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ABSTRACT

Aims. Current co-evolutionary models of galaxies and their supermassive black holes (SMBHs) almost unanimously predict the existence of a
heavily dust-obscured nuclear phase, critical in growing the SMBH and providing feedback to the host galaxy. However, this phase is poorly
understood. Compact obscured nuclei (CONs) are relatively common in local (ultra-)luminous infrared galaxies and are the most obscured nuclei
known to date, offering the opportunity to study the effects of such a dust-obscured phase on the galaxy. This work presents a case study of the
local CON Zw049.057; we study the large-scale features of the galaxy and their connection to the ongoing activity of the central CON.

Methods. We present new, targeted MUSE observations of the local CON galaxy Zw049.057, which is known to host multiple outflow features
within its central few hundred parsecs. By mapping the kinematics of Ha, we analysed the large-scale features of the galaxy.

Resuilts. For the first time, we identify a kiloparsec-scale ionised outflow in Zw049.057, traced by Ha emission. Kinematics reveal the outflow to
be blueshifted and orientated to the foreground of the stellar disk. The ionisation of this outflow is consistent with shock-heating, which may be

related to the presence of a previously identified radio jet in the galaxy.

Key words. ISM: jets and outflows — galaxies: active — galaxies: evolution — galaxies: interactions — galaxies: starburst

1. Introduction

Luminous (Lig>10'"'Ly) and ultra-luminous (Lig > 102 L)
infrared galaxies ((U)LIRGs) dominate the population of galax-
ies with Ly > 10! Ly in the local Universe (z < 0.05), out-
numbering optically selected starbursts, Seyferts, and quasars
(Sanders & Mirabel 1996). As their name suggests, the bulk
of the luminosity from (U)LIRGs is radiated at IR wave-
lengths (8 <A< 1000 um). This IR flux is dominated by ther-
mal dust emission caused by the absorption, and subsequent
re-radiation, of higher-energy photons produced by heating from
young stars and/or an active galactic nucleus (AGN). This pro-
cess requires heavy dust obscuration towards the nucleus, and
indeed, galaxies classified as (U)LIRGs host deeply embedded
nuclei. Given that the most active growth phase of galaxies
and their supermassive black holes (SMBHs) occurs when the
SMBH is heavily obscured by dust, (U)LIRGs are thought to be
rapidly evolving systems, with many studies suggesting they are
an early, obscured stage of evolution in starburst galaxies and
AGN:s (e.g. Sanders et al. 1988; Spoon et al. 2006; Aalto 2008;
Costagliola et al. 2011).

Between 20 and 40 per cent of nearby (U)LIRGs host
compact obscured nuclei (CONs; e.g. Falstad etal. 2021;
Garcia-Bernete et al. 2022). These CONs exhibit extreme
nuclear column densities (N> 10¥cm™2, A, > 1000;
e.g. Perez-Torres et al. 2021), which cause severe attenuation
towards the nucleus, even in the X-ray regime in the most
extreme cases. This typically makes CONs challenging to detect.
While several detection methods have been proposed, includ-
ing using mid-IR spectra (Donnan et al. 2023), polyaromatic
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hydrocarbon ratios (Garcia-Bernete et al. 2022) and water tran-
sitions (Yang et al. 2019), the identification of CONSs to date has
largely relied on the detection of the rare v2 = 1f transition of
vibrationally excited HCN, which traces hot dust at high col-
umn densities (Aalto et al. 2015a). All known CONSs have been
shown to host molecular outflows on scales of ~100 pc, and most
also show evidence of inflows traced by HCN, OH, and/or CO
(e.g. Nishimura et al. 2024; Gonzélez-Alfonso et al. 2017). Out-
flows and inflows have long been considered key mechanisms
by which the SMBH can impact the galaxy beyond its direct
sphere of influence (Ferrarese & Merritt 2000; Gebhardt et al.
2000), and thus the prevalence of such features in CONs points
to these systems being in a critical phase of a SMBH feedback
cycle. Studying CON outflows and the impact they have on their
host galaxy therefore provides a unique insight into the most
obscured phases of nuclear feedback, which governs the co-
evolution of SMBHs and their host galaxies (e.g. Wethers et al.

2024).
Zw049.57 (IRAS15107+0724), hereafter =~ Zw049,
is a local LIRG (Lr=18x10"Ly) Ilocated at

[RA, Dec] j00 =[15:13:13.10  +07:13:32.0] (Lankhaar et al.
2024). Zw049 is a known CON (Aalto et al. 2015a; Falstad et al.
2021), with prolific outflow and inflow features within its cen-
tral few hundred parsecs. Previous observations from the
Very Large Array (VLA) reveal the presence of a faint 5 GHz
radio jet orientated to the north-west of the galaxy nucleus
(Falstad et al. 2018). Along the east-west (minor) axis of the
galaxy, HCN emission detected by the Atacama Large Millime-
ter/submillimeter Array (ALMA) traces a collimated molecular
outflow (Lankhaar et al. 2024, Wethers et al. in prep.). However,
the misalignment of this structure with the radio jet makes it
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unclear whether these different features are connected to each
other and how they influence the galaxy at larger radii. Until
now, no ionised counterpart to either of these structures had
been observed.

In this paper we present the first results from new integral
field unit (IFU) observations with the Multi-Unit Spectroscopic
Explorer (MUSE) for the local CON host Zw049. Section 2
details the observations, reduction pipeline, and resulting data
products. Section 3 outlines the key results of this work, includ-
ing the discovery of a kiloparsec-scale ionised outflow along the
minor axis. The key properties of this outflow are presented and
its potential ionisation mechanism(s) are discussed in Sect. 4.
Our key findings are summarised in Sect.5. Throughout this
paper, we assume a flat A cold dark matter cosmology with
Hy = 70kms™! Mpc‘l, Qy = 0.3, and Qy = 0.7. We adopt a
redshift of z = 0.01299 (Katgert et al. 1998), which corresponds
to a systemic velocity of 3897 kms™! and a distance of 56 Mpc
(266 pc/”’; Sanders et al. 2003). To account for the potential off-
sets in the MUSE astrometry, we performed an astrometric cor-
rection by cross-matching a star in the MUSE field of view with
the Gaia catalogue to align the MUSE world coordinate system
(WCS).

2. Observations
2.1. Data overview

We present new observations of the CON galaxy Zw049, taken
with MUSE (Bacon et al. 2010). MUSE is a panoramic IFU
spectrograph on the Very Large Telescope (VLT) in Cerro
Paranal, Chile. Observations were carried out in July 2021,
during the ESO observing period 104, under clear sky con-
ditions with an average seeing of 0.62arcsec. The total on-
source integration time was 1.0 h. Data were taken in the wide
field mode, covering a field of view of 60 x 60 arcsec, with a
0.2 x 0.2 arcsec spatial sampling. The theoretical instrument res-
olution is 0.4 arcsec (full width at half maximum; FWHM) at
7000 A. The nominal instrument setup provides a spectral cover-
age from 4750 to 9300 A at a mean resolution of 2.5 A (FWHM)
and provides a dataset of >90 000 individual spectra (323 x 324
spaxels). The raw data products were processed with the MUSE
ESOREFLEX pipeline (v.2.6.2; Freudling et al. 2013) to produce
a fully calibrated and combined science-ready data cube with
a point spread function (PSF) FWHM of 0.8 x 1.0 arcsec at
5000 A. Any residual sky contamination was identified using the
Zurich Atmosphere Purge (ZAP) software package (Soto et al.
2016) and removed from the final data cube.

2.2. Continuum subtraction

To isolate the emission features of Zw(049, we removed the
galaxy continuum using a penalised pixel fitting (pPXF) based
on a non-linear least squares fitting routine (Cappellari 2017).
This method models the stellar component of the galaxy
in each pixel with single stellar population (SSP) synthe-
sis models. Here, we utilised SSP models from v9.1 of the
Medium resolution INT Library of Empirical Spectra (MILES;
Falcén-Barroso et al. 2011). The complete MILES library con-
sists of spectra for ~1000 stars obtained with the 2.5m INT
telescope. The templates included in the library cover a wave-
length range of 3525-7500 A (Sanchez-Bldzquez et al. 2006) at
a spectral resolution of 2.5 A (FWHM), corresponding to the
mean instrumental resolution of MUSE. Templates span a large
range in atmospheric parameters, with ages ranging from 0.03—
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17.78 Gyr and metallicities 0.0001 < Z < 0.04. The stellar tem-
plates are fitted pixel-wise to the MUSE data cube, following the
initial reduction outlined in Sect. 2.1. To ensure the continuum is
not overestimated, all known emission features are masked such
that the continuum fitting is only dependent on the stellar and
absorption features, tracing the interstellar reddening, and the
age and metallicity of the stellar population(s). No modelling of
the emission features is performed at this stage. The resulting
best-fit continuum model for each pixel is subtracted from the
original data and the resulting spectra are re-binned to channels
of a fixed velocity width, AV =55.9 km s7! to produce the final,
science-ready, continuum-subtracted data cube. Figure 1 demon-
strates this process for a single spaxel at the centre of Zw(049.

3. Results
3.1. Stellar velocities

Figure 2 shows the stellar velocity structure of Zw049, derived
from the stellar continuum modelling outlined in Sect. 2.2. We
find Zw049 to host a stellar disk aligned along the major axis
of the galaxy, with the receding (red) side to the north and the
approaching (blue) side to the south. The rotation of this stellar
disk is symmetric about the minor axis, with a projected rota-
tional velocity, Vi projs OF Viotproj =98 +20 kms™'. The smooth
rotation profile of the stellar disk in Zw049 appears unperturbed
by any major tidal disruption events.

3.2. Moment maps

In Fig. 3 we present moment-0 (M;), moment-1 (M)
and moment-2 (M) maps for the Ha emission in Zw049,
denoting the integrated intensity, Iy,, the velocity field,
Vha, and the velocity dispersion, oy, respectively. All the
moment maps have been created using the scipy package
SCIPY.STATS.MOMENT. In each case, a signal-to-noise cut of
three has been applied to remove any spurious emission, where
the noise level has been estimated to be the measured noise from
a nearby blank region of the map.

3.2.1. Integrated intensity (M)

The integrated intensity (Mp) map is created by summing the
total emission over each of the channels associated with the
Ha feature. The Ha emission is strongly concentrated towards
the centre of the galaxy, appearing significantly extended along
the major axis. This extension is likely an orientation effect
caused by the highly inclined disk in Zw049 (Scoville et al.
2000). Morphologically, the central distribution of He is clumpy
and consists of two seemingly distinct emission peaks separated
by ~0.6kpc (~2.0arcsec), with a potential third, fainter peak
located farther to the north. None of these emission peaks, how-
ever, correspond spatially to the position of the CON in Zw049.
Instead, the CON lies between the two brightest emission peaks
in the centre of the galaxy. We propose that the double-peaked
Ha emission structure most likely arises from the extreme dust
obscuration of the CON region. Indeed, Zw049 is known to have
a nuclear column density, Ny, of Ny 2 5 X 10?* cm~2 towards
the central ~50 pc (Gonzélez-Alfonso et al. 2012; Falstad et al.
2015; Gallagher et al. 2024). While the centres of the two bright-
est emission peaks are separated by ~0.6 kpc (~2.0 arcsec), cor-
responding to a scale ~6 times larger than the heavily obscured
CON region, the inner edges of the two clumps are separated by
<130 pc, which is broadly consistent with the 100 pc (diameter)
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Fig. 1. Example pPXF continuum modelling
and subtraction for a single spaxel at the CON

5000 5500 6000

Wavelength [A]

CON region. We therefore suggest that the extreme dust atten-
uation towards the CON is sufficient in explaining the double-
peaked Ha structure seen in Zw049.

Nevertheless, we considered the alternate scenario that
Zw049 hosts multiple nuclei. Zw049 is a LIRG, and LIRGs,
as a population, are strongly associated with merger events and
interactions (e.g. Ellison et al. 2013). Indeed, Zw049 is known
to have undergone a recent minor merger event. It would there-
fore be somewhat expected for Zw049 to host multiple nuclei as
a result of this interaction, yet there is little evidence to support
this hypothesis. In particular, the stellar kinematics of the galaxy
(Fig. 2) show a smooth major axis rotation, with no kinematic
signatures of a dual nucleus. However, this idea that Zw049 hosts
multiple nuclei was also postulated by Gallagher et al. (2024),
who identify two dust pillars with seemingly distinct launch
sites towards the inner region of the Zw049, potentially asso-
ciated with separate nuclei. The launch sites of these dust pil-
lars however, do not align with the Hao emission peaks detected
with MUSE, as we demonstrate in Sect. 4.3, and Gallagher et al.
(2024) themselves suggest that the dust pillars are more likely
part of a dusty cone structure. Furthermore, 5 GHz radio obser-
vations of this source (Falstad et al. 2018) do not indicate the
presence of a second nucleus, although this does not necessarily
rule out this scenario. With the spatial resolution of the wide-
field MUSE data in this work, we cannot rule out the possibility
that Zw049 hosts multiple nuclei, and require kinematic mea-
sures of the nuclear region at higher spatial resolution.

In addition to the double-peaked inner structure, we iden-
tify extended Ha emission to the west of the nucleus, roughly
aligned with the minor axis of the Zw049. This emission extends
out to a projected distance, Dpro; ~ 2.0 kpc (~8.0 arcsec) and con-
sists of two distinct knots, which we call knot 1 (K1) and knot 2
(K2; see Fig. 3). This is the first time this structure has been
detected in Zw049, owing to the high sensitivity and wide-
field coverage of MUSE. Similar knot structures were identified
in another CON galaxy, NGC4418 with MUSE (Wethers et al.
2024), where they were found to be consistent with ionisa-
tion from a fading AGN. We note, however, that the knots in
NGC4418 were distributed throughout the galaxy and, thus, may
trace a different phenomenon from the knots seen here. As we
will demonstrate throughout this paper, the extended Ha emis-
sion detected here is consistent with the presence of a previously
unknown large-scale ionised outflow in Zw049. In the remainder
of this paper, we focus on the properties of this outflow, its rela-
tion to other features and its potential impact on the host galaxy.

3.2.2. Velocity field (M)

The velocity field (M) map measures the offset in the observed
velocity of a given emission feature with respect to the systemic
velocity of the line. Here, we present the M; map for the Ha
emission in Zw049. The systemic velocity is assumed to be the
measured value of the He velocity at the position of the CON,

6500 7000
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Fig. 2. Map of the stellar velocities derived from the pPXF fitting. An
initial signal-to-noise ratio cut of three has been applied, with pixels
below this threshold omitted. The image has been smoothed with a 1o
Gaussian kernel to improve the visual output.

which corresponds to a value of cz=3906kms™' +28kms™!,

where the uncertainties correspond to the velocity resolution of
the MUSE spectra (55.9kms™! channel width). The value we
measure is consistent with the cz=3900 +20kms~! measured
for this galaxy in Aalto et al. (2015b) based on the HCN emis-
sion observed by the Institut de Radioastronomie Millimétrique
(IRAM). The M; map (Fig. 3) shows a rotation along the major
axis of Zw049, with the receding (red) side of the disk to the
north, and the approaching (blue) side to the south, consistent
with the rotational structure of the stellar disk in Sect. 3.1. We
attribute this to the rotation of ionised component of the stellar
disk.

In addition to mapping the ionised gas component of the
galaxy disk, we identify noticeable non-circular motions in the
velocity structure along the minor axis of Zw049, which we
attribute to the ionised outflow postulated in Sect. 3.2.1. We mea-
sure blueshifted velocities of |Vouproj | < 125 kms™!, extending to
a projected distance, Dy, 0f Dyroj ~ 2.0 kpc. This indicates that
the outflow is orientated towards the observer and lies in front of
the galaxy disk. In Sect. 3.5.1 we examine the velocity structure
of this outflow further, correcting for the effects of inclination.

3.2.3. Velocity dispersion (M,)

The M, map measures the dispersion, or width, of a given emis-
sion feature, providing a measure of the spread in velocities
traced by the line. This can be converted simply to a measure
of the velocity dispersion, & = +/Mj, tracing the energy and
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Fig. 3. Moment maps showing the integrated intensity (Mo; left), the velocity field (M; centre), and the velocity dispersion ( VMy; right) of the
ionised Ha emission. In each case a signal-to-noise cut of three has been applied, and images have been smoothed with a 1o~ Gaussian kernel to
improve the visual output. The position of the CON, as derived from the ALMA continuum (Lankhaar et al. 2024), is marked with a black cross,
and the locations of the two knots in the outflow (K1 and K2) are labelled in the left panel.

turbulent motion of the gas, where higher values of o typically
denote higher turbulence. The resulting o map is shown in Fig. 3
(right panel), where we detect an increase in the Ha velocity dis-
persion along the minor axis of Zw049, consistent with the posi-
tion of the ionised outflow. Along this axis, we measure velocity
dispersions of 80 <o <90kms™!, corresponding to an increase
in o of ~15kms~! with respect to the galaxy centre, where we
measure values of 65 <o <75kms™!. This depletion in o in the
centre of the galaxy appears C-shaped, and is largely elongated
along the major axis of the galaxy. This strongly supports the
ionised outflow interpretation, implying higher turbulence in the
gas situated in the outflow. Furthermore, the strongest o~ increase
is measured at the base of the outflow, in the centre of the ‘C’
structure, close to the CON. We therefore infer that the ionised
outflow observed in Ha originates from the central region of the
galaxy and is likely being driven by turbulence-inducing pro-
cesses such as star formation or activity from an AGN.

3.3. Dust properties of Zw049

We considered two independent measures of the dust content to
map the dust structure of Zw049: the reddening of the best-fit
stellar templates and the Balmer decrement.

Stellar template reddening: As part of the pPXF fitting (see
Sect. 2.2) a best-fit reddening template is applied to the contin-
uum to provide a proxy for the amount of dust, E(B — V), in
each spaxel of the cube, assuming a Calzetti et al. (2000) extinc-
tion curve. Based on this, we mapped the dust content of Zw049
(Fig. 4). We find the dust to be concentrated towards the centre
of the galaxy, where we observe a similar C-shaped structure to
that seen in the o map of the ionised gas (Fig. 3). From this, we
postulate that the dust in the inner part of this C-shaped region,
corresponding to the largest o increases, has likely been ‘blown
out’ by the same process that is injecting energy into the out-
flow and inducing turbulence in the ionised gas. Additionally,
the edges of this C shape align with known dust columns in the
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galaxy (Scoville et al. 2000; Gallagher et al. 2024), observed at
optical wavelengths.

The Balmer decrement: The Balmer decrement compares the
observed strength of the narrow component of the He and HB
emission lines, given as the Ha/Hp ratio. Under standard con-
ditions with no dust obscuration, this ratio is governed by the
recombination physics of the Balmer series, giving a value of
Ha/HB =2.86 (e.g. Osterbrock & Ferland 2006). However, the
presence of dust will preferentially obscure emission at lower
wavelengths and result in a lower relative observed strength of
Hp, thus increasing the measured Ha/Hp ratio. Indeed, we mea-
sure an increase in the Ha/Hp ratio towards the centre of Zw(049,
elongated along the major axis (Fig. 4) and aligning with the
position of double-peaked Ha structure traced by the My map
(Fig. 3). We note that Ha/HB > 2.86 is measured at the locations
of the two knots (K1 and K2) in the ionised outflow, but the
Hp emission in this region falls below the 30 detection thresh-
old. Nevertheless, these measurements, combined with the stel-
lar reddening in the knots of the outflow, imply dust to be present
in the knot structures.

Overall, the dust structure derived from the stellar redden-
ing templates and the Balmer decrement are broadly consistent.
While the dust in the central region of the galaxy differs, both
metrics reproduce an elongated dust structure along the major
axis and indicate the presence of dust in the knots of the ionised
outflow.

3.4. Channel maps

To better understand the velocity structure of the ionised out-
flow in Zw049, we plotted channel maps for the He emission
to separate the emission at different velocities. Figure 5 shows
the resulting maps, which have been binned to 55.9 kms™!, cor-
responding to the velocity widths of the channels in the MUSE
spectra. The ionised outflow is clearly detected in both the blue-
and redshifted emission at low velocities (|Vougproj | < 84 kms™!),
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Fig. 4. Comparison of the dust structures in Zw049 derived from the
best-fit E(B — V) value template for the stellar reddening (contours)
and the Balmer decrement (image). Contours levels denote E(B — V) =
0.1, 0.2, 0.3, 0.4, 0.5, and 0.6. The black cross denotes the position of
the CON source for reference. A 3¢ noise cut has been applied to the
Balmer decrement map to include only pixels for which both Ha and
Hp lie above this noise threshold. The map has been smoothed with a
1o Gaussian kernel to improve the visual output.

while at |Vout,pr0j|>84kms‘1, only the blueshifted emission
traces the outflow. This implies that in addition to moving out-
wards from the galaxy centre, the outflow is also expanding with
a velocity, Vexpana < 84 kms~!. The blueshifted gas in the out-
flow is detected out to |[Voutproj | < 140 kms™!, corresponding to
a maximum outflow velocity of |Vqy| = 344 kms™, assuming an
inclination of i = 66°. This value is consistent with that estimated
from the M| map of Ha (Sect. 3.2.2).

We note that the potential blending effects between [NII] and
Ha are negligible in this analysis. In the channel maps, we con-
sidered only +3 channels from the systemic velocity of Ha. The
velocities associated with these channels are too low to have
any significant contamination from [NII], as they would corre-
spond to [NII] velocities > 500kms™" (projected). This is incon-
sistent with the moderate velocities measured for the ionised
outflow from Her (|Voutproj | < 125 kms™"). Even if an [NII] con-
tribution is assumed at these velocities, this would trace the
extreme tails of [NII] where the emission is faint. Any con-
tribution from this emission in a given channel would there-
fore be negligible compared to the that of Ha. Additionally,
the kinematics of [NII] and He trace different spatial regions
of the galaxy. While blueshifted emission traces the outflow
and the southern part of the disk, the redshifted emission traces
the northern part of the disk. It is therefore unlikely that red-
shifted emission from [NII] is detected in the blueshifted outflow
structure.

3.5. Properties of the ionised outflow
3.5.1. QOutflow velocity

In Sect. 3.2 we identify a blueshifted structure along the west-
ern side of the minor axis of Zw049, which we attribute to
a kiloparsec-scale ionised outflow that appears to be expand-
ing (Sect. 3.4). To calculate the outflow velocity, we measured

the shift in the Ha emission line from its systemic velocity.
We measure a projected outflow velocity, |Vouprojl, 0f 67.15 and
101.91 kms™' for K1 and K2, respectively. To calculate the de-
projected velocity of this feature, we first estimated the inclina-
tion angle, i, of the galaxy by fitting an ellipse to the continuum
emission at 5800A and measuring the ratio between the semi-
major, a, and semi-minor, b, axes. The inclination angle was
then calculated as i = cos™' (a/b). From this, we derive an incli-
nation angle of i=66°. This inclination lies within the range
of values previously estimated for this galaxy in the literature,
which range from i=40° (e.g. Falstad et al. 2018) to i>70°
(e.g. Gallagher et al. 2024). We adopted an inclination angle of
i = 66 ° rather than the values derived in other works, as measure-
ments based on observations at different wavelengths trace disks
at different spatial scales in the galaxy and, thus, may be inclined
differently. Indeed, there is emerging evidence to suggest that the
stellar disk is significantly more inclined than the nuclear disk in
Zw049 (Wethers et al. in prep). Assuming an inclination angle
of i=66°, we derived de-projected outflow velocities, Vi, of
[Vou | =165.10 and 250.56 kms™' for K1 and K2, respectively,
assuming the outflow is oriented perpendicular to the plane of
the galaxy.

3.5.2. Outflow mass

To estimate the mass of the large-scale ionised outflow in
Zw049, M,,, we utilised the relation (e.g. Baron et al. 2017,
Fiore et al. 2017; Baron & Netzer 2019)

Mout — MMy LHar,corr (1)
Y X e

where p is the mass per hydrogen atom, my is the hydrogen

mass, y denotes the effective line emissivity, which in the

case of Ha is set to 3 x 107 ergem’s™!, and Lyg.cor is the

luminosity of the Ha emission corrected for dust extinction (see

Sect. 3.3). The electron density, n., is estimated from the ratio of

the narrow component on the [SII]A6717 and [SII] 46731

lines following the methods of McLeodetal. (2015),
where

[ST 6717
R = — 2)
ST S

gives the ratio of the sulphur lines, Risij. We derive Risiyp =
1.36*037 and 1.417049 for K1 and K2, respectively. The result-
ing values of n. are calculated using the analytical solution for a

three-level atom (McCall 1984) as follows:

B Rism - 1.49
5.6713 -12.8 R[SH] X Te ’

ne

(€)

where we have assumed an effective temperature, of 7, = 10* K.

For K1 and K2, we derive n.=108.82*3%839 and

ne = 66.39f§g%g6 cm™3, respectively. The derived values of
ne for both K1 and K2 are consistent with those expected in
extended ionised outflows (1, ~10°-10%; e.g. Kakkad et al.
2018), when accounting for the large uncertainties. To estimate
the mass of the outflow, Moy, We used the Ha emission
as a tracer of the dense gas. The Ha emission in the ionised
outflow is dominated by the two knots, K1 and K2, with very
little diffuse emission, and is physically separated from the
position of the stellar disk (Fig. 2). We therefore took the
total mass of these two knots as a proxy for the total outflow
mass. In this way, we avoided contamination from the stellar
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Fig. 5. Channel maps for the blue (solid blue contours) and red (dashed red contours) line wings of the Ha emission in Zw049. Each panel denotes
one spectral channel, offset from the central line position by one, two, and three channels (left to right), with the corresponding velocity given
above. The black cross marks the position of the CON source in each image.

disk, which dominates the He emission in the galaxy and
would result in a significant overestimation of the outflow
gas mass. For K1 and K2, we derive My x; =1.52% 10° Mg
and Moy k2 =1.90 % 10° Mo, respectively, for a total outflow
gas mass of Moy =3.42%10°My. We note that the large
uncertainties in the values of n. would result in a factor of ~5
uncertainty in Moy o-

3.5.3. Outflow timescales

The projected distances from the CON position in Zw049 to
clumps K1 and K2 are measured to be Dy x1 = 1.26 kpc and
Dprojx2 =2.00kpc, respectively. Correcting for the inclination
of the galaxy disk (i=66°) gives de-projected distances of
Dg1 =3.10kpc and Dk, =4.92kpc. Assuming a constant out-
flow velocity of |V =165.10 and 250.56kms™! for K1 an
K2, respectively (see Sect. 3.5.1), we estimate the ages of the
two knots in the outflow to be 7.47Myr (K1) and 7.81 Myr
(K2). Assuming a constant outflow rate of 250.56 kms~!, and
an outflow timescale of 7.81 Myr, we derive a mass outflow
rate, M =0.04 My, yr~!. This corresponds to a momentum power
P=Mvo=11.02Mgkms~!yr~!.

4. Discussion
4.1. lonisation mechanism of the outflow

We considered three possible ionisation mechanisms for the
knots in the outflow of Zw049: star formation, AGN photoion-
isation, and shock heating. To distinguish between these sce-
narios, we made use of a range of emission line diagnostics,
from which we conclude that both star-formation- and AGN-
dominated ionisation are unlikely. Instead, we find the outflow in
Zw049 to be consistent with having been ionised by low-velocity
shocks. We postulate that these shocks may originate from the
radio jet, and indeed, the location of K1 is coincident with the
lower side of the radio feature observed in (Falstad et al. 2015),
but this cannot be confirmed. In this section we outline the diag-
nostics that led to this conclusion.
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4.1.1. BPT diagram

Spectra are extracted from each of the knots, K1 and K2, in the
ionised outflow (Fig. 6). For each knot, the spectrum is integrated
within a circular aperture, centred on the brightest pixel, with an
aperture radius equal to the half-light radius of the knot. The HS
(14861), [OIII] (A5007), He (16563) and [N II] (16583) emis-
sion features in the resulting spectra are modelled with a two-
component Gaussian, consisting of a broad and narrow emission
component. In this way, we isolated the narrow component of the
emission tracing the steady state ionisation of gas in the interstel-
lar medium (ISM). The total flux, S, for the narrow component
of each emission feature was calculated by integrating over the
best-fit Gaussian model. Line ratios were taken from the result-
ing fluxes and used to place the two knots on a Baldwin, Phillips,
and Terlevich (BPT) diagram: a diagnostic diagram designed to
distinguish ionisation from star formation from that produced
by AGNs (Fig. 7). Both knots are found to lie in an interme-
diate region of the BPT diagram, between the diagnostic lines
of Kauffmann et al. (2003) and Kewley et al. (2001), consistent
with both star formation and AGN photoionisation. Both knots
are also consistent with having been ionised via shock heating,
as indicated by the pink polygon (Alatalo et al. 2016) in Fig. 7.

4.1.2. Lack of broad [O Ill] emission

Figure 6 shows a lack of broad [O III] emission in K1 and a faint
broad component, within the spectral noise, in K2. Unlike the
Ha and HB emission lines, which both show clear broad emis-
sion components in the knots, we find little evidence for broad
line emission in [O III]. This indicates that the knots are likely in
a low-ionisation state, typically a result of star formation, shock
heating, or a combination of shock heating and AGN photoioni-
sation. Based on the lack of broad [O III] emission, we conclude
that AGN heating is unlikely to be the dominant ionisation mech-
anism.

4.1.3. Balmer broadening

The conclusion that AGN heating is not the dominant ionisa-
tion mechanism for the outflow is further supported by the lack
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Fig. 6. Integrated spectra for K1 (upper) and
K2 (lower), extracted from the continuum-
S| subtracted cube. Key emission features are
labelled. The HB, [OI], Ha, and [NII]

emission features are modelled with a two-
component Gaussian, consisting of a broad
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Fig. 7. BPT diagram showing the dominant ionising source of K1 and
K2, based on the diagnostic models of Kauffmann et al. (2003, dotted)
and Kewley et al. (2001, dashed). The region of the diagram consistent
with shock heating (Alatalo et al. 2016) is overlaid (pink).

of broad Ha and Hp emission in the galaxy centre (Fig. 8).
If the knots were ionised by an AGN, we would expect to
observe broad emission in the galaxy centre tracing the broad
line region (BLR) of the AGN. Instead, we find no significant
broad emission towards the centre of the galaxy. This suggests
that the Balmer broadening is being driven by outflow kinemat-
ics and/or shock broadening, rather than from an AGN BLR,
thus further disfavouring an AGN ionisation scenario. While
we acknowledge that the extreme dust obscuration of the CON
region could prevent the detection of the BLR, the combina-
tion of this narrow emission and the lack of broad [OIII] fea-
tures nevertheless indicates that AGN-dominant ionisation is
unlikely.

6650

Restframe wavelength [A]

6675 6700 6725 6750

line shows the total best-fit model.

4.1.4. [SHl)/Ha line ratio

[SI]/He is a key diagnostic line ratio used to distinguish
between ionisation mechanisms. To measure this ratio, we
obtained the total flux of the [SII] doublet(16716,6731A)
and compared it to the total Hae flux. From this, we derive
[SO]/He=0.41 and 0.27 for K1 and K2, respectively. While
the [SII]/Ha of K1 is consistent with the upper end of that
expected from star formation (typically [SII]/Ha <0.3), the
moderate ratio of K2 rules out this as a dominant mechanism
for the outflow as a whole. Similarly, we rule out ionisation from
high-energy shocks, as these typically produce [S II]/Ha > 0.6.
Instead, the moderate [S II]/Ha ratios are consistent with tran-
sitional or low-ionisation shock-dominated regions. Based on
the [SII]/Ha ratios of the knots, particularly of K1, we there-
fore suggest that the outflow in Zw049 is either ionised by low-
velocity shocks or a combination of AGN and shock heating.
We note that the presence of low-velocity shocks is further sup-
ported by the increased velocity dispersion observed along the
outflow (Sect. 3.2.3; Fig. 3). Shocks inject turbulent energy into
the ISM, causing an increase in the velocity dispersion, o, which
we observe in this work.

4.1.5. Lack of a stellar continuum

Finally, because of the moderate to low [SII]J/Ha ratios
(Sect. 4.1.4) and the transitional position of the knots on the BPT
diagram (Fig. 7), we explored the possibility that the ionisation
arises from star formation. We quickly ruled out this possibil-
ity however, due to the lack of stellar continuum emission in the
outflow, which would be present if the knots were actively star
forming. We therefore conclude that a star-formation-dominated
ionisation of the outflow is unlikely and instead favour ionisation
via low-velocity shocks.

4.2. Comparison of the outflow and escape velocities

In Sect. 3.5.1 we estimate the velocity of the ionised out-
flow in Zw049 to be Vo =302+ 69kms™!. Here, we com-
pare this outflow velocity to the escape velocity, Ve, of
the galaxy. Based on the work of Martin (2005), we calcu-
late a Vg of V2 x Veire,» Where Vi is the circular veloc-
ity of the stellar disk rotation (Fig. 2). In Sect. 3.1 we mea-
sure a value of Vcim,pmj:98120kms", which corresponds
to a de-projected velocity of Ve =107 +22kms~!, assuming
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Fig. 8. Spectrum taken from a single pixel at
the position of the CON. Key emission fea-
tures are labelled. The HB, [OIIl], He, and
[NII] emission features are modelled with a
two-component Gaussian, consisting of a broad
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Fig. 9. HST imaging showing the V-shaped dust columns in the f555w (left) and 814w (right) bands. Contours showing the integrated intensity
of Her are overlaid. The position of the CON in each image is shown by a black cross. The direction and extent of the faint radio jet detected in
Falstad et al. (2018) is illustrated with the white arrow. The two dust pillars are labelled.

a disk inclination of i=66°(Viirc = Veire proj/sin(i)). Based on
these assumptions, we derive a lower limit on the escape
velocity for Zw049 of Vi =151+31 kms~'. However, if we
instead assume Ve =3 X Ve (Martin 2005), this increases to
Vese = 321+ 66 kms ™!, which is much closer to the typical escape
velocities observed in LIRGs (~400kms™!; Martin 2005). The
velocity of K1 in the ionised outflow lies below this range in
escape velocities (120 < V. <387 kms™'), while the measured
velocity of K2 lies within this range. While it is therefore possi-
ble that some of the gas in K2 will eventually escape the galaxy,
a large fraction of the gas in the outflow will likely infall back
onto the plane of the galaxy. Although we see no evidence of
infalling material in the MUSE observations, we highlight that
Vesc 18 defined to be the velocity required to escape an isothermal
halo extending to 100 kpc, which is a factor of >10 larger than
the MUSE field of view. As such, the material that will eventu-
ally infall back onto the galaxy will do so on timescales exceed-
ing that of the outflow (see Sect. 3.5.3), which could explain why
we do not observe it in the MUSE observations.

4.3. Comparison to optical imaging from HST

Recent 555w and f814w imaging from the Hubble Space Tele-
scope (HST) show the presence of two large-scale dust pil-
lars extending in a V shape from the centre of the galaxy

A195, page 8 of 9

(Fig. 9; Gallagher et al. 2024). This ‘V’ structure aligns with
the ‘C’ structure we identified in both the velocity dispersion
(Sect. 3.2.3) and dust maps (Sect. 3.3) of Zw049. The north-
ern edge of the dusty “V’ structure additionally aligns with the
faint radio jet identified in Falstad et al. (2018), denoted with an
arrow in Fig. 9. Furthermore, the ionised knots of the outflow,
traced by the Ha emission from MUSE (contours in Fig 9), are
found to align with the centre of the ‘V’ structure formed by the
two dust pillars. It is therefore possible that the dusty pillars trace
the edges of a cone structure. In this geometry, we suggest that
the ionised knots lie within this cone, having likely been shock
heated, potentially by the radio jet.

5. Conclusions

We present the discovery of a kiloparsec-scale ionised outflow in
the local CON galaxy Zw049, using new targeted observations
from MUSE. Based on our analysis, we conclude the following;

I. The ionised outflow extends to 4.92 kpc from the position
of the CON along the minor axis of Zw049.

II. The outflow is blueshifted, has a velocity of
[Vourl =250.56kms™!, and is oriented in front of the
galaxy disk towards the line of sight of the observer. The
velocities measured for the bulk of the gas in the outflow
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are sufficiently low to prevent the gas from escaping the
galaxy (Vour < Vesc), meaning it will eventually fall back
onto the plane of the galaxy.

III. The distribution of gas in the outflow is clumpy and is dom-
inated by two distinct knots. The masses of these knots are
1.52x10° Mg, (K1) and 1.90 x 10° M, (K2), for an esti-
mated total outflow mass of 3.42 x 10° M.

IV. The ages of the two knots are calculated to be 7.47 Myr
(K1) and 7.81 Myr (K2).

V. The ionisation mechanism of the gas in the outflow is con-
sistent with shock heating, potentially from the radio jet in
this system.

VI. The outflow appears to be expanding as it moves farther
from the centre of the galaxy and aligns with the dust lanes
observed in this galaxy with HST. The ionised outflow is
therefore consistent with an expanding dust-cone structure.
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