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A B S T R A C T 

We present ALMA CO (2-1) observations of the Seyfert 2 galaxy NGC 3281 at ∼100 pc spatial resolution. This galaxy was 
pre viously kno wn to present a bi-conical ionized gas outflow extending to 2 kpc from the nucleus. The analysis of the CO moment 
and channel maps, as well as kinematic modelling, reveals two main components in the molecular gas: one rotating in the galaxy 

plane and another outflowing and extending up to ∼1.8–2.6 kpc from the nucleus, partially encasing the ionized component. 
The mass of the outflowing molecular gas component is M mol, out = (2.5 ± 1.6) × 10 

6 M � , representing ∼1.7–2 per cent of 
the total molecular gas seen in emission within the inner 2.3 kpc. The corresponding mass outflow rate and power are Ṁ out , mol 

= 0.12–0.72 M � yr −1 and Ė out , mol = (0.045–1.6) × 10 

40 erg s −1 , which translates to a kinetic coupling efficiency with the AGN 

power of only 10 

−4 –0.02 per cent. This value reaches up to 0.1 per cent when including both the feedback in the ionized and 

molecular gas, as well as considering that only part of the energy couples kinetically with the gas. Some of the non-rotating CO 

emission can also be attributed to inflow in the galaxy plane towards the nucleus. The similarity of the CO outflow – encasing 

the ionized gas one and the X-ray emission – to those seen in other sources, suggests that this may be a common property of 
galactic outflows. 

Key words: molecular data – galaxies: active – ISM: jets and outflows – galaxies: individual (NGC 3281) – galaxies: Seyfert. 
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 I N T RO D U C T I O N  

he energy released by active galactic nuclei (AGNs), as a con- 
equence of accretion of matter to a nuclear supermassive black 
ole (SMBH), couples at different degrees with the interstellar and 
ntergalactic mediums. This feedback process has been claimed to 
lay an important role in the evolution of the galaxies (e.g. Fabian
012 ; Silk & Mamon 2012 ) by decreasing the galaxy star formation
ate (SFR; ne gativ e feedback; e.g. Cano-D ́ıaz et al. 2012 ; Cicone
t al. 2014 ) or even raising it (positive feedback; e.g. Maiolino et al.
017 ; Gallagher et al. 2019 ). 
None the less, direct evidence of an impact at large scales –

eaching beyond the galaxy limits – has been mostly observed in 
assive elliptical galaxies, impacting their surrounding hot haloes, 

ia mechanical energy released by a nuclear radio jet preventing 
r slowing the halo cooling rate (e.g. Cavagnolo et al. 2010 ;
abian 2012 ). The related feedback mechanism has been referred 

o as radio/jet/mechanical mode and is characterized by a low-mass 
ccretion rate to the SMBH, with Eddington ratio λEdd � 1 per cent
Heckman & Best 2014 ). 
 E-mail: bruno.ddeo@gmail.com 
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AGN feedback may also be dominated by another mechanism 

the radiative/quasar-mode feedback – in which the energy is 
rimarily released through radiation and winds from the accretion 
isc (Morganti 2017 ), and the mass accretion to the SMBH occurs at a
igh rate, with λEdd � 1 per cent (Heckman & Best 2014 ). Ho we ver,
he radiative-mode feedback has sparse evidences of an impact at 
arge – galactic to extragalactic scales (Fabian 2012 ). 

The energy released by the AGN can interact with the gas at
ifferent phases (Harrison et al. 2018 ), with the ionized phase
eing the most studied. Ho we ver, in pre vious observ ations of
utflows of ionized gas, the fraction of the AGN bolometric lu-
inosity ( L AGN ) that couples kinematically with the ionized gas

s usually not large enough to affect the evolution of the galaxies
e.g. Husemann et al. 2016 ; Spence et al. 2018 ; Dall’Agnol de
liveira et al. 2021 ), with typical v alues belo w 0.5–5 per cent, the
inimum required by some models (e.g. Di Matteo, Springel & 

ernquist 2005 ; Hopkins & Elvis 2010 ; Zubovas 2018 ) and used
n the feedback recipes of cosmological simulations (e.g. Schaye 
t al. 2015 ; Nelson et al. 2019 ). But one might be cautious when
omparing observations with models/simulations (Harrison et al. 
018 ), since the percent of the total outflow energy that is kinetic
an be little as ∼20–30 per cent (Richings & Faucher-Gigu ̀ere 
018 ). 

http://orcid.org/0000-0001-8919-3993
http://orcid.org/0000-0002-9482-6844
http://orcid.org/0000-0003-0483-3723
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It is also important to consider the energy feedback other gas
hases, such as the neutral atomic, the molecular and the highly
onized gas (Cicone et al. 2018 ). Of great importance is the molecular
as phase, specially at low temperatures ( T < 100 K). Alongside with
he neutral atomic gas phase, the cold molecular gas is the fuel to
orm new stars (Veilleux et al. 2020 ; Saintonge & Catinella 2022 ).
ny large impact on these gas phases will therefore affect the growth
f the host galaxies. 
One way to look for a direct global impact of AGN feedback

 v er the cold molecular gas is to compare its content on AGN host
alaxies relative to control galaxy samples. Signs of gas depletion in
GN hosts may indicate that this component has been destroyed or

emo v ed from the galaxy disc. Measurements of the fraction ( f H 2 )
f molecular gas mass ( M mol ) relative to the total stellar mass ( M ∗),
easured for the host galaxies of local AGNs, shows similar values

f f H 2 in comparison with control samples (e.g. Rosario et al. 2018 ;
arvis et al. 2020 ; Salvestrini et al. 2022 ), although there are sparse
vidence of depletion in high-z objects (e.g. Bischetti et al. 2019 ;
ircosta et al. 2021 ). Equi v alent results are found for the specific
FR sSFR = SFR / M ∗ in AGN, for which it is observed a null or
ositive trend between the SFR and L AGN (e.g. Ji et al. 2022 ; Kim
t al. 2022 ), which may be interpreted as the AGN not affecting
he efficiency at which new stars are born. None the less, Ward
t al. ( 2022 ) did not find a relative decrease in the f H 2 and sSFR
f AGN in cosmological simulations, even though the inclusion of
GN feedback recipes are required to reproduce some observables

uch as the stellar mass function of galaxies (Naab & Ostriker 2017 ).
Since a global view of the molecular content shows ambiguous

esults, high spatial resolution observations may shed some light on
he effect of the AGN feedback on the cold molecular gas, specially
f compared with other gas phases such as the ionized one. For
uch, we can study local AGNs, since they can be observed with
igh-signal-to-noise ratio at such spatial resolutions, using radio
nterferometers in (sub)milimetre wavelengths such as the Atacama
arge Millimetre/submillimetre Array. 
In this work, we analyse the molecular gas content of the local

eyfert 2 spiral galaxy NGC 3281 1 , with bulge-to-total luminosity
atio of B/T ∼ 0.1 (Gao et al. 2019 ). It has a Compton-thick nucleus
ith a column density of ∼2 × 10 24 cm 

−2 (Vignali & Comastri 2002 ;
ales et al. 2011 ), being part of the Swift Burst Alert Telescope
atalog (Oh et al. 2018 ), and has been classified as a hidden/buried
ource (Winter et al. 2009 ). From the observed [O III ] luminosity
 [ O i i i ] = 10 40.74 erg s −1 (Schmitt et al. 2003 ), we obtain a bolometric

uminosity of L Bol = 10 44.3 ± 0.4 erg s −1 using the relations of Heck-
an et al. ( 2004 ). This value is compatible with the value from
asude v an et al. ( 2010 , for the high N H case) and Stone et al. ( 2016 ),
ut lower than 10 45.28 erg s −1 from Sales et al. ( 2011 ). Vasude v an et al.
 2010 ) also provide an estimate for SMBH mass of M BH ∼ 10 7.2 M �
rom the K-band bulge magnitude. The literature present a wide range
f values for the total stellar mass of NGC 3281, with values ranging
etween 10 8.6 M � (Winter et al. 2009 , as derived from the 2MASS
-band magnitude) and 10 10.24 M � (Koss et al. 2011 , from stellar
opulation fit to the ugriz photometry), with a value of 10 9.6 M �
rom Hess et al. ( 2015 , as derived from its WISE colours). 

We observed the CO (2-1) line – which is a tracer for the
old H 2 (Bolatto, Wolfire & Leroy 2013a ) – in NGC 3283, using
nterferometry data from ALMA with a spatial resolution of ∼0.5
rcsec ∼ 100 pc. In Section 2 , we describe the observations, along-
NRAS 522, 3753–3765 (2023) 

 See also https:// dc.zah.uni-heidelberg.de/sasmirala/q/prod/ qp/NGC%20328 
 for a comprehensive summary (Asmus et al. 2014 ) 
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2

l

ide with ancillary data from other instruments. In Section 3 , the
ethodology and results are presented, including the identification

f molecular outflows and inflows of the CO line. In Section 4 , we
iscuss the scenario of NGC 3281, comparing it with previous works.
n this section, we also obtain the molecular mass outflow and its
nergetics. And finally, in Section 5 , we summarize the conclusions.
hroughout the paper, we use an angular scale of 0.23 kpc arcsec −1 

orresponding to a luminosity distance D L of 48.54 Mpc, obtained
or a H 0 = 70 km s −1 , �M 

= 0.27, and �� 

= 0 . 7 cosmology, using
 redshift of z = 0.01124 (see Section 3.2.1 ). Unless otherwise
pecified, all velocities are in the Kinematic Local Standard of Rest
LSRK) and use a radio velocity definition. 

 OBSERVATI ONS  

.1 ALMA data 

GC 3281 was observed with ALMA on 2019 April 17 in Cycle 6
ID: 2018.1.00211.S, PI: Ramakrishnan, V.). Four spectral windows
SPW) were used, centred on the observed frequencies 228.084,
29.938, 215.389, and 217.070 GHz. The first one contains the
esired emission line of CO (2-1) (230.538 GHz rest frequency),
aving 480 channels in a 1.875 GHz bandwidth, and a spectral
esolution (channel width) of � v = 5.14 km s −1 . The other three
PWs contain 128 channels with 2 GHz bandwidth and were used to
etect the 217–233 GHz rest frequency continuum and remo v e the
nderlying continuum emission from the emission line. 
We used the default Alma Pipeline Reduction, which resulted

n a continuum-subtracted cube, that has a synthesized beam with
ull width at half-maximum of FWHM = 0.57 × 0.46 arcsec 2 and
osition Angle of PA = −64.4 ◦, and a pixel width (spatial dimension)
f CDELT = 0.09 arcsce. The de-convolution and imaging used
riggs weighting with a robust parameter of 0.5. The RMS at the
entre of the field is 0.79 mJy BEAM 

−1 o v er the channel width. This
s the value prior to primary beam response correction. Throughout
he paper, we used a rms 2D map, obtained by dividing the rms
D value by the primary beam response image. This gives a more
ducial rms threshold value, being 1.5 times higher than the central
alue at 10 arcsec from the nucleus, and five times at the end border
f the field. 

.2 Ancillary data 

n Fig. 1 , we show the BVI colour-composite image of the galaxy
rom Ho et al. ( 2011 ) 2 , obtained with the du Pont telescope, which
eveals that the galaxy has its plane inclined by ∼ 69 ◦ relative to
he plane of the sky and is warped in the outer regions, with a
ine of nodes at PA ∼ 138 ◦ (Rubin et al. 1985 ; Storchi-Bergmann,

ilson & Baldwin 1992 ; Ho et al. 2011 ). The insert shows an
ptical continuum image obtained with the Hubble Space Telescope
hereafter HST ) through the filter F606W, with darker regions tracing
ust in the galaxy. The contours show the region where a narrow-
and [O III ] λ5007 image (in red), as well as a soft X-Rays 0.3–
 keV one (in blue, at (10 −3 , 10 −2.4 , and 10 −1.8 ) counts spaxel −1 ),
eveal a bipolar structure, to the North and South of the nucleus,
ttributed to an AGN-dri ven outflo w (Storchi-Bergmann et al. 1992 ).
s concluded by these authors, the NE is the far side of the galaxy

nd the SW is its near side, and thus, while the outflow to the North
 https:// cgs.obs.carnegiescience.edu/ CGS/ object html pages/NGC3281.htm 

 (Ho et al. 2011 ) 

https://dc.zah.uni-heidelberg.de/sasmirala/q/prod/qp/NGC%203281
https://cgs.obs.carnegiescience.edu/CGS/object_html_pages/NGC3281.html


Cold molecular gas in NGC 3281 3755 

Figure 1. Global view of NGC 3281. The colour-composite image (from 

the du Pont telescope) shows the presence of spirals and dust. The zoomed- 
in region (delineated by the dotted box) shows the HST continuum image 
obtained through the F606W filter and includes the contours of the ( HST ) 
[O III ] narrow-band image (red), the Chandra’s soft X-Rays 0.3–3 keV image 
(blue; Ma et al. 2020 ), the ATCA radio 8.6 GHz image (yellow; Morganti 
et al. 1999 ), and the M 0 from CO (2-1; green, also shown in Fig. 2 ). The 
cross marks the position of the nucleus, defined as the peak of the 230 GHz 
continuum. The outer regions of the large-scale image shows that the stellar 
disc is warped at larger scales. 
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s projected against the far side of the galaxy, the southern part of
he outflow is partially hidden by the near side of the galaxy plane.
he yellow contours purple (at 5 and 20 × σRMS = 0 . 2 mJy beam 

−1 ) show 

hat this galaxy has a somewhat compact radio emission at ∼1 arcsec
patial resolution (Morganti et al. 1999 ), showing a second blob 
f 3.5 cm (8.6 GHz) emission at ∼8 arcsec approximately to the
outh of the nucleus, at a Position Angle of ∼170 ◦, with a signal-

o-noise ratio of ∼9. Therefore, we cannot discard the presence of
 radio jet, which has been claimed to have important role in the
eedback even in radio-quiet objects in quasar-mode (Jarvis et al. 
019 ). 
Fig. 1 also includes the flux distribution (moment M 0 ) of the CO (2-

) in emission as green contours (see Section 3.1 ) in order to show
he location of the region corresponding to the CO emission – that 
s the main focus of the discussion in the next sections and figures –
elative to the host galaxy. 

Both HST images were retrieved from the Mikulski Archive for 
pace Telescopes. The F606W continuum image proposal ID is 8598 
nd the galaxy was observed on 1995 April 01, while the proposal ID
or which the [O III ] image was obtained is 5479 and the observations
onducted on 2001 March 03 (Schmitt et al. 2003 ). The [O III ] image
as continuum-subtracted using an image observed as part of the 
ame proposal. Both images have been cleaned from an excess of
osmic rays. 

The soft X-ray data (events) was collected from the Chandra Data
rchive and corresponds to observations made on 2019 January 
4 with ObsID 21 419 (Ma et al. 2020 ). We performed the same
eduction steps described by the authors to generate an adaptively 
moothed image o v er the 0.3–3 keV spectral range. 

The 8.6 GHz radio data were observed with the Australia Tele-
cope Compact Array ( ATCA ) on 1995 July 19 (project code C405),
nd the reduction process are described in Morganti et al. ( 1999 ). 

 M E T H O D O L O G Y  A N D  RESULTS  

e have analysed the ALMA data using measurements of the 
oments and fitting a 3D model to the CO (2-1) emission line profiles
ith the 3D BAROLO package (Di Teodoro & Fraternali 2015 ). We

urther analysed the data using channel maps of the CO (2-1) . 

.1 Moments 

n order to provide a global view of the distribution and kinematics
f the cold molecular gas in NGC 3281, we have obtained moment
aps M 0 , M 1 , and M 2 of CO, as described in Appendix A . 
The CO moment maps of NGC 3281 are shown in the second row

f Fig. 2 , following the layout of a previous similar study of our
roup (Ramakrishnan et al. 2019 ). Only channels with flux densities
bo v e 3 σ RMS were used. We performed the moments calculations in
 cube re-binned by collapsing four channels into one (from channels
ith � v = 5.14 km s −1 to channels with � v = 20.55 km s −1 , in radio
nits at rest), which reduced the noise without affecting the resulting
oments values. We note that M 2 values below ∼20 km s −1 are quite

ncertain, since they originate mostly from spectra profiles, for which 
he moments were calculated using less than 5 spectral pixels (given
he 3 σ RMS threshold). Using the original non-binned cube impro v ed
he results in only few spectra, since these are the ones with lower
ignal-to-noise ratio values. M 0 and M 1 are less affected by this
roblem. 
The upper-right panel of Fig. 2 shows the integrated spectrum 

n red (using only non-masked regions, see right-hand panel in Fig.
1 ), both for the cube with the original channel width (lighter colour)
nd the re-binned one (darker). In this case, we integrated spectra
rom the spaxels that were not emission dominated: the spaxels not
asked in the CO moments maps. Only spaxels inside a 13 arcsec

adius were considered in order to a v oid spectra with lower signal to
oise from the outer regions. 
In the upper-left panel of Fig. 2 , we added the M 0 green contours

 v er the HST optical continuum image, alongside with the HST [O III ]
mage red contours. The diagonal dashed black line marks the galaxy

ajor axis (see Section 3.2.1 ), where we identified the far/near sides
n the upper-left panel. As expected, there is more dust blocking the
tellar continuum in the near side (black lanes, see also Fig. 1 ). We can
lso see that the flux distribution of the molecular gas in emission
green contours) is well correlated with the dust lanes, which is
xpected since the two are usually seen together in galaxies (e.g.
lves, Lada & Lada 1999 ), with the dust even been used as a tracer
f molecular gas column density (Bolatto et al. 2013a ). The dust
lso helps to protect the molecules from dissociation caused by the
adiation field. In contrast, the ionized gas – as traced by the [O III ] –
s not correlated with CO and shows a bipolar cone-like structure not
n the disc, but at an angle to it (also noted in Storchi-Bergmann et al.
992 ). It is more visible to the North/North-East direction (abo v e the
alaxy disc), as its southern counterpart is partially hidden by the
MNRAS 522, 3753–3765 (2023) 
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M

Figure 2. Optical images and CO measurements of NGC 3281. Upper left: HST optical F606W continuum image with superposed contours of [O III ] (red) and 
CO (2-1) (green). This panel is a zoom-in of the remaining maps of this figure, as indicated by the grey dotted boxes. Upper centre: sub-millimetre continuum 

image. Upper right: CO-integrated spectra, obtained from spaxels used to obtain the moments of the CO in emission. The light colours correspond to a spectral 
resolution of � v = 5.14 km s −1 , with the darker referring to the � v = 20.55, km s −1 re-sampled cube. Lower left, centre, and right: the three moments of the CO 

in emission. The bottom-left panel shows the synthesized beam (grey ellipse in the bottom-right corner) and near/far sides of the galaxy disc plane. 
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ear-side of the disc, as previously mentioned. The bipolar structure
s also seen in soft-X-ray (Ma et al. 2020 ) also with the emission
tronger at the far side (abo v e the disc). 

.1.1 Sub-milimetre continuum and possible companions 

he middle-upper panel of Fig. 2 corresponds to the continuum
etween 217 and 233 GHz rest frequency, generated from the chan-
els used to subtract the continuum from the data cube. We see a
uclear emission ( ∼0.9 arcsec radius) with a very weak linear – or
S’ shape – emission ( ∼3 arcsec maximum radius extent), which
ollows the CO emission. There is also a second blob of emission
 ∼7 arcsec to the East, with a ∼0.7 arcsec radius). We do not find
ny counterpart in other wavelengths for this localized emission, and
herefore, we cannot distinguish if the origin comes from an object
lose to NGC 3281, or far away from it along the line of sight. In the
rst case, it could be an object (e.g. a dwarf galaxy) that has recently
assed close to the nuclear region. In this case, it could be related to
he current event of nuclear accretion of gas, which may have ‘turned
n’ the AGN. 
We also note that, there is – at [ �α, �δ) ∼ (60 arcsec, −35 arcsec)]

n Fig. 1 – a faint blob of emission in the optical, with ∼1.7 arcsec
adius, coming from another object that could also be related to the
GN activity. If this is the case, the apparent dust trail that seems to
onnect the object with the nucleus – extending from the nucleus to
NRAS 522, 3753–3765 (2023) 
he South-East, could be a trace of this interaction. In fact, NGC 3281
as been identified as part of the nearby Antlia cluster (e.g. Hess et al.
015 ), with a projected distance ∼0.6 ◦ ∼ 0.5 Mpc from the cluster’s
entre (which we assumed to be in NGC 3268). Since NGC 3281
s in a somewhat denser environment, this may increase the chance
f minor merger events, which could be the origin of the blob of
mission in the optical. 

Hess et al. ( 2015 ) also reports a H I detection without an opti-
al counterpart, ∼0.1 ◦ ∼ 85 kpc to the East of NGC 3281, which
ay be debris from a previous galaxy interaction. Supporting this

ypothesis, from the ∼200 sources with similar characteristics
H I emission without previous optical counterpart – Haynes

t al. ( 2011 ) found that 3/4 are probably associated with tidal
ebris. 
Ho we ver, none of the above hypotheses can be verified with our

urrent data. 

.2 Kinematics 

.2.1 Tilted-rings model 

e model the global kinematics of the CO (2-1) using the software
D BAROLO (Di Teodoro & Fraternali 2015 ). In this model’s approach,
ilted-ring models are fitted o v er the entire data cube in the spectral
e gion co v ered by the selected emission line, different from the
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Figure 3. Fitting results of NGC 3281 kinematics using 3D BAROLO . The first, second, and third columns show the three moments of the data (first row), the 3D 

model (second row), and the corresponding residuals (last row). 
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raditional 2D methods, that fit a disc model o v er a previously
enerated velocity field map (e.g. M 1 ). 
With 3D models, it is possible to generate other moment maps 

besides the velocity map M 1 ). In Fig. 3 (based on one of the
D BAROLO output figures), the three columns show, from left to 
ottom, the M 0 , M 1 , and M 2 maps of the original data cube (first
ow), the model (middle), and the residuals (last row). Fig. C1 shows
he result of the fit of a 2D tilted-rings to the M 1 map (from Begeman
987 ), modelled using the same software. 
Initial parameters used in the modelling include the central 

osition (taken from the sub-millimetre continuum), inclination i = 

9 ◦, and major axis position angle PA = 140 ◦ (the code is sensitive to
hese last two-parameter guesses). We adopt the following quantities 
s free parameters: rotational v elocity, v elocity dispersion, i , and PA
the last two being allowed to vary by ±5 ◦ along the radius). 

We first ran the 3D fit leaving the systemic velocity as a free param-
ter, which resulted in the best-fitting value of v sys ∼3332 km s −1 , in
he LSRK referential frame and for a relativistic velocity definition. 
sing the corresponding redshift ( z = 0.01124), we set the data

ube to the rest frame and re-fitted the data, using now a fixed
 sys = 0 km s −1 , and keeping the same initial PA and i values, cited
bo v e. 

From the final best fit, we obtained a mean i and PA values of
39 ◦ and 73 ◦ (dashed black line in Fig. 2 and in the following ones),
espectively. We note that by varying the initial values of i and PA
y ±10 ◦, fitting results with similar residuals are obtained, which 
o not affect our following analysis/conclusions below. With initial 
arameters outside this range, the residuals increase significantly. 
i
Fig. 3 shows that the M 1 – and respective residuals – calculated 
rom the 3D model (second row) and the one fitted in the 2D model
last row) are quite similar. This is expected, since, for high-resolution
ata (as is our case), 2D models return reliable fits to the line-of-
ight field kinematics (Di Teodoro & Fraternali 2015 ). Given this
qui v alence, we use only the 3D model in this paper. 

The M 1 map shows small residuals along the major axis (within
 projected width of ∼1.8 arcsec ∼ 400 pc), but higher values
erpendicular to it (up to ∼ 100 km s −1 ), in the direction of the
O III ] emission (red contours in Fig. 3 ). The M 2 and M 0 maps
lso show high discrepancies. Noticeably, M 2 shows positive high- 
esiduals along a strip (redder values in the residual map), which
tarts parallel to the major axis, but deviates to the North in the
ar side, and to the South in the near side. This ‘line’ separates the
egion where the bulk of molecular gas follows a more ordered
otational motion (along the major axis), and the perpendicular 
egion containing the remaining molecular gas emission. There is 
lso a significant deviation in the M 0 residuals close to the nuclear
egion. 

.2.2 CO emission-line profiles 

n Fig. 4 , we show a grid of CO (2-1) emission-line profiles o v er-
lotted on the first moment map to identify its location o v er the
olecular gas distribution. Each spectrum corresponds to the sum 

f all spectra – that were not masked – inside cells with size equals
o one mean FWHM. There is a clear complexity in the profiles,
ncluding multiple components. 
MNRAS 522, 3753–3765 (2023) 
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M

Figure 4. Grid of spectra from the NGC 3281 ALMA data cube, o v erploted o v er the M 0 . Only spax els with emission-dominated spectra were considered. The 
grid has cells with width/length equal to the mean value of the beam FWHM (grey ellipse in the bottom right). Each spectrum corresponds to the sum of all 
spectra inside each cell. The outer contour of [O III ] emission is shown in red. 
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F or e xample, the strip with high M 2 residuals (reddest values in
he lower right panel of Fig 3 ) is located in a region with double-
eaked profiles. In Appendix A (Fig. A1 ), we show that double-
eaked profiles can present the same moments as single-peak ones,
hich reveals that there is a degeneracy in the moments values

or different line profiles. Therefore, it is important to also look
t the distribution of emission-line profiles o v er the observed field.
omparing the profiles distribution with the moment maps, we note

hat – along the major axis – there is a component that dominates
he emission and is tracing molecular gas with circular motion in the
alaxy plane. Ho we ver, perpendicular to it, we see a pre v alence of
mission line profiles with components that capture peculiar – non-
otational motions – in the molecular gas. The strip with high M 2 

esiduals therefore shows the intersection of these two kinematically
ifferent regions, where the components have similar intensities. This
lso seems to be the origin of the S-shape morphology seen in the M 0 

ap, since it includes the sum of the fluxes from both components. 
NRAS 522, 3753–3765 (2023) 

b

.2.3 Channel maps 

e have also obtained channel maps from the data, comparing
hem with the 3D BAROLO model in Fig. 5 . Each panel shows the
ntegrated flux within channels with width � v = 41 km s −1 velocity
idth, cutting values below the corresponding σ RMS . Superposed in

ach map are the contours of the 3D model (in white) and the [O III ]
ine emission (red). 

Once again, the channel maps show that the 3D model can
eproduce the data of the CO along the kinematic major axis (white
otted line). Ho we ver, e ven along the region dominated by rotation,
he fit is far from perfect, with the highest deviations seen in the
hannels with highest absolute v elocities: abo v e 171 km s −1 and
elow −281 km s −1 . None the less, the fit is useful to identify regions
hat clearly deviate from disc rotation kinematics. We identify in the
hannel maps of Fig. 5 four such regions, A 1 , A 2 , B 1 , and B 2 , which
re highlighted as green and blue ellipses in Fig. 5 , as described

elow. 
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Lorem ipsum dolor sit amet, 

Figure 5. Channel maps of CO (2-1) from NGC 3281, with the corresponding 3D model plotted as white contours. The central velocity of the integrated 
channels is shown in the upper right of each panel. The green (A 1 and A 2 ) and blue (B 1 and B 2 ) dashed ovals indicate regions with discrepant kinematics 
between model and data, which we associated with molecular outflows and inflows, respectively (see the discussion in Section 3.2.3 and the model in Fig. 6 ). 
The [O III ] ionization cone emission is shown via its outermost contour in red. In the −117 km s −1 channel, we added the 8.6 GHz radio in yellow contours (see 
also the inset in Fig. 1 )to show its projected alignment with the molecular outflow (A 2 ). In this channel, we also added more contours to the [O III ] to emphasize 
its non-continuity in the B 2 region. 
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Figure 6. A scenario for the molecular gas outflow based on the Model B 

for the ionized gas kinematics from Storchi-Bergmann et al. ( 1992 ), under 
the assumption that molecular gas outflow surrounds the ionized gas one. 
The A 1 and A 2 green ellipses represent regions with outflowing molecular 
gas, which surrounds the ionized one (red cone). The B 1 and B 2 blue circles 
identify other CO regions with non-rotating kinematics, which are elongated, 
but are seen from the side in this view. Both can be interpreted as molecular 
inflows, located close to the disc, in dust-enhanced regions. B 2 can also be 
interpreted as an outflow located in the front side of the [O III ] cone (dashed 
blue circle). These regions are also highlighted in Fig. 5 . 
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Fig. 5 shows that a distinct deviation appears in the channels 
ith small absolute velocities, specially in the channels with central 
elocities between −117 and 89 km s −1 , highlighted by green dashed 
llipses A 1 and A 2 . In these channels, we see deviations from the
ings-model along the North and South directions, where there are 
wo ‘vertical’ CO emission structures that are parallel to the [O III ]
ipolar emission borders delineated by the red contours. On the 
ar side of the galaxy, the CO vertical emitting structure (A 1 , from
hannels 6 to 89 km s −1 ) is observed running along the West side
f the ionized gas [O III ] emission that is abo v e the disc. On the
ear side, a similar structure (A 2 , between in channels −117 and
35 km s −1 ) is also visible to the East of the [O III ] emission, although

ess pronounced, part of the reason being that the [O III ] emission is
eak, since it probably originates from behind/under the galaxy disc. 
The [O III ] bipolar emission, which is surrounded by the CO

ertical emission, has double-peaked emission line profiles with 
adial velocities reaching up to ∼150 km s −1 , which are associated 
ith an ionized outflow (Storchi-Bergmann et al. 1992 ). Therefore, 
ne possible scenario for the A 1 and A 2 features described abo v e
s that the outflow is ‘multiphase’, where the AGN radiation that 
onizes the [O III ] – and possibly drives it away from the disc in
n outflow – also destroys most of the CO molecule along the 
ipolar region with high-excitation ionized gas. In this case, only 
t the borders of the bipolar/cone emission, the CO survives and is
bserved straddling the [O III ] emission. Given that, the molecular 
as in this v ertical re gions in the maps could also be in outflow. Since
he CO (2-1) projected velocities are small in this region, the outflow
tself has small velocities or its direction is close to the plane of the
ky (inclination i ∼ 90 ◦). 

This is in agreement with the model B from Storchi-Bergmann 
t al. ( 1992 , see their fig. 16b, which we adapted in Fig. 6 ), where
MNRAS 522, 3753–3765 (2023) 
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Figure 7. Superposition of the flux distribution maps of the [O III ] ionized gas 
(red, from HST ), the M 0 of the 3D model fitted to CO (2-1) data (blue, from 

the middle-right panel of Fig. C1 ), and the residuals from this fit (green). We 
only integrated the residuals from channels between −117 and 130 km s −1 to 
highlight the A 1 , A 2 , B 1 , and B 2 regions from Fig. 5 . 

r  

a  

 

e  

t  

o  

m  

S  

o  

c  

2

4

I  

7  

r  

1  

B  

t  

r  

i
 

e  

b  

i  

g  

B  

n  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/3/3753/7118045 by R
ijksuniversiteit G

roningen user on 17 August 2023
he geometry of the bipolar [O III ] outflow is a bicone with an axis
ith inclination i c = 109 ◦, and the border of the cone ‘touches’ the
alaxy disc. In this case, the ionization axis makes an angle θ c ∼ 20 ◦

ith the galaxy disc. Assuming that the molecular gas outflow has
he same inclination i mol = i c as that of the ionized gas (orange A 1 

nd A 2 ellipses in Fig. 6 ), it will reach de-projected velocities of
-360 km s −1 in the near side and ∼270 km s −1 in the far side. We

ote, ho we ver, that there is an uncertainty in the inclination of the
onization axis. In the case where i c has a higher value, the [O III ]
ipolar region – depending on its opening angle – would partly
ntercept the disc, and the de-projected velocities would have lower
alues: ∼−160 km s −1 in the near side and ∼120 km s −1 in the far
ide, for the limiting case of i mol = i d = 139 ◦. 

There are also some CO (2-1) residuals that seem to be co-
patial – along the line of sight – with the [O III ] emission. The
lue dashed ellipses in the far side of the galaxy (B 1 , in channels
117 and −76 km s −1 in Fig. 5 ) highlights one case: a stripe of CO

mission seen ∼2 arcsec to the North-East of the galaxy major axis
nd approximately parallel to it. Following the hypothesis that the
O is destroyed by the AGN ionizing radiation, the corresponding
olecular gas in this region would need to be external to the

onization cone, either behind or in front of it. In the model B from
torchi-Bergmann et al. ( 1992 ), these CO residuals (B 1 ) would be
lose to the disc, if the emission origin is behind the cone (see
ig. 6 ). Nevertheless, if the B 1 molecular gas were in outflow, one
ould expect positive velocities for this gas, but the channel maps

ho w negati ve velocities. Thus, if this emission is external to the
onization cone and in outflow, it would need to be in front of the
ront wall of the ionization cone (dashed blue circle in the model of
ig. 6 ). Another possibility is that the CO emission in this B 1 region
ould be due to molecular gas that is in the far side of the gas disc,
ut not in outflow. In this case, dust could be blocking the ionizing
adiation in that region, allowing the CO molecule to survive (blue
ircle B 1 in Fig. 6 ). And indeed, a close look at the [O III ] emission
istribution shows that it is not continuous, showing an apparent
ap in this region. We have added more [O III ] contour levels in the
117 km s −1 channel map in Fig. 5 to show this gap, but a clearer

iew of this discontinuity in the [O III ] flux distribution can be seen
n the upper-left panel of Fig. 2 . This discontinuity in [O III ], ‘filled’
ith CO emission is also visible in Fig. 7 (described in the following
ection 4 ). 
There is a somewhat similar region in the near side of the galaxy

isc, to the South-West – highlighted by the other blue ellipses in
ig. 5 (B 2 , from channels 89 to 130 km s −1 ). The CO emission from

his region – which is also roughly parallel to the major axis – is
orrelated to dust lanes seen in the optical (see the darker region in
he upper-left panel of Fig. 2 ). Therefore, the molecular gas in this
egion is probably in the galaxy disc (blue circle B 2 in the model of
ig. 6 ). The other emission seen to the North, encircled by the B 1 

llipses, could have a similar origin, since both are parallel to the
ajor axis and separated from it by ∼2 arcsec, and there are also

igns of a presence of dust in the B 1 region. 
Given that these molecular gas B 1 and B 2 regions are not following

he rotation of the galaxy disc (see Fig 3 ), we propose that these
O (2-1) emitting regions are close to the disc and associated to

ecently accreted or disturbed molecular gas (and dust). And, since
 2 is seen in redshift in the near side of the galaxy and B 1 in blueshift

n the far side, these molecular clouds may be in inflow. In this case,
he AGN radiation could be destroying part of the inflowing CO,
jecting it from the disc, which is what we see in the A 1 and A 2 

llipses in Fig. 5 : a scenario of feeding and ne gativ e feedback – via
NRAS 522, 3753–3765 (2023) 

A

emoval of part of the molecular gas reservoir. Ho we ver, gi ven the
pparent low velocities, this gas may return to the disc in the future.

We note that there is also the possibility that the outflowing CO
mission comes from molecular gas that cooled/condensed from
he ionized gas in the cones, corresponding to ‘ in situ ’ formation
f molecular clouds (Veilleux et al. 2020 ). This is a proposed
echanism to account for the presence of molecular gas in winds (e.g
ilich, Tenorio-Tagle & Mu ̃ noz-Tu ̃ n ́on 2003 ) and could be the origin
f the gas that collapsed to form stars inside some galactic outflows,
omprising the so-called ‘positive feedback’ (e.g. Maiolino et al.
017 ; Gallagher et al. 2019 ). 

 DI SCUSSI ON  

n order to have a global view of the gas kinematics, we generated Fig.
 . In green, we added the flux distribution map of the CO residuals
elative to rotation (from Fig. 5 ). We integrated between −117 and
30 km s −1 to include only the channels where the A 1 , A 2 , B 1 , and
 2 are present. In blue, we superposed the the M 0 obtained from

he 3D BAROLO fit (middle-left panel in Fig. 3 ), which highlights the
egions dominated by rotation. And in red, we included the [O III ]
onized gas map, from the HST narrow-band image. 

This figure shows that the gas that is not rotating is partially
ncasing the ionized gas abo v e the galaxy plane, as well as that
elow the plane, suggesting a two-phase outflow, present in both the
onized and in the molecular gas. But note that not all residuals in
reen are necessary in outflow . Specially , the gas inside the B 1 and
 2 regions (see Fig. 5 ) may have other kinematics: inflows to the
uclear region, for example. The identification and analysis of the
 1 , A 2 , B 1 , and B 2 regions were done in Section 3.2.3 . 
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.1 Scenario 

ig. 6 combined with Fig. 7 illustrate our proposed scenario for
GC 3281. Fig. 6 is based on one of the models proposed for the

O III ] kinematics in by Storchi-Bergmann et al. ( 1992 ). Our ob-
ervations and measurements, including the complex double-peaked 
mission line profiles, as discussed in the previous sections, reveal 
he presence of more than one kinematic component in the CO
elocity field: part of the CO (2-1) molecular gas is in rotation in
he galaxy plane, but part of it shows a contrasting kinematics, which
an be interpreted as due to outflows out of the galaxy plane and also
ossibly inflows in the plane. 
The presence of a molecular outflow, surrounding the ionized gas 

s supported by the flux distribution of the CO, which curves upwards
nd downwards from the galaxy plane: A 1 and A 2 regions in Figs 5
nd 6 , as well as by Fig. 7 , which shows the non-rotating component
f the gas kinematics surrounding the ionized gas component. The 
olecular gas may have been ejected from the disc, surviving the 

onizing AGN radiation at the boundaries of the [O III ] ionization
ones. 

There is also CO gas that is apparently in the galaxy plane but not
ollowing the rotating kinematics seen along the major axis (B 1 and 
 2 regions in Figs 5 ). These regions run approximately parallel to

he major axis, with the CO in the near side of the disc (region B 2 )
ying close to a dust lane. Given the redshift/blueshift velocities in 
he near/far side, the emission from these regions can be interpreted 
s being from molecular gas in inflow. The CO in region B 1 could
lso be interpreted as originating in ejected clouds in the front wall of
he ionized cone, but given its similarities with B 2 region – including 
imilar distances to the nucleus – the inflow hypothesis is more 
ompelling. 

Although the extended radio emission from NGC 3281 is weak, 
he southern radio blob (see Fig. 1 ) is located along the direction of
he CO outflow A 2 region (see green contours in the −117 km s −1 

hannel in Fig. 5 ). Therefore, we cannot discard that the molecular
utflow seen NGC 3281 is partly driven by shocks generated by the
adio-jet. 

Another interesting feature is the apparent alignment between the 
xtended [O III ] and soft X-ray emission. It turns out that it is not only
ncommon to find spatial correlations between the extended narrow- 
ine region and the soft X-ray, especially in Compton-thick objects 
Fabbiano & Elvis 2022 ) like NGC 3281 but also in other objects such
s radio galaxies (Balmaverde et al. 2012 ). The origin of extended
oft X-ray has been attribute to highly ionized emission lines (e.g. 
 VII , O VIII Ly α, and Ne IX ), generated by AGN photoionization or

hocks. 

.2 Molecular gas mass 

e now use the CO emission inside the A 1 and A 2 regions (green
llipses in Fig. 5 ) to calculate the total outflowing molecular gas
ass. The total flux in emission was integrated inside a 10 arcsec

 ∼2.3 kpc) radius to a v oid adding the contrib ution from the CO
mission observed beyond this radius, which may be artefacts of 
he data reduction (see lower panels of Fig. 2 ). Including it would
ncrease that total mass by ∼6 per cent. 

The total flux emitted inside these outflowing regions is 
 S ν� v) out ∼ 1.6 Jy km s −1 , which translates to a CO (2-1) luminosity
f L 

′ 
CO (2 −1) , out ∼ 2 . 3 × 10 6 K km s −1 pc −2 (Solomon et al. 1997 ). 

ollowing Ramos Almeida et al. ( 2022 ), for a conversion factor
f αCO 

= 0 . 8 ± 0 . 5 M �( K km s −1 pc −2 ) −1 (Morganti et al. 2015 )
nd a ratio L 

′ 
CO (2 −1) / L 

′ 
CO (1 −0) = 1 (Braine & Combes 1992 ; Carilli
 Walter 2013 ), we obtain a total molecular mass in outflow
f M mol, out = (2.5 ± 1.6) × 10 6 M �, which is distributed equally
etween regions A 1 and A 2 . As a comparison, the total molec-
lar gas mass in emission is M mol , EM = (1.5 ± 0.9) × 10 8 M �
 S ν� v ∼ 95 . 3 Jy km s −1 ). Therefore, the corresponding fraction is
 mol , out /M mol , EM ∼ 1.7 per cent, where we are assuming the same

CO value for the M mol, out and M mol , EM . If we assumed that gas inside
he B 1 region was also outflowing, this fraction would be ∼2 per cent.
he molecular mass values were multiplied by a factor of 1.36 to
ccount for the presence of He and heavier elements (Saintonge &
atinella 2022 ). 
Using the compilation made by Ramos Almeida et al. ( 2022 ), we

ote that the NGC 3281 fraction of molecular gas mass in outflow
s higher than the values found by the authors for their QSOs (in
he range 0.1–1 per cent; Ramos Almeida et al. 2022 ) and for
ther Seyfert galaxies (0.2–0.7 per cent; Alonso-Herrero et al. 2019 ;
om ́ınguez-Fern ́andez et al. 2020 ; Garc ́ıa-Bernete et al. 2021 ). Aside

rom that, the M mol , out /M mol , EM values from NGC 3281 are similar to
hose found in jetted Seyferts (3–5 per cent; Garc ́ıa-Burillo et al.
014 ; Morganti et al. 2015 ) and ULIRG AGNs (2–27 per cent;
eruglio et al. 2010 ; Cicone et al. 2014 ). 

.3 Molecular mass outflow rate and power 

o e v aluate the strength of the molecular outflow, we measured
he mass outflow rate ( Ṁ out , mol ) and outflow power ( ̇E out , mol ). The
ontribution from each velocity channel was calculated separately, 
nd resulting values integrated. We applied two methods o v er the
egions delimited by the A 1 and A 2 ellipses in Fig. 5 , using channels
ith the projected velocities (6, 47, and 89) km s −1 and ( −117, −76,

nd −35) km s −1 , respectively. 

.3.1 Method 1: avera g e 

he first method assumes that the rates do not vary along the
adii, with the resulting values corresponding to averages of these 
uantities. For this, we consider a fixed outflow radius R out (v i ) for
ach channel, with the respecti ve outflo w mass M mol, out (v i ) being
ntegrated inside each of the elliptical regions. Only spaxels with flux
ensity abo v e σ RMS are considered. The corresponding formulas are: 

˙
 out , mol = 

∑ 

v i 

v i · M mol , out (v i ) 

R out (v i ) 
(1) 

˙
 out , mol = 

∑ 

v i 

1 

2 
· v 2 i Ṁ mol , out (v i ) . (2) 

n order to a v oid o v erestimation of the sizes due to spurious spaxels,
e first convolved the map of each channel by a beam-shape 2D
aussian. We then measured the distance along each ellipse from 

he closest to farthest spaxel with flux density above σ RMS . The
easured projected distances ( R out (v i )) obtained for the channels of

he A 1 region were (6.3, 6.75, and 6.9 arcsec), and (4.5, 4.4, and 4.3
rcsec) for the A 2 region. 

To correct for projection effects, we considered two inclinations 
 mol for the molecular outflow: one equal to the inclination of
onization axis i c = 109 ◦ (from Storchi-Bergmann et al. 1992 ) and
nother equal to the inclination of the disc i d = 139 ◦, for the case of
he molecular outflow axis being closer to the disc. We corrected
he projected velocities (v proj ) and radii/sizes ( r proj ) using: v =
 proj / | cos ( i mol ) | and r = r proj /sin ( i mol ). 
For an inclination of i mol = 139 ◦, we obtained values

f Ṁ 

avg 
out , mol = 0.12 ± 0.04 M � yr −1 and Ė 

avg 
out , mol = (4 . 8 ±
MNRAS 522, 3753–3765 (2023) 
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M

Figure 8. Radial profiles of the molecular mass outflow rate M out, mol from 

the nucleus of NGC 3281 as a function of the de-projected radius. M out, mol 

values in orange and green correspond to outflow inclinations i mol of 109 ◦
and 139 ◦, respectively. 
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 . 7) × 10 38 erg s −1 . And for an inclination of i mol = 109 ◦,
e obtained values of Ṁ 

avg 
out , mol = 0.39 ± 0.12 M � yr −1 and

˙
 

avg 
out , mol = (8 . 1 ± 2 . 9) × 10 39 erg s −1 . Therefore, depending on the

nclination, the values of Ṁ out , mol and Ė out , mol differ by a factor
f ∼3 and ∼17, respectively, with the factors being equal for the
ollowing method 2. The uncertainty are the result of propagating
he uncertainty from αCO . 

.3.2 Method 2: radial profiles 

he second method, is based in generating the radial of profiles of
˙
 out , mol ( r ) and Ė out , mol ( r ), as shown in Fig. 8 for the first quantity. For

ach ring at radius r , with a defined thickness δr = FWHM mean = 0.5
rcsec, we calculate: 

˙
 out , mol ( r) = 

∑ 

v i 

v i · M mol , out (v i ) 

δr 
, (3) 

nd analogous for Ė out , mol ( r). In this case, we integrated the contribu-
ion from channels inside A 1 (North, abo v e the disc) and A 2 (South,
elow the disc), separately. 
Abo v e the disc (North), where the CO (2-1) emission is less

bsorbed by the gas/dust in the disc, the Ṁ out , mol ( r) is somewhat
onstant up to a radius of ∼1.5–2.2 kpc (depending on the inclination
 mol ). Below the disc, it reaches a peak value at ∼0.5–0.8 kpc, and is
pproximately constant up to ∼0.9–1.3 kpc. The maximum outflow
xtent is R 

max 
out ∼ 7.5 arcsec ∼ 1.8–2.6 kpc. 

To compare our data with results from the literature and the
ethod 1 abo v e (see Section 4.3.1 ), we measured the peak values

f Ṁ out , mol and Ė out , mol (e.g Dall’Agnol de Oliveira et al. 2021 ;
rindade Falc ̃ ao et al. 2021 ). For this, we added the contribution
rom each side of the cone (north and south), such that the
ollo wing resulting v alues correspond to the maximum rates of
ass crossing rings/spheres with a fixed δr . We obtained maxi-
um values of Ṁ 

max 
out , mol = 0.55 ± 0.17 M � yr −1 and Ė 

max 
out , mol = 1 . 2 ±

 . 5 × 10 40 erg s −1 for i mol = 109 ◦, at a radius of 0.4–0.6 kpc. 
Considering mass outflow rates obtained from both inclinations,

he maximum range obtained from the method 2 (peak of the radial
rofiles) is Ṁ 

max 
out , mol = 0.12–0.72 M � yr −1 , which is in agreement with

he results from the method 1 (the average values) Ṁ 

avg 
out , mol = 0.08 –

.5 M � yr −1 . The same is true for molecular outflow power, with
anges of Ė 

max 
out , mol = (0.045–1.6) × 10 40 erg s −1 and Ė 

avg 
out , mol = (0.031–

.1) × 10 40 erg s −1 . Therefore, we chose to use Ṁ 

max 
out , mol and Ė 

max 
out , mol as

he default values in the remaining of the paper. From the compilation
NRAS 522, 3753–3765 (2023) 
ade by Ramos Almeida et al. ( 2022 ), the mass outflow rate of
GC 3281 falls at the low end of other Seyferts ( ∼0.3–5 M � yr −1 ),
ith more energetic sources like QSOs and ULIRGs having higher
alues of Ṁ out , mol , by up to ∼3 orders of magnitude. 

To include the contribution from the ionized gas, we calcu-
ate the ionized outflo w po wer from the data collected from
torchi-Bergmann et al. ( 1992 ). We used a total ionized gas mass
from H β) of M ion ∼ 2 × 10 6 M �, a [O III ] de-projected ouflow
adial velocity and velocity dispersion of v out , ion ∼ 150 km s −1 and
out , ion ∼ 150 km s −1 , and a de-projected ionized outflow extent of
 out , ion ∼ 2 kpc. Since the available data are not separated by channels

as the molecular data from our work), we calculated the outflow
ower using: Ė out = 0 . 5 · (v 2 + σ 2 ) · v · M/R, for the conserv ati ve
ase of B = 1 (Harrison et al. 2018 ). The resulting ionized outflow
ower is Ė out , ion ∼ 10 39 erg s −1 . Therefore, considering the uncer-
ainties, we cannot distinguish if the outflow power is stronger in the
olecular or the ionized phase. 

.3.3 Coupling efficiency 

o gauge the impact that the molecular outflow may have on
he evolution of NGC 3281, we calculated the per cent of AGN
uminosity ( L AGN ) that couples kinetically with the molecular gas via
utflows: the kinetic coupling efficiency ε f , mol = Ė out , mol /L AGN . For
his, we used a luminosity of L Bol = 10 44.3 ± 0.4 erg s −1 (see Section 1 ),
nd since the method 1 and 2 returned similar values (Sections 4.3.1
nd 4.3.2 ), we used the peak value from the radial profile Ė out , mol as
he kinetic power. 

Therefore, the resulting ε f , mol of the outflowing molecular gas
anges between 10 −4 and 0.02 per cent. This value is, at least, 1
rder of magnitude lower than the ∼0.5 per cent value required in
odels (e.g. Hopkins & Elvis 2010 ; Zubovas 2018 ) to produce a

ignificant impact in the galaxy and influence its evolution. Adding
he contribution from Ė out , ion and assuming that only 20 per cent
f energy couples kinematically with the gas (Richings & Faucher-
igu ̀ere 2018 ), the maximum value ε f is still only 0.1 per cent. 
Hence, given the current energy involved in the AGN feedback

f NGC 3281, we do not expect that the evolution of host galaxy to
e affected globally o v er a short period of time. But we note that,
ince the molecular gas is being expelled from the inner regions,
he star formation in the nuclei will be at least partially affected
n a short period of time. This is in agreement with the results
ound by Storchi-Bergmann et al. ( 1992 ) from the equi v alent width
f optical stellar absorption lines. The values indicate a dominant
ld stellar population within 2.3 kpc of the nucleus, typical of the
ulges of early-type galaxies, even though NGC 3281 morphology
s dominated by the disc, with a bulge-to-total flux of B / T ∼ 0.1
Gao et al. 2019 ). In contrast, Stone et al. ( 2016 ) obtained an SFR of
7 M � yr −1 in NGC 3281, from the luminosity at 160 μm . This value
ould put NGC 3281 abo v e the star formation main sequence (e.g.
lbaz et al. 2007 ), given its total stellar mass of 10 8.6 –10 10.24 M �

see Section 1 ). Considering only the molecular gas outflow, the
orresponding mass-loading factor ηmol = Ṁ out , mol /SFR ∼ 0.02–0.1
einforces the conclusion that the AGN feedback in NGC 3281 is not
trongly regulating the star formation, given that galaxy evolution
odels usually require η ∼ 1 (Veilleux et al. 2020 ). 

.4 Comparison with previous studies 

 similar molecular gas outflow – surrounding an ionized outflow –
as been observed in CO (1-0) in the starburst galaxy NGC 253 (Bo-
atto et al. 2013b ), where the corresponding Ṁ out , mol is 3–9 M � yr −1 ,
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n order-of-magnitude higher than our value for NGC 3281. This 
alaxy has a total stellar mass of M ∗ ∼ 10 10 . 5 M � (Bailin et al.
011 ; Lucero et al. 2015 ), while NGC 3281 apparently has a lower
tellar mass, with a value ranging between 10 8.6 and 10 10.24 M � (see 
ection 1 ). Therefore, the difference in the host M ∗ may affect a
irect comparison between the two galaxies, with the same being 
rue for the other galaxies discussed below. 

In our own galaxy, the Milk Way [ M ∗ ∼ 10 10 . 8 M �, from McMillan
 2011 )], the molecular line CS (2-1) emission map displays an
hourglass’ morphology (Hsieh et al. 2016 ), surrounding the base of
 cavity – filled with X-ray/radio lobes (similar to our Fig. 1 ) (Bland-
awthorn & Cohen 2003 ; Heywood et al. 2019 ; Ponti et al. 2019 )
that may have been caused by a previous outflow (Veilleux et al.

020 ). The scales involved, ho we ver, are much smaller in the Milky
ay, which has an outflow extent of only ∼13 pc and maximum

elocities of ∼100 km s −1 . 
Going to higher stellar masses, in the central galaxy of the Phoenix

luster (Phoenix A, with M ∗ estimated by McDonald et al. ( 2014 ) to
e ∼ 10 11 . 9 M �), the CO (3-2) intensity map displays a similar pattern
o that observed in our M 0 map (Figs 1 and 2 ). Both present an S-
hape morphology, and, in the case of Phoenix A, the CO surrounds
he edges of a bipolar X-ray emission (Russell et al. 2017 ). Ho we ver,
n the case of the Phoenix galaxy, the [O III ] seems to extend along the
O emission (McDonald et al. 2014 ), and a radio jet-driven bubble

s argued to be responsible for the X-ray cavities and to drive the
olecular gas outflow encasing these cavities (Russell et al. 2017 ). 
ther examples of the molecular gas a v oiding/surrounding radio 

obes include the young radio galaxy PKS 0023–26 (Morganti et al. 
021 ) and the 3C 305 (Morganti et al. 2023 ). 
Other Seyfert galaxies present similar features in the hot molecular 

as, measured via H 2 lines in the near-infrared. The hot H 2 has been
etected in regions surrounding the ionization axis, sometimes even 
howing an ‘hourglass’ shape, in objects like NGC 4151 (May et al.
020 ), MRK 573 (Fischer et al. 2017 ), and NGC 1068 (May & Steiner
017 ), with the latter also showing a similar distribution in CO (3-
) (Garc ́ıa-Burillo et al. 2016 ). All these objects also present radio
ets along the ionization axis, and most of them show signs of hot
olecular gas outflows. 

 C O N C L U S I O N S  

e analysed the cold molecular gas distribution and kinematics of 
he Seyfert 2 galaxy NGC 3281 using observations of the CO (2-1)
ine. For such, we employed ALMA observations with an angular 
esolution of 0.5 arcsec ( ∼100 pc). The main results are: 

(i) We found an anticorrelation between the spatial distribution of 
he CO molecular gas emission – mostly seen in the galaxy plane 

and that of the ionized gas, which shows a biconical geometry 
reviously observed in the optical [O III ]. The total molecular gas
ass seen in emission is M mol , EM = (1.5 ± 0.9) × 10 8 M �. 
(ii) Although most CO emission comes from the galaxy plane, 

e found it also surrounding the bipolar cones. This is supported by
he M 0 moment, which shows CO emission extending upwards and 
ownwards from the plane. Its distribution suggests that part of the 
olecular gas is leaving the galaxy plane in the nuclear region but is

eing destroyed along the AGN ionization axis. 
(iii) The CO kinematics is dominated by rotation in the galaxy 

lane, as shown by the fit of a 3D model to the CO (2-1) data
ube. The mean inclination of the disc and position angle of its
xis were found to be i d = 139 ◦ and PA = 73 ◦, with the systemic
elocity corresponding to a redshift of z = 0.01124. 
(iv) From the residuals between the data and the rotation model, 
e identified two regions where the CO is tracing molecular gas
utflows. One abo v e the disc, and another below, both at the edges
f the [O III ] cones. Depending on the assumed molecular outflow
nclination ( i mol = 139 ◦ or 109 ◦), it reaches maximum velocities
f 160–360 km s −1 , extending up to R 

max 
out ∼ 1.8–2.6 kpc from the

ucleus. 
(v) The corresponding molecular mass in outflow is 
 mol, out = (2.5 ± 1.6) × 10 6 M � and represents ∼1.7 per cent of the

otal emitting molecular gas mass emission M mol , EM . If we assume
hat the gas inside the B 1 regions are also outflowing, this fraction
ecomes M mol , out /M mol , EM ∼ 2 per cent,. 

(vi) The mass outflow rate is Ṁ out , mol = 0.12–0.72 M � yr −1 (de- 
ending on i mol ). These values correspond to the peak of the radial
rofiles of Ṁ out , mol ( r). The corresponding molecular outflo w po wer is
˙
 out , mol = (0.045–1.6) × 10 40 erg s −1 , which translates to a molecular 
inetic efficiency of 10 −4 –0.02 per cent. Including the contribution 
f the ionized outflow and assuming that only 20 per cent of the AGN
eedback couples kinetically with the gas, the maximum value of the
oupling efficiency of the AGN feedback with the surroundings only 
eaches ∼0.1 per cent. 

(vii) There are other two regions with distinct CO residuals that do
ot follow a rotation pattern, in patches running parallel to the major
xis. Both can be interpreted as molecular inflow in the disc, given
he corresponding velocities and the correlation with dust. One of 
hem, ho we ver, could also be interpreted as being in outflow in front
f the [O III ] cone. None the less, the interpretation of molecular gas
n these regions is uncertain, and we do not attempt to calculate the
orresponding rates of inflo w/outflo w. 

The CO outflow geometry in NGC 3281 – encasing the ionized 
as, is similar to those seen in other sources like NGC 256, Milky
ay, and Perseus A, where the molecular gas outflow surrounds 

he ionized gas cone and/or the X-ray/radio emission. These results 
uggest that such molecular outflows can be common in active 
alaxies. But they can only be found with a careful analysis of the
olecular gas distribution and kinematics to separate gas rotating in 

he galaxy plane from that in outflow. 
We also note that the low coupling efficiency and small/medium 

elocities indicate that the current feedback probably will not affect 
uch the evolution of the host galaxy NGC 3281, at least o v er larger

cales. Ho we v er, the e xpelling of molecular gas from inner re gions
ill diminish the SFR o v er short periods of time, since it ends up

emoving a fraction of the fuel available to form new stars. 
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my (Astropy Collaboration 2013 ). We also used the SPECTRALCUBE

ackage (Ginsburg et al. 2019 ) to manipulate the data cube and
ATPLOTLIB (Hunter 2007 ) to generate the figures. 

ATA  AVA ILA BILITY  

he data used in this paper are publicly available at the ALMA
cience Archive under the program code 2018.1.00211.S. Processed
ata can be shared on reasonable request to the corresponding author.
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igure A1. Two (synthetic) distinct emission-line profiles that have the same 
 0 , M 1 , and M 2 moments values. 

PPEN D IX  A :  M O M E N T S  

or each spaxel, the moments were calculated as: 

 0 = 

∑ 

S(v) � v (A1) 

 1 = 

∑ 

v S(v) � v 

M 0 
(A2) 

 2 = 

√ ∑ 

(v − M 1 ) 2 S(v) � v 

M 0 
, (A3) 

here M 0 is the total flux of the line profile, while M 1 and M 2 are the
ntensity-weighted radial velocity and velocity dispersion (a measure 
f the internal disturbance of the gas), respectively. The flux density 
 S (v)) are in units of Jy beam 

−1 , while the channel central velocity
v) and width ( � v ) are in km s −1 . For a perfect Gaussian profile,
 1 = v (the radial velocity) and M 2 = σ (velocity dispersion). But
e note that, in some cases, the moments can hide more complex
rofiles. An example is shown in Fig. A1 , where one simple Gaussian
nd a double-peaked profile – possibly denoting the presence of two 
inematic components – the same values for their moments M 0 , M 1 ,
nd M 2 . 

PPEN D IX  B:  MASKS  

o explain how the mask used to identify regions with dominating 
O emission lines was created, in Fig. B1 , we sho w ho w the M 1 map

s affected when different masks are used. 
First, we selected all spaxels that have at least one spectral value

bo v e 3 σ RMS , generating a 2D mask from remaining ones (left-hand
anel of Fig. B1 ). Using only this criterion, a lot of spurious spaxels
re not masked. 

To “clean” these isolated spaxels, we smoothed the mask spatially 
ith a 2D Gaussian with σ = 1 pix. This was done to the mask in
 binary (0 and 1 values) form. Then, any spaxels with resulting
 alues lo wer than 0.5 were and masked. This process masks isolated
roup with less then 5 spaxels (area ∼8 times smaller then the beam
ne) and was repeated until a convergence was achieved. The middle 
anel shows the M 1 obtained with the resulting mask. 
2023 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
igure B1. M 1 map calculated using different masks. Left: all spaxels whose
pectra do not have flux density values above 3 σRMS are masked. Centre: the
eft 2D mask after being cleaned,. 
y using a cutting threshold applied to a smoothed version of the mask. Right:
he combination of the mask from the middle with the 3D mask produced
y 3D BAROLO , which uses a similar threshold method applied to the cube
channel by channel). 

Ho we ver, since this is a 2D mask, spurious values along the
pectral dimension can still affect the final moment values. Therefore, 
e combine the 2D mask with the 3D one produced by 3D BAROLO

sing the “SMOOTH” option – with the default parameters SCALE- 
ACTOR = 2 and BLANKCUT = 3 – that smooths each channel of
he cube individually and masks them based on the resulting signal-
o-noise ratio. The resulting 3D mask was combined with the 2D one
nd used to obtain the final moment maps (see right-hand panel of
igs B1 , 2 , and 3 ). 

PPENDI X  C :  A D D I T I O NA L  F I G U R E S  

ig. C1 shows the results of the fit of a 2D model (Begeman 1987 )
n the first moment of CO (2-1) ( M 1 ). 

igure C1. Fitting results of the 2D model (Begeman 1987 ) fitted to M 1 

inematics using 3D BAROLO . The first, second, and third columns correspond
o M 1 data, the 2D model, and the corresponding residuals, respectively. 
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