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ABSTRACT

We present an analysis of the gas kinematics in NGC 2992 based on VLT/MUSE, ALMA, and VLA data. Our aim is to characterise
the disc, the wind, and their interplay in the cold molecular and warm ionised phases. NGC 2992 is a changing-look Seyfert known
to host both a nuclear ultrafast outflow (UFO), and an AGN-driven kiloparsec-scale ionised wind. CO(2−1) and Hα arise from a
multiphase disc with an inclination of 80 deg and radii of 1.5 and 1.8 kpc, respectively. By modelling the gas kinematics, we find that
the velocity dispersion of the cold molecular phase, σgas, is consistent with that of star forming galaxies at the same redshift, except in
the inner 600 pc region, and in the region between the cone walls and the disc, where σgas is a factor of 3−4 larger than in star forming
galaxies for both the cold molecular and the warm ionised phases. This suggests that a disc–wind interaction locally boosts the gas
turbulence. We detect a clumpy ionised wind in Hβ, [O III], Hα, and [N II] distributed in two wide-opening-angle ionisation cones
reaching scales of 7 kpc (40 arcsec). The [O III] wind expands with a velocity exceeding −1000 km s−1 in the inner 600 pc, which is
a factor of approximately five greater than the previously reported wind velocity. Based on spatially resolved electron density and
ionisation parameter maps, we infer an ionised outflow mass of Mof,ion = (3.2 ± 0.3) × 107 M�, and a total ionised outflow rate of
Ṁof,ion = 13.5 ± 1 M� yr−1. We detected ten clumps of cold molecular gas located above and below the disc in the ionisation cones,
reaching maximum projected distances of 1.7 kpc and showing projected bulk velocities of up to 200 km s−1. On these scales, the wind
is multiphase, with a fast ionised component and a slower molecular one, and a total mass of Mof,ion+mol = 5.8 × 107 M�, of which the
molecular component carries the bulk of the mass, namely Mof,mol = 4.3 × 107 M�. The dusty molecular outflowing clumps and the
turbulent ionised gas are located at the edges of the radio bubbles, suggesting that the bubbles interact with the surrounding medium
through shocks, as also supported by the [O I]/Hα ratio. Conversely, both the large opening angle and the dynamical timescale of the
ionised wind detected in the ionisation cones on 7 kpc scales indicate that this is not related to the radio bubbles but instead likely
associated with a previous AGN episode. Finally, we detect a dust reservoir that is co-spatial with the molecular disc, with a cold dust
mass of Mdust = (4.04 ± 0.03) × 106 M�, which is likely responsible for the extended Fe Kα emission seen on 200 pc scales in hard
X-rays and interpreted as reflection by cold dust.

Key words. galaxies: active – galaxies: ISM – galaxies: Seyfert – techniques: interferometric – techniques: high angular resolution –
ISM: kinematics and dynamics

1. Introduction

Active galactic nuclei (AGN) can power massive outflows,
potentially impacting on interstellar medium (ISM) of the galaxy
and altering both star formation and nuclear gas accretion. The
growth of the super massive black holes (SMBHs) in the galactic

centre is then stopped, as are the nuclear activity and winds,
until new cold gas accretes onto the nucleus thereby starting a
new AGN episode (Fabian 2012; King & Pounds 2015). This
is the so-called feeding and feedback cycle of active galaxies
(Tumlinson et al. 2017; Gaspari et al. 2020). Understanding the
relation between winds and outflows emerging from accreting
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SMBHs and their host galaxy ISM is necessary in order to under-
stand SMBH–galaxy co-evolution.

Host bulge properties, such as velocity dispersion, luminos-
ity, and mass, are tightly correlated with the mass of the SMBH
in the galaxy centre (Gebhardt et al. 2000; Ferrarese & Ford
2005; Kormendy & Ho 2013; Shankar et al. 2016, 2017). These
SMBH–host bulge property relations seem to arise when the
black hole reaches a critical mass, at this point, the AGN-driven
winds, the nuclear activity, and the SMBH growth itself are
stopped (Silk & Rees 1998; Fabian 1999; King 2003). AGN
occupy the very centres of galaxies but they can drive gas out-
flows that reach several kiloparsecs away. These AGN-driven
winds appear to be ubiquitous, and are detected through all gas
and dust phases, suggesting that they consist of a mixture of cold
molecular gas, warm ionised gas, and hot X-ray-emitting and
absorbing plasma, probably mixed with dust (e.g. Tombesi et al.
2015; Fiore et al. 2017; Hönig & Kishimoto 2017; Smith et al.
2019; Asmus 2019; Lutz et al. 2020, and references therein).

One of the most outstanding questions regarding AGN-
driven outflows pertains to the relationships between the dif-
ferent gas phases involved in the winds, their relative weight,
and their impact on the galaxy ISM (Bischetti et al. 2019a;
Fluetsch et al. 2019). In some cases, molecular and ionised winds
have similar velocities and are nearly co-spatial (Feruglio et al.
2018; Alonso-Herrero et al. 2019; Zanchettin et al. 2021), sug-
gesting a cooling sequence scenario where molecular gas
forms from the cooling of the gas in the ionised wind
(Richings & Faucher-Giguere 2017; Menci et al. 2019). Other
AGNs show ionised winds that are faster than the molecular
winds (Ramos Almeida et al. 2022), suggesting a different origin
of the two phases (Veilleux et al. 2020, and references therein).
Another open question regards the effect of winds on the sur-
rounding ISM where they expand, and whether the properties
of discs, their dynamical state, and their turbulence are modi-
fied by winds. The interaction between a radio jet, a radiative
wind, and the ISM has been probed in a few nearby Seyfert
galaxies, and findings suggest that the ISM is modified by out-
flows expanding across the disc (e.g. Alonso-Herrero et al. 2018;
Feruglio et al. 2020; Fabbiano et al. 2022; García-Burillo et al.
2014, 2019; Cresci et al. 2015; Venturi et al. 2018; Rosario et al.
2019; Shimizu et al. 2019). Therefore, observations that cover
a large range of wavelengths and spatial scales are needed to
quantify the overall mass, momentum, and energy budget of
multiphase winds, their interplay with the ISM, and to reveal
the dominant processes that rule the AGN–host galaxy relation.
To date, detailed studies of the multiphase wind have been car-
ried out for only a handful of sources (e.g. Finlez et al. 2018;
Husemann et al. 2019; Slater et al. 2019; Herrera-Camus et al.
2019; Shimizu et al. 2019; García-Bernete et al. 2021).

In this paper, we present an analysis of the gas kinematics in
the disc, wind, and radio bubble of NGC 2992 based on ALMA,
VLT/MUSE, and Karl G. Jansky Very Large Array (VLA)
observations. NGC 2992 is a nearby Seyfert galaxy located at
∼32.5 Mpc (z = 0.00771, Keel 1996, projected angular scale
of 0.158 kpc arcsec−1), whose disc is seen almost edge-on (i ∼
70 deg, Marquez et al. 1998). It hosts an AGN known for its
extreme variability, from the near-IR (Glass 1997) to the X-rays
(up to a factor 20) on timescales of weeks and months (Gilli et al.
2000; Marinucci et al. 2018; Middei et al. 2022; Luminari et al.
2023). The optical classification of this object changes between
Seyfert 1.5 and 2 (Trippe et al. 2008). Authors have suggested
that the optical emission line profiles could be affected by the
prominent thick dust lane extending nearly along the major
axis of the galaxy, crossing the nucleus (Ward et al. 1980;

Colina et al. 1987). In the high state, the AGN has a bolomet-
ric luminosity of Lbol,AGN = 1.2−2.4 × 1044 erg s−1, and shows
an ultrafast outflow (UFO) with a velocity of about 0.21c and a
total kinetic energy rate of 5% Lbol, sufficient to switch on feed-
back mechanisms on the galaxy host (Marinucci et al. 2018),
but detected only when the source accretion rate exceeds 2% of
the Eddington luminosity. UFO components with velocities of
up to ∼0.4c have also recently been reported by Luminari et al.
(2023). The galaxy is part of the interacting system Arp 245,
together with NGC 2993 and the tidal dwarf A245 North
(Brinks et al. 2000). Tidal features connecting the three galax-
ies have been detected both by IR (García-Bernete et al. 2015)
and optical/near-IR imaging suggesting that the system is at an
early stage of interaction (Duc et al. 2000). Radio 6 cm observa-
tions detected an hourglass-shaped emission extending from the
northwest to the southeast for about 1 kpc, nearly perpendicular
to the galaxy disc (Ulvestad & Wilson 1984). A simultaneous
X-ray and VLBI radio monitoring campaign showed an anti-
correlation between the luminosity of the radio core at 6 GHz
and X-ray 2−10 keV emission. The X-ray and radio behaviour
can be due to flares produced by magnetic reconnection in the
accretion disc (Fernandez et al. 2022). The southeastern radio
bubble overlaps with the soft X-ray emission where no bright
optical line or continuum emission are detected (Colbert et al.
2005; Xu & Wang 2022). Xu & Wang (2022) proposed that this
extended soft X-ray emission near the nucleus could be domi-
nated by hot gas heated by shocks from outflows associated with
the radio bubble. Chapman et al. (2000) suggested that the radio
morphology is the result of expanding plasma bubbles carried
by AGN-driven outflows. SINFONI/VLT and Spitzer data con-
firm that the most likely driver of the radio “figure-eight”-shaped
structure and the large-scale outflow is the AGN (Friedrich et al.
2010). Veilleux et al. (2001) found that Hα emission indicates
the presence of an ionised wind whose energy source should
be a hot, bipolar, thermal wind powered on a sub-kiloparsec
scale by the AGN. GEMINI integral field unit (IFU) data from
the inner 1.1 kpc indicate the presence of a blueshifted out-
flowing gas component and that of an arc-shaped [O III] emis-
sion, both kinematically decoupled from stellar kinematics and
spatially correlated with the figure-eight-shaped radio struc-
ture (Guolo-Pereira et al. 2021). This suggests that a relativistic
plasma bubble is expanding, compressing the gas along its path
and driving an outflow at its boundaries.

In this paper, we further investigate the complex gas kine-
matics in NGC 2992, joining ALMA with VLT/MUSE and VLA
radio observations, in order to constrain the relation between
the cold and the warm ionised gas phases through their differ-
ent kinematic components, characterise the multiphase winds,
and assess their interaction with the ISM. The paper is organ-
ised as follows. Section 2 presents our observational setup and
data reduction. Section 3 presents our observational results, in
particular the radio continuum emission, the gas properties, and
kinematics. In Sect. 4, we discuss our results, and in Sect. 5 we
present our conclusions.

2. Observations and data reduction

2.1. VLA observations

We analysed archival VLA observations of NGC 2992 in Band C
(project code 17B-074, PI: Preeti Kharb). The observations were
carried out in January 2018 for a total integration time of 3585 s
in the frequency range 4.5−6.5 GHz. We used the standard
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Table 1. Main properties of the ALMA and VLA data sets used in this work.

Project ID Obs. Freq. Beam Continuum rms Line rms Channel width
[GHz] [arcsec2] [mJy beam−1] [mJy beam−1] [km s−1]

2017.1.00236.S ALMA 225.4–244.1 0.23× 0.18 at 87 deg 0.02 0.3 10
2017.1.01439.S ALMA 226.1–244.1 0.62× 0.54 at 78 deg 0.05 0.4 10.4
2017.1.01439.S (∗) ALMA 226.1–244.1 2.18× 2.03 at −82 deg 0.05 0.9 10.4
17B-074 VLA 4.5–6.5 0.98× 0.4 at −77 deg 0.14 – –

Notes. (∗)uvrange< 100 m. The uvrange parameter of the tclean task of CASA software is used to select the baselines in the desired region of
the uv-plane. This allows us to separate the CO(2−1) emission on compact and extended physical scales.

calibrated visibilities provided by the VLA data archive1 and
used CASA 5.4.1 software (McMullin et al. 2007) to generate
the map of the continuum emission at 6 cm rest frame. We aver-
aged the visibilities in the 16 spectral windows (spws) and pro-
duced a clean map using the tclean task and a Briggs weight-
ing scheme with robust parameter equal to −1.0. We used the
hogbom cleaning algorithm with a detection threshold of three
times the rms sensitivity. The final continuum map has an rms
of 0.1 mJy beam−1 and a beam of 0.98× 0.40 arcsec2 with posi-
tion angle equal to 77 deg (PA, measured from the north, moving
anticlockwise).

2.2. ALMA observations

We used two ALMA Band 6 datasets, both covering the
CO(2−1) line (observed frequency of 228.776 GHz) and the
underlying 1.3 mm continuum emission. The first observa-
tion (program ID 2017.1.00236.S, PI: Matthew Malkan) was
obtained in December 2017 and spans the frequency range
225.4−244.1 GHz in the configuration C43-6 with 44 anten-
nas, a minimum baseline of 15 m, and a maximum baseline of
2500 m. This configuration provided an angular resolution of
about 0.2 arcsec and a largest angular scale (LAS) of ∼2.5 arcsec.
The second observation (program ID 2017.1.01439.S, PI: Chiara
Feruglio) was carried out in March 2018 in the frequency range
226.1−244.1 GHz in the configuration C43-4 with 44 anten-
nas, a minimum baseline of 15 m, and a maximum baseline of
784 m, reaching an angular resolution of about 0.6 arcsec and
LAS∼ 5.7 arcsec.

We calibrated the visibilities in the CASA 5.4.1 pipeline
mode using the default quasar calibrators provided by the
observatory: J1037−2934 as bandpass and flux calibrator,
J1037−2934 and J0957−1350 as phase-amplitude calibrators for
the first dataset, J1037−2934 as bandpass and flux calibrator,
and J0942−0759 as phase-amplitude calibrator for the second
dataset. The absolute flux accuracy is better than 10%.

To estimate the continuum emission, we averaged the visibil-
ities in the four spws, excluding the spectral range covered by
the CO(2−1) emission line. In addition, to analyse the contin-
uum emission next to CO(2−1), we modelled the visibilities in
the spw covering the line with a first-order polynomial using the
uvcontsub task. Using a zero-order polynomial gave consistent
results. We subtracted this fit to produce continuum-subtracted
CO(2−1) visibilities. We imaged the data by adopting a natu-
ral weighting scheme and the hogbom cleaning algorithm with
a detection threshold of three times the rms noise, and a spec-
tral resolution of 10.4 and 10 km s−1 for 2017.1.01439.S and
2017.1.00236.S data set, respectively. For the 2017.1.01439.S
data set, we also produced clean data cubes of different resolution
1 https://science.nrao.edu/facilities/vla/archive

by selecting different baselines (uv ranges). We produced a map of
the compact (diffuse) emission using the uvrange parameter of
thetclean task to select visibilities corresponding to a distance in
the uv plane of<100 m (>100 m), which corresponds to a∼2.5 kpc
physical scale (Table 1). The final map of the diffuse component
was obtained by subtracting the image with uvrange> 100 m
from that with uvrange< 100 m with the immath task. This
ensures that power from compact sources does not affect the dif-
fuse component. The properties of the data cubes obtained are
summarised in Table 1.

2.3. VLT/MUSE observations

NGC 2992 was observed with MUSE for five nights between
January 22 and February 13, 2015, (program 094.B-0321, PI:
Alessandro Marconi). The observations were acquired in seeing-
limited, wide field mode (WFM) covering 1× 1 arcmin2, span-
ning the spectral range 4750−9350 Å. This allows us to cover the
main optical emission lines such as Hβλ4861 Å, [O III]λ5007 Å
doublet, Hαλ6563 Å, and the [N II]λ6548−6583 Å doublet.
MUSE spectral binning is 1.25 Å/channel (≈70 km s−1) and its
resolving power in WFM is 1770 at 4800 Å, and up to 3590 at
9300 Å. The field of view covers the central part of NGC 2992
corresponding to a square region of about 9 kpc per side. The
data include five observing blocks (OBs), each one divided into
four 500 s exposures, together with an equal number of 100 s
sky exposures. Each sky exposure was employed in the data
reduction to create a model of the sky lines and sky contin-
uum to be subtracted from the closest science exposure in time.
The average seeing during the observations was ∼0.9 arcsec.
The data reduction was performed using the MUSE Instrument
Pipeline v2.8.5 and the ESO Recipe Execution Tool, version
3.13.3 (Weilbacher et al. 2014). We used the MUSE pipeline
standard recipes (scibasic and scipost) to remove instrumen-
tal signatures from the data, applying a bias and flat-field cor-
rection, the wavelength and flux calibrations, and the pipeline
sky subtraction following the standard procedure. In order to
remove the stellar continuum, we first applied a Voronoi tessel-
lation (Cappellari & Copin 2003) to achieve an average signal-
to-noise ratio (S/N) equal to 120 per wavelength channel on the
continuum under 5530 Å. We then performed the continuum fit
using the penalized pixel-fitting (pPXF; Cappellari & Emsellem
2004) code on the binned spaxels. The stellar continuum was
modelled using a linear combination of the Vazdekis et al.
(2010) synthetic spectral energy distributions for single stel-
lar population models in the wavelength range 4700−7200 Å.
We fitted the continuum together with the main emission lines
in the selected wavelength range (Hβλ4861 Å, [O III]λ4959,
5007 Å, Hαλ6563 Å, [O I]λ6300,6364 Å, [N II]λ6548,6584 Å
and [S II]λ6716,67313 Å) to better constrain the underlying
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Fig. 1. Radio continuum emission maps. Left panel: map of the 1.3 mm continuum emission at ∼0.2 arcsec resolution with a cut-out at 2σ. Contours
are drawn at (2, 3, 6, 15, 60)σ, σ = 0.02 mJy beam−1. Central panel: ALMA map of the 1.3 mm continuum seen at ∼0.6 arcsec resolution with a
cut-out at 1σ, σ = 0.05 mJy beam−1. Compared to the left panel, in this map both the nuclear emission and the dusty disc are detected. Contours
as in left panel. Right panel: VLA 6 cm map of radio continuum. Contours are drawn at (1, 2, 3, 5, 8, 20, 50, 100)σ, σ = 0.14 mJy beam−1. The
grey ellipses show the ALMA beam in the left and middle panels and the VLA beam in the right panel.

Table 2. Main properties of the VLA 6 cm and ALMA 1.3 mm extended
continua.

Obs. Peak flux Total flux density Size
[mJy beam−1] [mJy] [arcsec2]

(a) (b) (c) (d)

VLA 8.5± 0.2 55.8± 0.1 44
ALMA 6.9± 0.1 20.2± 0.5 58

Notes. The table reports the main properties of the continuum
emission at 6 cm and at 1.3 mm shown in Fig. 1. (a) The obser-
vatory (top row: VLA project ID 17B-074, bottom row: ALMA
project ID 2017.1.01439.S), (b) the flux at the peak position (RA,
Dec = 09:45:41.94, −14:19:34.6), (c) the total flux density in a region
of size reported in (d).

stellar continuum. We then subtracted the fitted stellar contin-
uum derived in each Voronoi cell spaxel by spaxel after rescal-
ing the modelled continuum to the median continuum in each
spaxel.

3. Results

3.1. Radio continuum emission

Figure 1 (left panel) shows the 1.3 mm continuum map with
0.2 arcsec resolution. Performing a 2D Gaussian fitting, we
measure a continuum flux density S1.3 mm = 2.71 ± 0.09 mJy
and a peak flux Speak = 2.26 ± 0.05 mJy beam−1 at RA,
Dec = 09:45:41.9448, −14:19:34.6072. According to our 2D
fit, the continuum emission is consistent with a point source.
The 1.3 mm continuum emission at lower resolution (0.6 arcsec
beam, project ID 2017.1.01439.S) is shown in the middle panel
of Fig. 1. We detect peak flux Speak = 6.9 ± 0.1 mJy beam−1

at the position of the AGN, and a clumpy extended compo-
nent with an approximate size of 15 arcsec extending from the
northeast to the southwest along PA∼ 30 deg. The latter compo-
nent aligns well with the inclined gaseous disc traced by both
CO(2−1) and optical emission lines (see Sects. 3.2 and 3.5),
suggesting that the extended continuum emission may be due
to cold dust in the galactic disc (see Discussion). We mea-
sure a total flux density at 1.3 mm of S1.3 mm = 20.2 ± 0.5 mJy

above 3σ threshold extended on a 58 arcsec2 area. The extended
1.3 mm continuum is detected only in the 0.6 arcsec resolution
data, whereas it may be resolved-out in the high-resolution data.
Figure 1 (right panel) shows the 6 cm radio continuum map. The
peak position of the continuum, obtained through 2D fitting in
the image plane, is consistent with that of the 1.3 mm contin-
uum and has a flux at the peak Speak,6 cm = 8.5± 0.2 mJy beam−1.
Both the 6 cm and the 1.3 mm continua peaks are consistent with
the AGN optical position from NED (RA, Dec = 09:45:42.05,
−14:19:34.98, Argyle & Eldridge 1990). The total radio emis-
sion above a 3σ threshold covers a region of about 44 arcsec2

with an integrated flux density of 55.8 ± 0.1 mJy. The radio
emission shows a double-lobed figure-eight-shaped structure of
about 9.4 arcsec (∼1.4 kpc) in size extending from northwest to
southeast (PA = 158 deg), tracing the radio bubbles first detected
by Ulvestad & Wilson (1984). We detect an additional, fainter
and elongated radio emission extending ∼10 arcsec (i.e. 1.5 kpc)
from northeast to southwest along PA = 213 deg, with a flux of
1.2 ± 0.1 mJy, which partly overlaps with the 1.3 mm extended
continuum. We measure a total flux density above a 3σ thresh-
old for the two lobes and nucleus of 54.6 ± 0.1 mJy, correspond-
ing to a radio power of Pradio,5 GHz = 3.89 × 1038 erg s−1. The
main properties of the radio continuum emission from VLA and
ALMA data are summarised in Table 2.

3.2. Cold molecular disc

Figure 2 shows the CO(2−1) integrated intensity (moment-0),
the velocity (moment-1), and the velocity dispersion (moment-2)
at 0.2 arcsec (top row) and 0.6 arcsec (bottom row) resolutions.
The emission extends from northeast to southwest, approxi-
mately along the inclined disc direction, and close to edge-on
(i ≈ 80 deg, Marquez et al. 1998, and this work). The maps with
higher resolution detect clumpy structures in the host galaxy disc
that are clearly visible in the CO(2−1) intensity. In the lower res-
olution observation, we detect the cold molecular tail towards
the southeast that connects NGC 2992 to its merging compan-
ion NGC 2993 (not included in the ALMA field of view). The
CO(2−1) line profile from each data-cube considering regions
above a 3σ threshold in the intensity maps are reported in
Fig. A.1. We integrate the spectra to derive the flux, the FWHM,
and the line luminosity L′ of the CO(2−1) line (Table 3), with
the latter obtained using the relation of Solomon & Vanden Bout
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Fig. 2. ALMA moment maps. From left to right: CO(2−1) integrated flux (moment-0), mean velocity (moment-1), and velocity dispersion maps
(moment-2). Top panels show data with 0.2 arcsec angular resolution, while the lower panels show data with 0.6 arcsec resolution. Regions with
emission below 3σ are blanked out. The synthesised beam of each dataset is shown by the grey filled ellipses in the lower-left corner of the map.
In the bottom-left panel, arrows indicate the direction towards NGC 2993 and Arp 245 North.

(2005). To estimate the cold molecular mass, we adopt a con-
version factor of αCO = 3.82 M� (K km s−1 pc2)−1 derived as
in Accurso et al. (2017), for a stellar mass of log(M∗/M�) =
10.31 (Koss et al. 2011). We find a total cold molecular reser-
voir of M(H2) = 9.7 × 108 M�, which was derived from the
0.6 arcsec resolution data. The highest resolution data filter out
about 60% of the CO(2−1) flux (Fig. A.1). The mean-velocity
maps (Fig. 2) show a gradient oriented northeast to south-
west along PA∼ 210 deg, with a range from −250 to 250 km s−1

(PA in degrees is measured anti-clockwise from north from
the receding side of the galaxy). The CO(2−1) velocity disper-
sion maps show values in the range 10−20 km s−1 in the outer
regions to 60−80 km s−1 in the inner regions. We detect two
gas clumps with enhanced velocity dispersion located in the
inner 2× 4 arcsec2 region (see Sect. 3.2). The velocity disper-
sion map in the lower resolution dataset also shows enhanced
values in the region in which the tidal tail connects to the
galaxy disc, and at the northwest border of the CO-emitting
region.

We build a dynamical model of the system fitting the
observed CO(2−1) data cubes with the 3D-Based Analysis
of Rotating Objects from Line Observations (3DBAROLO;
Di Teodoro & Fraternali 2015). We fit a 3D tilted-ring model to
the 0.6 arcsec resolution data using 0.5 arcsec wide annuli. In
the first run, we allow four parameters to vary: rotation veloc-
ity, velocity dispersion, disc inclination, and position angle. We
fix the kinematic centre to the peak position of the 1.3 mm
continuum. A second run with three free parameters (rotation
velocity, velocity dispersion, and position angle) and inclination
fixed to 80 deg produces lower amplitude residuals, therefore,

we adopt the latter as the best-fit disc model. The inclination
is fixed at the mean value found in the first run and the disc
models return a position angle of 210 ± 5 deg. Figure 3 shows
the rotation velocity, vrot, and velocity dispersion, σgas, versus
the radius of the best-fit disc model, the former ranging from a
central value of 100 km s−1 to 250 km s−1 at radii of 0.6 out to
1.5 kpc. The (beam smearing-corrected) gas velocity dispersion
is 40−60 km s−1 in the nucleus, and about 25 km s−1 in the outer
parts of the disc. The disc model provides a good description
of the data, as demonstrated by the position–velocity diagram
taken along the kinematic major axis (i.e. ∼210 deg, Fig. 3, right
panel), in which data are consistent with the inclined rotating
disc described above (red contours and yellow filled circles).
Figure 4 shows the residual maps obtained by subtracting the
mean velocity and velocity dispersion model maps from the data.
The main features detected in the residual velocity map are red-
shifted regions at the northwest edge of the mask, where the
velocity dispersion is larger than 30 km s−1. Molecular clumps
with modest deviations from disc-like kinematics, that is, about
25 km s−1 blueshifted and redshifted with respect the rotation
velocity at that position, are detected across the disc as regions
with enhanced σgas (regions from cyan to orange in the right
panel of Fig. 4). These are likely due to the circum-nuclear ring
(CNR) in the central region, and to projection effects due to
the high disc inclination. The same methodology applied to the
higher resolution (0.2 arcsec) data delivers a dynamical model
that is consistent with the previous one (Table 4). These data
resolve a CNR, with an inner radius of about 65 pc, and with
a slightly different PA than that of the outer disc (Fig. 3). The
dynamical mass enclosed within a radius of 1 kpc, and computed
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Fig. 3. Cold molecular disc kinematics. Left panel: rotation velocity (green symbols) and velocity dispersion (blue symbols) as a function of the
radius obtained from the best-fit disc dynamical model of the CO(2−1) data with 0.6 arcsec angular resolution. Middle and right panels: position–
velocity diagrams along the kinematic major axis for the 0.2 arcsec and 0.6 arcsec resolution observations, respectively. The slit widths are set to
the FWHM size of the synthetic beam major axis for each respective observation. Red contours and yellow circles represent the disc model, while
blue contours represent the data. Contours are drawn at (1, 2, 4, 8, 16, 32, 64)σ.

EDGE1

EDGE2 TAIL

Fig. 4. Residual moment maps. Left panel: residual mean velocity map.
Right panel: residual velocity dispersion map, where magenta circles
mark the position of the cold molecular perturbations described in
Sect. 3.3. Residual maps are obtained by subtracting the best-fit disc
model maps from the observed ones.

as Mdyn = rv2
rot/2G, is Mdyn = 7−9 × 109 M�, correspond-

ing to an escape velocity vesc =

√
GMdyn

r = 170−180 km s−1

at 1 kpc.

3.3. Cold molecular wind

The largest residuals in Fig. 4 are detected as redshifted emis-
sion (v ∼ 80 km s−1) at the northwestern edge of the disc
(EDGE1), and as blueshifted emission (v ∼ −80 km s−1) at the
onset of the tail, at the southeastern edge of the disc (EDGE2-
TAIL). In the latter position, the velocity dispersion map shows
residual emission of about 40 km s−1 in amplitude. The CO
and [O III] spectra extracted at EDGE1 and EDGE2-TAIL are
shown in Fig. 5. Both show two bright components peaking
at different velocities. At EDGE1 our disc best-fit dynamical
model has a projected velocity of v(model) ∼ −185 km s−1 and
σ(model) ∼ 40 km s−1, which is consistent with the strongest CO
component, which peaks at −180 km s−1. The additional emis-
sion components, spanning velocities of [−100, 0] km s−1 and
[150, 300] km s−1, thus trace the off-planar motion of the gas,
associated with a wind. The [O III] emission line at EDGE1 is
offset by 100 km s−1 with respect to the CO disc component,
suggesting that in this region the ionised gas does not partake
in the disc rotation but instead traces perturbed kinematics, the
result of a wind. Hα and Hβ emission lines show a similar line
profile and velocity offset to [O III]. EDGE2-TAIL also shows a

CO spectrum with two emission components. At this location,
the best-fit dynamical model requires a velocity of ∼205 km s−1

and σ(model) ∼ 40 km s−1, which is in between the two main
CO peaks. Off-planar motions at EDGE1 (EDGE2-TAIL) are
seen in the PV plot shown in Fig. 5 as regions with an offset
of [−9, −5] arcsec ([4, 9] arcsec) and a line-of-sight velocity that
is smaller than that of the disc. EDGE2-TAIL is further com-
plicated by the tidal tail due to the interaction of NGC 2992
with NGC 2993 (Duc et al. 2000), and so it is hard to iden-
tify and separate tidal interaction from any wind. For this rea-
son, we compute the wind parameters only at EDGE1 and do
not include EDGE2-TAIL in the following analysis of the cold
molecular wind. At EDGE1, we derive a cold molecular mass of
M(H2) = 2.7×107 αCO

3.82 M� (K km s−1 pc2)−1 M�, and for EDGE2-TAIL
we derive M(H2) = 0.9 × 107 αCO

3.82 M� (K km s−1 pc2)−1 M�.
In addition, we identify as cold molecular wind those regions

that do not participate in the disc rotation as described by our
best-fit model and are detected as molecular clumps located
above and below the disc. The clump spectra are shown in Fig. 6
(right panel) and are coloured according to their peak veloc-
ity with respect to the rest frame, red for vpeak > 10 km s−1,
green for −10 km s−1 < vpeak < 10 km s−1 and blue for
vpeak < −10 km s−1. We note that the clumps on the western
side of the disc are mainly redshifted, and those on the east-
ern side mainly blueshifted. We detect ten molecular clumps
with >3σ significance (Table 5). For each clump, we measure
the wind velocity, vof , as the peak velocity, the line luminos-
ity, the cold molecular mass, Mof , and the projected distance of
each clump from the AGN, rof . We find a total cold molecular
mass in the clumps of M(H2)clumps = 1.64 × 107 (αCO/3.82) M�.
The wind mass-outflow rate is computed at each radius rof
by applying the relation from Fiore et al. (2017), assuming a
spherical sector:

Ṁof = f
Mof vof

rof
· (1)

A factor f = 3 is used with the assumption of a conical wind
with constant density, as previously adopted (e.g. Vayner et al.
2017; Feruglio et al. 2017; Brusa et al. 2018). However, in
other works (e.g. Bischetti et al. 2019a,b; Cicone et al. 2015;
Veilleux et al. 2017; Marasco et al. 2020; Tozzi et al. 2021) the
mass-outflow rate is rather computed with f equal to 1 by assum-
ing a steady mass-conserving flow with constant velocity, in
which the density at the outer radius is only one-third that of
the average (see Veilleux et al. 2017, for a detailed discussion).
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Table 3. Measured properties of CO(2−1) at different spatial frequencies.

ID uv range FWHM SCO L′CO(2−1) M(H2) Area
[m] [km s−1] [Jy km s−1] [107 K km s−1 pc2] [108 M�] [arcsec2]

(a) (b) (c) (d) (e) (f) (g)

00236.S All 470 ± 10 132.54 ± 0.03 10.8 4.1 33
01439.S All 4640 ± 10 311.56 ± 0.02 25.4 9.7 132

>100 4840 ± 10 103.58 ± 0.03 8.4 3.2 97
<100 4640 ± 10 307.02 ± 0.01 25.0 9.6 30

Notes. (a) Project code, (b) uvrange parameter, (c) FWHM of the line (spectra are shown in Fig. A.1), (d) integrated flux, (e) line luminosity,
(f) cold molecular gas mass obtained using a conversion factor αCO = 3.82 M� (K km s−1 pc2)−1, and (g) area of the considered region.

Table 4. Parameters of the dynamical models of the multiphase disc.

Ang. res. vrot,CNR vrot,disc σgas,CNR σgas,disc σgas,CNR/vrot,CNR σgas,disc/vrot,disc Mdyn (r < 1 kpc)
[arcsec] [km s−1] [km s−1] [km s−1] [km s−1] [1010 M�]
(a) (b) (c) (d) (e) (f) (g) (i)

Cold molecular gas
0.2 164 ± 14 236 ± 11 38 ± 12 16 ± 10 0.2 0.1 0.7
0.6 139 ± 13 260 ± 10 60 ± 11 25 ± 10 0.4 0.1 0.9
Seeing vrot,nucl vrot,disc σgas,nucl σgas,disc σgas,nucl/vrot,nucl σgas,disc/vrot,disc Mdyn (r < 1 kpc)
[arcsec] [km s−1] [km s−1] [km s−1] [km s−1] [1010 M�]
(a) (l) (c) (m) (e) (n) (g) (i)

Ionised gas
0.9 91 ± 36 216 ± 35 117 ± 36 55 ± 35 1.3 0.3 0.6

Notes. (a) Angular resolution or seeing, (b) rotation velocity at the CNR, and (c) in the disc, (d) gas velocity dispersion at the CNR, and (e) in
the disc, (f) ratio between the velocity dispersion and the rotational velocity at the CNR, and (g) in the disc, (i) dynamical mass (derived from the
relation Mdyn = rv2

rot/2G) enclosed within a 1 kpc radius, (l) the rotational velocity, and (m) velocity dispersion at the nucleus (r < 350 pc), and (n)
their ratio.

The resulting values, assuming f = 3, relative to each compo-
nent are reported in Col. (e) of Table 5.

3.4. Ionised gas distribution

We analysed the Hβ, [O III]λ5007 Å, Hα, and [N II]λ6583 Å
emission lines extracted from the MUSE data-cube using
the CUBEXTRACTOR package (Cantalupo et al. 2019). We
used the procedure described below for each emission line
following the approach described in Borisova et al. (2016),
Cantalupo et al. (2019). First, we used the CubeSel tool to pro-
duce three z-direction cut data-cubes around the [O III] line and
the Hβ line with a spectral window of 100 Å, while Hα and
[N II] doublet lines are all included in a spectral window of
300 Å We removed any possible continuum emission for each
spaxel within the MUSE FOV by applying a fast median-filtering
approach using the CubeBKGSub task (Cantalupo et al. 2019).
This tool allowed us to apply a median sigma clipping algorithm
with a filter of 30 spectral layers (≈40 Å), carefully masking the
emission lines. We then smoothed the spectrum with a median
filter with radius equivalent to two bins in order to minimise
the effect of line features in individual spectral regions. Finally,
from each voxel in the cube, we subtracted the estimated contin-
uum from the corresponding spaxel and spectral region. In this
way, we obtained the continuum-subtracted cubes. In order to
perform the following analysis, we produce a data-cube for each
emission line of interest. For what concerns the Hα and [N II]
doublet line complex, due to their blending, we modelled the
emission lines by performing a pixel-by-pixel Gaussian fit with

a minimum of one and a maximum of two components for each
emission line. To produce the Hα cube, we subtracted the model
[N II] doublet emission in each voxel, analogously, to obtain the
[N II]λ6583 Å cube, we subtracted the previously modelled Hα
and [N II]λ6548 Å profile. The Cube2Im task of the CUBEX tool
produces 3D masks of the extended emission lines in each data-
cube by applying a signal-to-noise ratio (S/N) threshold of 3 for
Hα, of 2 for [O III], of 5 for Hβ and of 4 for [N II]. We applied
different thresholds in order to optimise the S/N. Using only the
voxels of the continuum-subtracted datacube defined in the 3D
mask, the Cube2Im task allowed us to obtain the following three
data products: (i) the surface brightness map, that is, an “opti-
mally extracted narrow band image”, (ii) a map of the velocity
distribution obtained as the first moment of the flux distribu-
tion, and (iii) a map of the gas velocity dispersion σgas, which
was derived as the second moment of the flux distribution. All
these data products shown in Fig. 7 were obtained by assuming
rest wavelengths that are corrected according to the AGN red-
shift derived from CO(2−1) data and smoothed with a Gaussian-
kernel of σ = 2 pixels.

The intensity maps (Fig. 7) show a similar morphology in the
four tracers. The emission peaks are consistent with the AGN
position from ALMA. The emission is reduced along the cold
molecular disc due to extinction by dust in the galaxy disc and
dust lane (Trippe et al. 2008), mostly affecting the Hβ emission
(Fig. 8). Two ionised cones emerge approximately perpendic-
ular to the galactic disc in the northwest and southeast direc-
tions, with an opening angle of about 120 deg, which is consis-
tent with the value estimated by García-Lorenzo et al. (2001).
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Fig. 5. EDGE1 and EDGE2 TAIL kinematics. Normalised CO(2−1)
and [O III] spectra at the EDGE1 (upper panel) and EDGE2 TAIL
(middle panel) regions. Purple histograms = CO(2−1) line. Blue sym-
bols and solid line = [O III]. The dashed black line and grey shaded
area represent the LOS velocity of the best-fit disc model and the
[vmodel − σmodel, vmodel + σmodel] range, where (vmodel, σmodel) are
(−185, 37) km s−1 and (206, 36) km s−1 at EDGE1 and EDGE2 TAIL,
respectively. Bottom panel: CO(2−1) position–velocity plot (from
2017.1.01439.S) cut through EDGE1, EDGE2 TAIL, and the disc cen-
tre (along PA = 193 deg). The slit width is set to 0.6 arcsec (equal to the
FWHM size of the synthetic beam major axis). Yellow symbols repre-
sent the disc model, while blue contours represent the data, with con-
tours drawn at (2, 5, 10, 15, 30, 60)σ.

The edges of the ionisation cones are well defined in all trac-
ers, as is the clumpy gas distribution within the cones. The
mean velocity maps show a velocity gradient oriented from
northeast to southwest and ranging from −300 to 300 km s−1,
which likely traces the ionised disc. The kinematic major axis
is consistent with that identified by CO(2−1). The disc veloc-
ity gradient is detected in all emission lines. Within the ionisa-
tion cones, the mean velocity maps show redshifted velocities
exceeding 300 km s−1 in the northwestern cone, and enhanced
blueshifted velocities in the southeastern cone, meaning that
the west cone is mainly receding, while the eastern cone is
mainly approaching, although different kinematic components
are present along any line of sight. The σgas maps show the
average velocity dispersion of the gas, which is limited by the
MUSE resolution of about 70 km s−1 and therefore appears sat-
urated around this value. Hα shows enhanced velocity disper-
sion values mainly at the center, where the Gaussian FWHM
exceeds 300 km s−1. Here we expect residual contamination

from the BLR (e.g. Guolo-Pereira et al. 2021). Hα shows σgas

up to 250 km s−1 in the northwestern cone where the average
velocity is mainly redshifted. [O III] shows large dispersion with
σgas ∼ 250 km s−1 both at the nucleus and in the ionisation cones.
Hβ shows enhanced σgas only at the AGN position.

3.5. Ionised gas disc

We built a 3D tilted-ring model of the ionised gas disc by fit-
ting the Hα data cube with 3DBAROLO, following the same
approach adopted for CO(2−1), fixing the size of the annuli
to 0.4 arcsec, and excluding the central region of 0.6 arcsec in
radius that is dominated by the residual contamination from the
BLR. Figure 9 shows the Hα rotation curve (90 km s−1 at the
centre, increasing to 220 km s−1 at 1.5 kpc). The velocity dis-
persion decreases from ∼120 km s−1 near the nucleus down to
∼55 km s−1 at larger radii. The Hα rotation curve is globally
consistent with the CO(2−1) one, but it extends further out to
1.8 kpc. We derived the dynamical mass as a function of the
radius, Mdyn = rv2

rot/2G and found a total dynamical mass of
∼1010 M� enclosed in a 1.5 kpc region. Figure 9 (right panel)
shows the position–velocity diagram along the kinematic major
axis (PA = 210 deg). The disc model well describes the data at
projected radii of >4 arcsec, while the nuclear region shows gas
with very highly redshifted and blueshifted velocities of up to
500 km s−1 and down to −750 km s−1. This is not due to the BLR
as the latter is unresolved, but rather traces the ionised wind.
The same pattern is also seen in the PV diagram taken for the
[O III]λ5007 Å emission line (Fig. 10).

3.6. Ionised gas densities and masses

To assess the ionised gas contribution to the global baryon bud-
get, we calculate the gas mass in the warm ionised phase from
the luminosity of [O III], assuming recombination in a fully
ionised medium with a gas temperature of 104 K and using the
following equation (Carniani et al. 2015; Bischetti et al. 2017):

M[O III] = 0.8 × 108 M�
( C
10[O/H]−[O/H]�

)(L[O III]

1044

)( ne

500

)−1
, (2)

where [O/H] is the metallicity, ne is the electron density in units
of cm−3, and L[O III] is the [O III] luminosity in erg s−1. We correct
L[O III] for dust extinction, because the dust lane seen in the HST
image (Fig. 8, left panel) is expected to produce significant atten-
uation along the disc (Trippe et al. 2008). We calculate the extinc-
tion map in V band, AV , through the Balmer decrement Hα/Hβ,
assuming a Calzetti et al. (2000) attenuation law.

We apply a Voronoi tessellation (Cappellari & Copin 2003)
based on Hβ – the faintest optical line – to derive both the extinc-
tion and the ionisation parameter (see below), requiring a S/N
≥10 per wavelength channel in each cell2. To account for the
outer regions, where Hβ is undetected but [O III] is detected, we
calculate upper limits for the Hβ flux. In the following, we derive
all parameters in Eq. (2) using this Voronoi tassellation, except
for the metallicity, which is assumed to be constant and equal to
the solar value.

2 The noise is computed as the rms extracted from the Hβ cube mask-
ing the line emission. An initial smoothed 3D mask is applied, which
we obtained by including the voxels with emission above 1 rms for at
least three connected spectral channels.
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Fig. 6. Outflowing CO(2−1) clumps. Left panel: CO(2−1) intensity map with a cut at >3σ. The labelled black polygons show the CO(2−1)
clumps identified as cold molecular wind, i.e. not participating in the disc rotation. Right panel: blue, green, and red spectra are extracted from each
molecular clump identified in the left panel, as labelled. Spectra are coloured according to the velocity shift of their peak: red with vpeak > 10 km s−1,
green with −10 < vpeak < 10 km s−1, blue with vpeak < −10 km s−1. The grey-shaded histograms show the total CO(2−1) emission above a 3σ
threshold extracted from the data-cube of coarser resolution.

Table 5. Properties of the cold molecular outflowing clumps.

ID SCO ∆v L′CO(2−1) Mof rof vof Ṁof Ėkin

[mJy km s−1] [km s−1] [105 K km s−1 pc2] [106 M�] [kpc] [km s−1] [M� yr−1] [erg s−1]
(a) (b) (c) (d) (e) (f) (g) (h) (i)

C1 221.9 ± 0.2 41 1.81 0.69 1.71 −59 0.07 8.4 × 1037

C2 667.1 ± 0.1 165 5.44 2.08 1.15 −204 1.13 1.5 × 1040

C3 200.4 ± 0.1 93 1.63 0.62 1.49 −49 0.06 4.9 × 1037

C4 382.6 ± 0.1 144 3.12 1.19 0.96 −29 0.11 2.9 × 1037

C5 210.1 ± 0.2 41 1.71 0.65 1.35 −8 0.01 2.8 × 1035

C6 659.6 ± 0.1 124 5.38 2.05 1.08 −8 0.05 1.1 × 1036

C7 2040.9 ± 0.1 288 16.64 6.36 0.59 −29 0.95 2.5 × 1038

C8 135.9 ± 0.2 41 1.11 0.42 1.19 2 0.002 2.5 × 1033

C9 234.1 ± 0.1 82 1.91 0.73 1.14 126 0.25 1.2 × 1039

C10 501.2 ± 0.1 93 4.09 1.56 0.61 84 0.66 1.5 × 1039

Notes. Measured properties of the outflowing CO(2−1) clumps detected in Fig. 6. (a) ID, (b) integrated CO(2−1) flux, (c) line width, (d) CO(2−1)
luminosity, (e) clump mass obtained using a conversion factor αCO = 3.82 M� (K km s−1 pc2)−1, (f) projected distance from the AGN, (g) clump
velocity defined as the peak velocity, (h) mass rate at radius rof , and (i) wind kinetic power.

The highest values of AV are found at the dust lane and
inclined disc, while the ionisation cones show modest redden-
ing, on average AV < 1 (Fig. 8, left-central panel). We calculate
the electron density (Fig. 8, central-right panel) using the rela-
tion by Baron & Netzer (2019):

ne = 3.2
Lbol

1045 erg s−1

( r
1 kpc

)−2 1
U

cm−3, (3)

where Lbol is the bolometric luminosity (1044.13 erg s−1) and U
is the ionisation parameter derived using the [O III]/Hβ and
[N II]/Hα line ratios, see Appendix B. The typical uncertainty
associated with ne is 0.6 dex (Baron & Netzer 2019). The high-
est ne ∼ 103−104 cm−3 is found in the nuclear region. Further out
across the disc ne is 100−1000 cm−3, while it is ∼10−100 cm−3

in the ionisation cones. By applying Eq. (2), we derive the mass
surface density of ionised gas (Fig. 10, right panel). We derive
a total ionised gas mass of Mgas,ion = (4.5 ± 0.3) × 107 M�,
of which Mgas,ion = (1.27 ± 0.03) × 107 M� (or 27% of the
total) is in the host galaxy disc, while the remaining frac-
tion is located off the galactic plane, mainly in the ionisation
cones.

3.7. Ionised wind

In Sect. 3.5, we show that, in addition to disc rotation and BLR,
Hα kinematics traces a wide opening-angle ionised wind. Here
we examine the [O III] emission. This is not contaminated by
BLR and therefore best traces the ionised wind. The [O III] PV
plot (Fig. 10) shows that the ionised gas disc is also detected
in [O III]. The [O III] wind is detected in the nuclear region,
where its (projected) velocity exceeds v[O III] = |1000| km s−1,
and in the ionisation cones, where v[O III] gradually decreases
with increasing distance from the nucleus. A representation of
the [O III] kinematics within the ionisation cones is given in the
middle panel of Fig. 10, where we plot red and blue contours,
tracing the integrated [O III] emission in the velocity ranges
of [200, 1000] km s−1 and [−1000, −200] km s−1, respectively.
These contours highlight ionised gas moving at high velocities
within the cones, both approaching and receding. In several posi-
tions, the gas has both an approaching and receding component,
likely tracing the walls of the wind cone filled by clumpy gas
along the line of sight (Veilleux et al. 2001; Friedrich et al. 2010;
Mingozzi et al. 2019; Guolo-Pereira et al. 2021). The right panel
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Fig. 7. Ionised gas moment maps. Moment maps of (top to bottom) Hα, [O III], Hβ, and [N II]λ6583 Å data-cubes. From left to right: integrated
flux (moment-0), mean velocity (moment-1), and velocity dispersion maps (moment-2). The maps were obtained using the CUBEXTRACTOR
package by Cantalupo et al. (2019) using a detection threshold that optimises the S/N (3σ threshold for Hα, 2σ threshold for [O III], 5σ for Hβ,
and 4σ for [N II]).

of Fig. 10 shows the [O III] W80 map3 – a proxy of the
gas turbulence – derived using the Voronoi tessellation (see
Sect. 3.6). The ionised gas distribution shows regions of
enhanced W80, reaching up to 500 km s−1 both at the nucleus
and in the cones out to kiloparsec distances from the centre,

3 W80 = v90−v10 represents the width of the line that contains 80% of
the wind flux, calculated as the difference between the 90th and 10th
percentiles velocities.

highlighting the presence of broad components due to the out-
flowing gas.

4. Discussion

4.1. The multiphase disc

The cold molecular and ionised gas discs are of approximately
the same size, namely 1.5 and 1.8 kpc (radius), respectively. In
CO(2−1), we resolve a disc and an inner CNR, the latter with
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Fig. 8. Ionised gas properties. Left panel: HST image of NGC 2992 in the FQ606W filter (from the Mikulski Archive for Space Telescopes,
Proposal 05479), showing the dust lane. Magenta contours are from the CO(2−1) intensity map (Fig. 2). Left-centre panel: Voronoi map of the
total extinction in V band, AV . Right-centre panel: electron density map, ne, derived from the ionisation parameter (Sect. 3.4 and Appendix B).
Right panel: mass surface density of the ionised gas.

Fig. 9. 3DBAROLO dynamical model of the ionised gas disc obtained by fitting the Hα data cube. Left panel: rotation curve (green symbols) and
velocity dispersion (blue symbols) corrected for beam smearing, as a function of the radius obtained from the best-fit disc model. Right panel:
position–velocity diagram along the kinematic major axis, PA = 210 deg. Red contours and yellow filled circles represent the disc model, blue
contours represent the data. Contours are drawn at (1, 2, 4, 8, 16, 32, 64)σ.

Fig. 10. Ionised gas kinematics traced with the [O III] emission line. Left panel: position–velocity diagram of the [O III] emission along the
kinematic major axis, PA = 210 deg. Central panel: [O III] intensity map (grey scale), red and blue contours show the high-velocity [O III] emission
between [200, 1000] and [−1000, −200] km s−1, respectively. Right panel: map of the W80 of the [O III] line.

an inner radius of 65 pc. The rotation velocity of the cold molec-
ular disc is vrot,mol = 260 ± 10 km s−1, while that of the ionised
disc is vrot = 216 ± 35 km s−1, suggesting that the cold molecu-
lar and ionised discs are co-spatial and trace the same kinemat-
ics. The velocity dispersion of the cold molecular gas within the

disc (from the highest resolution data) is 16 ± 10 km s−1, which
agrees with the average value found for local star forming galax-
ies (Übler et al. 2019, and references therein). For the ionised
component, we find σgas = 55 ± 35 km s−1, which is affected
by the limited spectral resolution of MUSE (∼70 km s−1) and
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Fig. 11. Ionised gas disc and wind kinematics. Top panel: sim-
plified model of the source based on the ionised gas kinematics.
Magenta = nucleus (N), purple = inner disc, Light/dark green: outer
disc, red/burgundy = west ionisation cone (W1/W2), blue/cyan = east
ionisation cone (E1/E2). Bottom panel: normalised [O III] line profiles
at the wind regions, spectra are coloured according to the model map in
the left panel.

therefore cannot be compared with the average value in local star
forming galaxies (20 km s−1, e.g. Epinat et al. 2010). Conversely,
in the CNR, we find that σgas is enhanced with respect to local
star-forming galaxies (Übler et al. 2019), σgas = 38 ± 12 km s−1

for the cold molecular and 117 ± 36 km s−1 for the ionised
phases, respectively. These velocity dispersions are a factor of
3−4 larger than those found in the discs of star forming galaxies
(Übler et al. 2019). The [O III] line –which is associated with the

ionised component– in this location is broadened by the effect of
the ionised wind. We therefore conclude that we find enhanced
σgas only in the central kiloparsec of NGC 2992, where the wind
interacts with the ISM, but find no enhanced σgas on larger scales
across the host galaxy disc (Figs. 3 and 9). The dynamical ratio
for the cold molecular component is vrot/σgas = 10 at 1 kpc
radii, which is consistent with a rotationally supported disc. At
EDGE1 and EDGE2-TAIL, we measure vrot/σgas ∼ 5.4. For the
cold molecular phase, we do not find dynamical ratios of smaller
than unity, which are observed in mergers (Cappellari 2017).
However, we do find dynamical ratios of less than unity in the
ionised gas phase, which at the nucleus shows vrot/σgas ∼ 0.8,
likely owing to the effect of the fast ionised wind detected in this
region.

4.2. The multiphase wind

The projected velocity of the ionised wind reaches its maximum
(v98 about −900 km s−1) close to the nucleus, at the apex of the
eastern cone, where the [O III] profile shows a prominent asym-
metric blueshifted wing exceeding −1000 km s−1 (Fig. 11). At
this side of the galaxy, the sightline reaches the nucleus and the
BLR, which is seen through broad Hα emission (Veilleux et al.
2001; Guolo-Pereira et al. 2021). v98 decreases further out in
the ionisation cones, reaching a few hundred km s−1 (Fig. 11).
The latter values of projected velocity in the outer ionisation
cones are in agreement with those reported for Hα and near-IR
emission lines (Veilleux et al. 2001; Guolo-Pereira et al. 2021;
Friedrich et al. 2010), we note that, on the other hand, these lat-
ter authors did not detect the very fast [O III] component with
velocity of −1000 km s−1. Owing to the wide opening angle of
the cones and the projection effects (the orientation of the cones
is mainly on the plane of the sky), these [O III] velocity estimates
represent a lower limit.

In order to derive the ionised wind mass and mass-loss rate,
we built a simplified source model, where we identified regions
with similar kinematic properties, and analysed them individu-
ally. As the NGC 2992 disc is viewed close to edge-on and the
ionisation cones are close to the plane of the sky, we can separate
disc and wind relatively easily. In the source model (Fig. 11),
we considered a disc inclination of 80 deg based on the best-
fit dynamical model, and an aperture of 120 deg for the cones.
We identified eight regions, namely the nucleus (including the
BLR), the galactic disc, which in turn has a high density por-
tion around the nucleus at r < 1 kpc, and two lower ne por-
tions further out on the north and south sides (green regions
in Fig. 11). Each ionisation cone is further divided into two
subregions, the inner and the outer cones, whose boundary is
set at r = 1.5 kpc (Fig. 8). The [O III] line at the nucleus (N,
magenta region) is characterised by a very broad, asymmetric
profile with a blueshifted wing exceeding −1000 km s−1 from
the rest frame (v98

4 =−895 ± 5 km s−1, Table 6), this traces the
nuclear ionised wind. The disc inclination of 80 deg allows a line
of sight to the nucleus, whereas the rear part of the nuclear wind
is obscured by the dusty disc. In the east cone, the [O III] profile
is mainly blueshifted, decreasing from v98 ∼ −375 km s−1 (E1)
to v98 ∼ −227 km s−1 (E2). While in the west cone, according
to the [O III] velocity map of Fig. 7, the [O III] profile is mainly
redshifted with v98 = 217± 5 km s−1 (W1, W2). We used Eq. (2)
to derive the mass in the ionised wind. The extinction is assumed
negligible in the outer part of the ionisation cones, where no

4 v98 is defined as the wind velocity enclosing the 98% of the cumula-
tive velocity distribution of the outflowing gas.
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Table 6. Properties of the ionised gas wind derived from [O III] emission.

L[O III] AV ne Mof rof vof Ṁof Ėkin
[1042 erg s−1] [cm−3] [106 M�] [kpc] [km s−1] [M� yr−1] [1040 erg s−1]

(a) (b) (c) (d) (e) (f) (g) (h)

Nucleus (N) 22.9 ± 3 3.89 2325 0.39 ± 0.05 0.3 –895 ± 5 3.6 ± 0.5 91 ± 13
West cone 1 (W1) 6.2 ± 1 1.38 259 10 ± 2 1.5 217 ± 5 4.2 ± 0.7 7 ± 1
West cone 2 (W2) 1.1 ± 0.2 – 54 8 ± 1 6.7 217 ± 5 0.8 ± 0.2 1.3 ± 0.4
East cone 1 (E1) 2.2 ± 0.3 1.49 176 5.0 ± 0.7 1.5 –375 ± 5 3.8 ± 0.5 16.8 ± 3
East cone 2 (E2) 0.5 ± 0.1 – 22 9 ± 2 5.6 –227 ± 5 1.1 ± 0.2 1.8 ± 0.6

Notes. The table reports the main properties of the outflowing ionised gas detected through the [O III] emission line in different regions: N = nuclear
region, W1 (W2) = west cone at r < 1.5 kpc (r > 1.5 kpc), E1 (E2) = east cone at r < 1.5 kpc (r > 1.5 kpc). (a) Extinction-corrected [O III]
luminosity, (b) extinction, assumed negligible in W2 and E2, (c) electron density with a typical uncertainty of 0.6 dex (Baron & Netzer 2019),
(d) wind mass, (e) wind radius, (f) wind velocity defined as v98, (g) outflow rate at radius rof , (h) outflow kinetic power.

dust lane is detected (see left panel of Fig. 8). We calculated the
mass-outflow rate in each region using Eq. (1), where the wind
radius is the outer radius of each region and the wind velocity is
the maximum in absolute value between v02

5 and v98. The wind
velocity derived as described above is a lower limit owing to the
low inclination of the ionisation cones. Table 6 summarizes the
[O III] wind parameters. We derived a total ionised wind mass of
Mof,ion = (3.2± 0.3)× 107 M�, and a total ionised outflow rate of
Ṁof,ion = (13.5 ± 1) M� yr−1. Using Hβ and the same procedure,
we found an ionised gas mass of 6.4 × 107 M�, which is a fac-
tor of two larger than the mass estimated from [O III], and is in
agreement with previous results (Liu et al. 2013a; Harrison et al.
2014; Carniani et al. 2015). This indicates that the wind mass
based on [O III] is a robust lower limit.

The total ionised wind mass is larger than the estimate
reported by Veilleux et al. (2001). This discrepancy is likely due
to the assumption of uniform electron density (100 cm−3) in
Veilleux et al. (2001), and to the fact that these latter authors
did not consider the very fast nuclear wind component. Most
studies assume a constant ne (e.g. Veilleux et al. 2001; Liu et al.
2013b; Husemann et al. 2016; Tozzi et al. 2021), or use the
ratio of [S II] emission lines to derive the electron density (e.g.
Nesvadba et al. 2006, 2008; Mingozzi et al. 2019; Marasco et al.
2020; Kakkad et al. 2022). Typical [S II]-based estimates are
in the range of 200−1000 cm−3, but this method underes-
timates the true densities by one to two orders of magni-
tude (Baron & Netzer 2019; Revalski et al. 2022). Moreover, the
combination of [O III] or Hα line luminosity with [S II]-based
electron density may result in inconsistent gas mass estimates,
because [O III] and Hα emission lines are emitted throughout
most of the ionised cloud, while the [S II] lines are primarily
emitted close to the ionisation front in the cloud. Therefore,
the [O III] and Hα lines trace regions of higher electron den-
sity compared to [S II]. Based on the Baron & Netzer (2019)
prescription, we derived a spatially resolved ne, which spans a
broader density range, 100–104 cm−3 (Fig. 8), compared to that
found by Mingozzi et al. (2019), Kakkad et al. (2022). Based on
these ne and the [O III] kinematics, we derived ionised outflow
rates at three characteristic radii: 300 pc, 1.5 kpc, and ∼6 kpc
(Table 6). At a radius of 300 pc, we find an outflow rate of Ṁof =
3.6 ± 0.5 M� yr−1, which at face value is consistent with the
one derived by Guolo-Pereira et al. (2021) based on Hα. How-
ever, both our estimates of electron density and wind velocity

5 v02 is defined as the wind velocity enclosing 2% of the cumulative
velocity distribution of the outflowing gas, analogous to v98 but on the
blueshifted side of the line profile.

are an order of magnitude and a factor of five larger, respec-
tively, than in Guolo-Pereira et al. (2021), suggesting a faster
and tenuous wind in the nuclear region; this cannot be probed
by Hα due to BLR contamination. If we examine the large-
scale ionised wind through the cones, the [O III] wind velocity
is consistent with that reported by Veilleux et al. (2001) for Hα.
For an electron density of 40 cm−3, the [O III] outflow rate of
3.6 ± 0.5 M� yr−1 (Table 6) is in agreement with that derived by
Veilleux et al. (2001). The ionised wind is certainly AGN-driven,
as demonstrated by multiple authors (e.g. Veilleux et al. 2001;
Friedrich et al. 2010), and is multiphase on kiloparsec scales,
as both the ionised and the cold molecular phases participate in
the wind.

Near the northern cone wall, we detected a region with
high velocity dispersion in CO that shows a wind component
(EDGE1, Fig. 5). At this location, both CO and [O III] trace a
multiphase wind with approximately the same velocity (about
−50 km s−1), and a cold molecular mass of 2.7 × 107 M�, with
[O III] showing a larger σgas than CO. A similar configuration
is found in the southern cone (EDGE2-TAIL), but here the kine-
matics is complicated by a tidal tail connecting to NGC 2993.

Ten cold molecular outflowing clumps are detected below
the disc (in the eastern side) out to projected distances of
∼0.8 kpc (Table 5), and above the disc (western side, Fig. 6).
We did not detect cold molecular gas at projected distances
of greater than ∼1 kpc from the disc. The velocity of the cold
molecular clumps is of the order of tens of km s−1, reaching
a maximum of −200 km s−1 (clump C2). Their Full Width at
Zero Intensity (FWZI) appears very narrow for some clumps
(40 km s−1), while for other clumps FWZI is in the range of
144−288 km s−1, with an average FWZI of 110 km s−1. This sug-
gests that this is disc material that has been entrained in the
ionised wind and lifted up. For this reason, for the cold molecu-
lar wind we adopted the same conversion factor as for the disc,
obtaining a cold molecular wind mass of Mof,mol = 4.3×107 M�;
that is, about twice as massive as the ionised mass on the same
scale (1.5 kpc radius, see Table 6). Should the conversion factor
be lower, as in the case of optically thin outflows (Morganti et al.
2015; Dasyra et al. 2016), αCO = 0.3 M�(K km s−1 pc2)−1. This
would translate into a ten times smaller cold molecular gas mass
in outflow, with Mof,mol = 0.13 × 107 M� in the clumps, and
Mof,mol = 0.21 × 107 M� in EDGE1, with a total cold molecular
gas mass of Mof,mol = 0.34 × 107 M�.

In the inner part of the cones (W1 and E1), the ionised
wind is faster (vof ∼ −220 km s−1 and 375 km s−1) than the
cold molecular wind, which spans a slower velocity range
on these scales (1−1.5 kpc radius, Table 5). Therefore, at
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the kpc scale, the multiphase wind has a fast ionised com-
ponent, and a slower cold molecular component that carries
the bulk of the mass. On larger scales, the wind is only in
the ionised phase. Comparing the results of this work with
the correlation between the mass-outflow rate and the AGN
bolometric found by Fiore et al. (2017), we note that the
ionised and X-ray winds are broadly consistent with the cor-
relations, whereas the cold molecular outflow rate is signifi-
cantly below the best-fit correlation for cold molecular winds.
This result is consistent with other cold molecular outflows in
nearby objects (e.g. Feruglio et al. 2020; Zanchettin et al. 2021;
Ramos Almeida et al. 2022; Lamperti et al. 2022). The correla-
tion found by Fiore et al. (2017) could be biased towards positive
outflow detections and therefore to high values of outflow rate,
because it was derived for a sample of high luminous objects.
This highlights the importance of performing statistical studies
on unbiased AGN samples to derive scaling relations.

By comparing the energetics of the UFO and the nuclear
portion of the [O III] wind, we find that the momentum boost
Ṗof/Ṗrad

6 is of the order 10−2, which is smaller than what is
expected for a radiatively driven momentum-conserving wind.
The [O III] wind that we observe on scales of 300 pc may be
related to a previous UFO episode given the different timescales
implied by the UFO and [O III] wind kinematics.

4.3. Radio bubbles and their interplay with the ISM

The figure-eight-shaped radio feature with limb-brightened
prominent loops has been interpreted as two expanding gas
bubbles. Chapman et al. (2000) suggested that a compact radio
outflow may power the bubbles and produce the nuclear out-
flow seen in the near-IR. The radio outflow is unresolved in
our VLA data and should be confined within 150 pc from the
AGN. The power of the radio outflow would be Pof,radio ≈ 5.8 ×
1043(Pradio/1040)0.70 erg s−1 = 6× 1042 erg s−1 using the power in
the radio bubbles and the empirical relation by Cavagnolo et al.
(2010) derived at 1.4 GHz7. However, this approach has large
uncertainties and may be considered a lower limit to the out-
flow power (Morganti 2021; Mukherjee et al. 2018); neverthe-
less, such an outflow would be able to power the ionised wind
seen on subkiloparsec scales.

The radio bubbles are neither parallel nor perpendicular to
the disc, but probably have an intermediate PA, meaning that
they are misaligned with respect to the ionisation cones seen
in optical lines. For this reason, it is unlikely that the ionised
gas wind on large scales is directly related to the radio bub-
ble and outflow (Veilleux et al. 2001), but is rather associated
with previous AGN episodes. We find that the bubbles are spa-
tially related to interesting ISM features (Fig. 12). The out-
flowing cold molecular clumps are located at the edges of the
southern bubble, and the 1.3 mm continuum emission from cold
dust is detected outside the disc plane and coincident with the
position of the southern bubble at its southern rim. For the
northern bubble, the association with cold dust is less clear.
This spatial overlap suggests that both cold gas and dust have
been uplifted by the bubble. At the rim of the southern bubble,
there is an arch of ionised gas (seen in Hα) with redshifted
velocity (see also Guolo-Pereira et al. 2021) that is spatially
coincident with dust emission. The rightmost panel of Fig. 12
shows that both bubbles overlap with regions where the ionised
6 The wind momentum boost is the ratio between the outflow momen-
tum flux, Ṗof = Ṁof ·v98, and the radiative momentum flux, Ṗrad = Lbol/c.
7 The 5 GHz radio power is consistent with the measurements at 1.4
and 8.4 GHz (Meléndez et al. 2010).

gas has a large line width (W80). These pieces of evidence
indicate that the bubbles interact with the surrounding ISM,
including all gas phases and dust, and are physically related
to the multiphase wind on subkiloparsec scale. As proposed
by Xu & Wang (2022), it is possible that the hot gas probed
by soft X-ray emission at the bubble location is heated by
wind shocks (Zakamska & Greene 2014; Giroletti et al. 2017;
Zubovas & Nayakshin 2014; Nims et al. 2015). In order to ver-
ify whether there is evidence of shocks, we investigated the
forbidden [O I]λ6003 Å line, which is included in the MUSE
data and may be used to trace the shock-heated ISM. High
[O I]/Hα ratios (log[O I]λ6003 Å/Hα>−1.6) are expected where
shocks are present (Monreal-Ibero et al. 2010; Rich et al. 2011,
2014, 2015). Veilleux & Osterbrock (1987) suggest that shock
heating should be considered as an alternative ionisation mech-
anism in low-ionization nuclear emission-line gegions (LIN-
ERs). Monreal-Ibero et al. (2006, 2010) also support the idea
that a relative increase in the velocity dispersion and shift of
the strong emission line ratios in the diagnostic BPT-like dia-
gram towards the LINERs region is indicative of gas excited
by slow shocks. We computed the [O I]/Hα ratio for NGC 2992
(see Appendix C and the right panel of Fig. C.1), finding a
ratio in the range of −1.7< log[O I]λ6003 Å/Hα<−0.8, which
is consistent with values reported for luminous infrared galax-
ies (LIRGs) and ultraluminous infrared galaxies (ULIRGs;
Veilleux & Osterbrock 1987; Monreal-Ibero et al. 2006, 2010;
Rich et al. 2011, 2014, 2015). Inside the radio bubble, we find
log[O I]/Hα∼−1.1, whereas towards the edge of the radio bub-
ble, the value is about log[O I]/Hα∼−1.4. These values are
consistent with shock regions, and, together with the evidence
of increased gas velocity dispersion within the radio bubble
(Fig. 12), support the scenario in which the hot gas in the bub-
ble may be heated by wind shocks. The shocks could be pro-
vided either by the fast [O III] wind (Zakamska & Greene 2014),
which close to the nucleus exceeds −1000 km s−1, or by the
UFO, which has kinetic power in the range of 7 × 1042−1.1 ×
1044 erg s−1, depending on the state of the highly variable AGN
(Marinucci et al. 2018), or both.

4.4. The star-formation law across the disc

We computed the spatially resolved ratio between the cold
molecular and ionised gas mass surface densities, Σgas,mol/Σgas,ion
(Fig. 13). The disc is dominated by a clumpy cold molecular dis-
tribution, while at EDGE1 and EDGE2-TAIL the cold molecu-
lar to ionised mass ratio decreases. From the 6 cm radio emission
detected within the inclined disc, and by applying the radio–far-
IR correlation (Shao et al. 2018), we derived SFR = 0.4 M� yr−1,
where we considered only the radio emission located at the disc,
and excluded the AGN and the radio bubble emission. This SFR
is smaller than the value obtained from far-IR spectral energy
distribution (SED) decomposition (SFR = 3.6 ± 0.3 M� yr−1,
Gruppioni et al. 2016). Assuming that 6 cm emission arises from
the same region where cold dust is detected through the 1.3 mm
continuum (Fig. 1), and scaling from the 1.3 mm flux, we obtain
SFR = 1.13 M� yr−1, which is still a factor of three smaller than
the Gruppioni et al. (2016) value. These discrepancies could be
related to the sensitivity limit of the 6 cm observations, which
probe a smaller region of the disc compared to both far-IR
Herschel (Gruppioni et al. 2016) and ALMA observations. Based
on the 6 cm radio continuum and the CO(2−1) emission, we
derived ΣSFR = 0.4 and 0.5 M� yr−1 kpc−2 and ΣH2 = 168 and
175 M� pc−2 (corrected for the disc inclination, i = 80 deg) for the
two sides of the disc, respectively, and we used them to study the
spatially resolved cold molecular star-formation law on scales of
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Fig. 12. Interplay of the radio bubbles with the multiphase ISM. From left to right: CO(2−1) mean intensity map (same as Fig. 2, bottom-left
panel), ALMA 1.3 mm continuum (same as Fig. 1, right panel), Hα moment 1 map (same as Fig. 7, top-central panel), and [O III] W80 map (same
as Fig. 10, right panel). Black contours are from the EVLA radio continuum map at 6 cm (Fig. 1, left panel), drawn at (1, 5, 10)σ.

Fig. 13. Star formation across the disc of NGC 2992. Upper panel: map
of the cold molecular to ionised ([O III]) gas surface densities ratio.
The CO map has been degraded to the same angular resolution of the
[O III] map. Black contours are from the residual velocity dispersion
map (right panel Fig. 4) and are drawn at (5, 10, 20, 40) km s−1. Bottom
panel: spatially resolved star-formation law on scales of ∼200 pc. Purple
symbols are the two sides of the disc where radio continuum is detected
(this work). Black symbols are data derived for local AGN host galaxies,
along with their best-fit relation (dashed line) and dispersion (shaded
area) from Casasola et al. (2015).

200 pc. Figure 13 shows the star-formation law on scales of 200 pc
for NGC 2992 and a compilation of local AGN host galaxies from
Casasola et al. (2015). We find that NGC 2992 is consistent with
the correlation found for local AGN hosts.

4.5. The cold dust

ALMA continuum data show a dust reservoir co-spatial with
the galaxy cold molecular disc in a region that is 1.8 kpc2 wide.
Mid-IR extended emission at 11.2 µm, which is likely produced
by dust heated by star formation, was detected on approxi-
mately the same scales (García-Bernete et al. 2015). Assuming
a grey body model with a dust temperature of Tdust = 30 K
and β = 1.5 (e.g. Skibba et al. 2011), we derived a cold dust
mass of Mdust = (4.04 ± 0.03) × 106 M�, which is consis-
tent with the value obtained from Herschel unresolved data
(García-Bernete et al. 2015). We therefore derived a gas-to-
dust ratio of GDR∼ 80 across this region, which is broadly
consistent with the value for the Milky Way (Bohlin et al.
1978) and with those for nearby galaxies with similar metallic-
ity (Rémy-Ruyer et al. 2014; Galliano et al. 2018; De Vis et al.
2017, 2019). We argue that this dust reservoir is responsible
for the extended Fe Kα emission seen on 200 pc scales around
the nucleus in hard X-rays and interpreted as reflection by cold
dust by Xu & Wang (2022). This seems a common feature of
Compton-thick AGN (e.g. Feruglio et al. 2020), and can also be
probed in Compton-thin AGN if they are in a low state, as is
the case for NGC 2992 (Xu & Wang 2022). Malizia et al. (2020)
argued that NGC 2992 is an example of a Seyfert 1 disguised
as a Seyfert 2 because of galactic obscuration from material
located in the host galaxy on scales of hundreds of parsecs and
not aligned with the putative absorbing torus of the AGN, which
contributes significantly to the AGN obscuration.

Based on our M(H2), we estimated a line-of-sight H2 column
density of N(H2) ≈ 1.14 × 1022 cm−2 towards the dusty disc,
which is broadly consistent with the NH derived in optical and X-
rays (Yaqoob et al. 2007; Malizia et al. 2012), and in the range
reported by Malizia et al. (2020) for misclassified type 1 AGN.
In NGC 2992, the modest absorption is likely related to the dust
on the host galaxy rather than to the dusty torus. This is in good
agreement with the small torus radius of about 1.4 pc derived for
NGC 2992 by García-Bernete et al. (2015), which is typical of
Seyfert 1 galaxies.

5. Conclusions

We present an analysis of the multiphase gas in the disc and
wind of NGC 2992 based on ALMA, VLA, and VLT/MUSE
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data. We find that CO(2−1) and Hα emission lines trace an
inclined (i = 80 deg) multiphase disc with radii of 1.5 and
1.8 kpc, respectively. The rotation curves of the cold molecular
and ionised phases are consistent with vrot,mol = 260 ± 10 km s−1

and vrot,ion = 216 ± 35 km s−1, and therefore the cold molecu-
lar and ionised discs are co-spatial and trace the same kinemat-
ics. The velocity dispersion of the cold molecular phase, σgas, is
consistent with that of star forming galaxies at the same redshift
(Übler et al. 2019), with the exception of some peculiar regions
where the wind interacts with the host galaxy disc.

We find a fast, clumpy ionised wind traced by [O III] within
a biconical configuration with a wide opening angle, extend-
ing from the nucleus out to 7 kpc with a velocity exceeding
1000 km s−1 in the central 600 pc region. Within the inner 600 pc
region, and in the region between the ionised cone walls and the
disc, the velocity dispersion σgas is increased by a factor of 3−4
for both the cold molecular and the warm ionised phase with
respect to that found in star forming galaxies, suggesting that a
disc–wind interaction locally boosts the gas turbulence. In the
ionisation cones on large scales, the wind velocity is of the order
of 200 km s−1, which is in agreement with previous findings
(Veilleux et al. 2001; Friedrich et al. 2010), but a large range of
wind velocities is detected over different positions within the
cones, owing to line-of-sight effects. The electron density in the
cones, ne, spans a range of 100–104 cm−3, and implies a total
ionised wind mass of Mof,ion = 3.2 × 107 M�, and a total ionised
outflow rate of Ṁof,ion = 13.5 ± 1 M� yr−1.

On kiloparsec scales, we also detected a slower, clumpy cold
molecular wind with a velocity v98 of up to 200 km s−1, which
carries a mass of Mof,mol = 4.3 × 107 M�, which is about twice
the ionised wind mass on the same physical scales. On scales
above few kiloparsecs, the wind is detected in only the ionised
phase across the ionisation cones.

In the central kiloparsec, the multiphase wind is associated
with the radio bubbles, as the cold molecular outflowing clumps
and turbulent outflowing ionised gas are detected across the radio
bubbles and at their limbs. As proposed by Xu & Wang (2022),
it is possible that the hot gas probed by soft X-ray emission fill-
ing the radio bubbles in NGC 2992 is heated by wind shocks,
which could be produced either by the fast [O III] wind or by the
UFO, or both (Zakamska & Greene 2014). The [O I]/Hα ratio
and the gas velocity dispersion support the presence of shocks
in and around the radio bubbles. The overall picture suggests
a shocked wind heating the gas on scales up to 700 pc from
the AGN, which in turn emits the soft X-rays forming the hot
bubble. The ionised wind entrains the cold molecular gas and
dust from the disc and lifts it up to a distance of ∼1 kpc. A
compact radio outflow extending over <150 pc, which is unre-
solved in current data, could also be the origin of the radio bub-
bles and of the multiphase wind. Higher-resolution VLA data
could shed light on the presence of a nuclear radio jet and its
power.

We detected a cold dust reservoir co-spatial with the cold
molecular disc, with a dust mass of Mdust = (4.04 ± 0.03) ×
106 M� and a gas-to-dust ratio ≈80. We propose that this dust
reservoir is responsible for the extended Fe Kα emission seen on
200 pc scales around the nucleus in hard X-rays and interpreted
as reflection by cold dust.
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Appendix A: CO emission over a different range of
spatial frequencies
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Fig. A.1. CO(2-1) emission line spectrum extracted from the ALMA
data-cubes selecting the region above a 3σ threshold.

Using the immoments task of CASA (McMullin et al. 2007) and
applying a 3σ threshold, we derived the first three moment maps
of the extended and compact CO(2-1) emission of the ALMA
dataset with project ID 2017.1.01439.S. To recover the emis-
sion on compact scales, we selected the baselines with uvrange
above 100m; to recover the emission on extended scales we
imaged the visibilities with uvrange below 100m. To remove
the compact scales contribution, we used the immath CASA task
to subtract to the resulting image the image of the emission on
compact scales. The resulting maps are reported in Figure A.2.
The high resolution data and the data-cube with uvrange>100m
trace the CO emission on comparable spatial scales and we find
comparable cold molecular gas masses. On the other hand, the
data-cube with uvrange<100m is sensible to the bulk of the CO
emission, mainly diffuse on extended spatial scales.
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Fig. A.2. ALMA moment maps. ALMA first three moment maps obtained from the 2017.1.01439.S data-set selecting the baselines in order to
separate the CO(2-1) emission over extended (top panels) and compact angular scales (bottom panels). From left to right: Integrated flux (moment-
0), mean velocity (moment-1), and velocity dispersion (moment-2). The grey ellipses in lower-left corner show the synthesised beam size (i.e. the
angular resolution): 2.18× 2.03 arcsec2 at PA = -82 deg and 0.52× 0.45 arcsec2 at PA = 81 deg (top and bottom panels respectively).
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Appendix B: Ionisation parameter
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Fig. B.1. Map of the ionisation parameter obtained by applying the
Voronoi tessellation.

We used the [O III]/Hβ and [N II]/Hα peak line ratios to com-
pute the ionisation parameter by adopting the Voronoi tessel-
lation and the analytical expression by Baron & Netzer (2019)
reported below:

log U = a1 + a2 log
( [O III]

Hβ

)
+ a3 log

( [O III]
Hβ

)2
+

a4 log
( [N II]

Hα

)
+ a5 log

( [N II]
Hα

)2
,

where a1 = −3.766, a2 = 0.191, a3 = 0.778, a4 = −0.251,
and a5 = 0 − 342. This expression is only valid for ion-
isation parameters in the range log U = −2 to log U =
−3.8 with a typical uncertainty of 0.11 dex (Baron & Netzer
2019). The resulting map is reported in Figure B.1. Higher
values of the ionisation parameter are found at the nucleus

and in the cones, where U decreases with increasing distance
from the AGN. U is on average low within the host galaxy
disc.

Appendix C: The [O I]λ6003 Å/Hα ratio

By applying the procedure described in Section 3.4, we pro-
duced the continuum-subtracted [O I]λ6003 Å emission line
data-cube. We used the Cube2Im task to derive the surface
brightness map of the [O I] emission line by applying a signal-
to-noise ratio threshold of 3. We used the surface brightness
Hα maps to derive the [O I]λ6003 Å/Hα ratio map reported in
Figure C.1.
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Fig. C.1. Map of the [O I]λ6003 Å/Hα ratio in log scale. Black con-
tours are from EVLA radio continuum map at 6cm (Figure 1 left panel),
drawn at (1, 5, 10)σ.

A88, page 19 of 19


	Introduction
	Observations and data reduction
	VLA observations
	ALMA observations
	VLT/MUSE observations

	Results
	Radio continuum emission
	Cold molecular disc
	Cold molecular wind
	Ionised gas distribution
	Ionised gas disc
	Ionised gas densities and masses
	Ionised wind

	Discussion
	The multiphase disc
	The multiphase wind
	Radio bubbles and their interplay with the ISM
	The star-formation law across the disc
	The cold dust

	Conclusions
	References
	CO emission over a different range of spatial frequencies
	Ionisation parameter
	The [OI]6003Å/H ratio

