. The complexity on large scales
is likely due to tidal effects from the encounter of the two
galaxies. However, an interaction with the large-scale wind may
also cause deviations from simple disk-like motions in and
around SBS 0335-052E. On smaller scales, the velocity gra-
dient appears significantly warped. We find that HT and HIt
kinematics are broadly in agreement on large and small scales.
Nevertheless, there appear to be zones where the bulk motions of
the neutral phase are redshifted by ~15-20kms~! with respect
to the velocities of the ionised phase. These velocity differences
are deemed to be caused by different responses of the neutral
and ionised phases to injected energy and momentum from stel-
lar winds and supernova explosions.

The observational evidence assembled in our analysis merits
an explanation as to the unprecedented detection of more than
10kpc long Ha-emitting filaments as limb-brightened edges of
a conical outflow; this new hypothesis supersedes the initial
attempt at explaining the morphology in H17. A toy model of a
cone structure, with geometrical parameters read off the MUSE
Ha narrow band, is commensurable with the expected physical
reality of a starburst-driven wind. Our setup is described by an
inner cone that is filled with a hot wind fluid and a surrounding
wall filled with ionised plasma. In order to be compatible with
the dimensions of the cone, the hot wind fluid would be required
to flow at radial velocities ~1600kms~!. This hot wind fluid
could be loaded easily with mass-loading factors Apee < 0.1.
While there is some degeneracy between density and tempera-
ture in order to match the flux of the ionised phase, we generally
require very low densities of 7 < 0.05 cm™>. If the ionised phase
is purely gas expelled from the starburst, then mass-loading fac-
tors A = Agyr 2 10 would be required. A mock MUSE observa-
tion of the toy model clearly shows the limb-brightening effect at
surface brightness levels similar to the observations. Obviously,
our didactic setup fails to reproduce the morphological substruc-
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ture observed in reality, especially the thread-like lacy prolonga-
tion at the largest projected distances.

Given the small size of SBS 0335—052E’s main stellar body,
the dimensions of its outflow structure revealed in the ionised
phase appear extreme. Similar-sized ~10-20kpc outflows are
known from more massive and larger galaxies. The finding
reported here was only possible because of the unprecedented
sensitivity of MUSE for low-SB line emission. Currently it is
unknown whether such structures are common around other
metal-poor compact starbursts. One unique characteristic of the
SBS 0335-052 system is its large neutral gas reservoir, and we
may speculate here that the size of the ionised structure is con-
nected to the size of the halo, since a significant fraction of the
He-emitting gas may have been ionised in situ.

In our analysis and discussion, we made no attempt to con-
strain the actual ionisation mechanism. Photo-ionisation from
the starburst and the X-ray emitting wind fluid, as well as radia-
tive shocks between wind fluid and neutral halo gas are expected
to contribute. While the three emission lines in this study do not
provide discriminating power with respect to these mechanisms,
they can be used in connection with photo-ionisation or shock
models to design deeper observations that may constrain the ion-
isation mechanisms. We believe that this is an intriguing avenue
for future investigations.
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Appendix A: Emission line profiles along the
filaments

In Sect. 3.3.1 we stated that the emission lines in the outer low-
SB regions are adequately modelled by a single Gaussian pro-
file. To back this claim we here visualise the line profile in the
main filaments. To this aim we extract 2D spectra along the two
pseudo-slits shown in the bottom-left panel of Figure 1. From
these extractions we show in Figure A.1, the Ha profiles along-
side the fitted Gaussian models and the residuals. It can be appre-
ciated from this Figure in that the single Gaussian is an adequate
model and that the line is extremely narrow. To further explore
the simple morphology and narrowness of the line profiles we
encourage the interested reader to obtain the fully reduced dat-
acube that is released with this publication.
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Fig. A.1. Ha emission line profiles extracted along the pseudo slits shown in the bottom left panel of Fig. 1 (top panels) alongside the fitted Gaussian models (centre panels) and the residuals (data —

model, bottom panels). The left panels show the results for the eastern filament, whereas the right panels show the result for the western filament and the horizontal extend is the same as in Fig. 10.

o

The x-axis is the cross dispersion axis in units of MUSE spaxels (1 spaxel = 0.2”") and the y-axis is the dispersion axis (1 pixel = 1.25 A). The colour bar on the left corresponds to the two top panels,

whereas the colour bar on the right corresponds to the bottom panel.
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Appendix B: 21 cm channel maps

We supplement our analysis with channel maps from the VLA
B-configuration datacubes. Figure B.1 shows seven channel
maps from -24kms™! to 37kms™' zoomed onto SBS0335-
052E. Figure B.2 shows 7 channel maps from -65.0kms™!
to 37.5kms™! containing both SBS 0335-052E and SBS 0335-
052W. Velocity offsets in both figures are defined with respect to
the optical recession velocity vy = ¢ - 7 = 4053 kms™'.

Fig. B.1. Channel maps from the untapered VLA-B configuration dat-
acube. Each channel is shown with a linear stretch from O to 60, where
o =2.5x10"*Jybeam! is determined from fitting the negative distri-
bution of pixels in each channel. Contours are drawn at 20~ (dashed), 40,
and 60. The bottom right panel shows the same viewport (46"/12.7 kpc
along each axis), but with the He NB image and the total Ny; contours
from Fig. 1.

27.3 "km/s
&

17

I-J

Fig. B.2. Channel maps from the 7kA-tapered datacube, similar to
Fig. B.1; here o = 4 x 107 Jybeam™!. The bottom right panel shows
the viewport (210" x 114”/58.1 kpc x 31.5 kpc) over the Pan-STARRS
false-colour image with the Ny contours from Fig. 8.

Appendix C: Cone model exploration

Sect. 4 discusses the ionised cone-wall structure for parame-
ters that are derived from the observations. However, it appears
instructive to visualise projections of this structures for differ-
ent parameters. In Fig. C.1 we fix the opening angle 6 = 27
from Sect. 4, but vary ¢ and i. In Fig. C.2 we leave i = 37° and
¥ = 52° as in Sect. 4, but vary the opening angle. While for most
of the parameters the cone geometry is apparent, projections at
low inclination or large opening angles appear more disk-like.

From Eq. (3) it is apparent that there is a degeneracy in
observable flux between T and n. To obtain a feel for the effects
of those parameters on the observable morphology, we explore
variations of 7 at fixed » in Fig. C.3 while in Fig. C.4 we fix T
but vary n. As in Sect. 4 we use case-A recombination emissivi-
ties for Hydrogen computed by Storey & Hummer (1995).
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Fig. C.1. Surface-luminosity projections of the cone-wall structure from Sect. 4 for various position angles ¢ and inclinations 7 as indicated in the
panels.

T T T T T T T T T T
§=52°, ©=10°, i=37° §=52°, ©=20°, i=37° 8=52°, 0=40°, i=37° §=52°, 0=60°, i=37° §=52°, 0=70°, i=37°
15 - 15 - 15 - - 15 - - 15 - .
10 - - 10 - 10 - - 10 - - 10 - .
51 / 4 5F / =4 51 =4 51 =4 51 -
0 4 of 0 4 or 4 or .
-5 & 1 1 4 -5 & 1 1 - -5 & 1 1 - -5 & 1 1 - -5 & 1 1 =
0 10 0 10 0 10 0 10 0 10

Fig. C.2. Surface-luminosity projections of the cone-wall structure from Sect. 4 for various opening angles 6 as indicated in the panels.
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Fig. C.3. Simulated MUSE Ha observation of the cone-wall structure from Sect. 4 at the distance of SBS 0335-052E for fixed #n = 0.05 cm™ but
varying T as indicated in the panels.
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Fig. C.4. Simulated MUSE He observation of the cone-wall structure from Sect. 4 at the distance of SBS 0335-052E for fixed 7 = 20000 K but
varying n as indicated in the panels.
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