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ABSTRACT

We use VLT-MUSE integral field unit data to study the ionized gas physical properties and kinematics as well as the stellar
populations of the Seyfert 2 galaxy NGC 232 as an opportunity to understand the role of AGN feedback on star formation. The
data cover a field of view of 60 x 60arcsec? at a spatial resolution of ~850 pc. The emission-line profiles have been fitted
with two Gaussian components, one associated to the emission of the gas in the disc and the other due to a bi-conical outflow.
The spectral synthesis suggests a predominantly old stellar population with ages exceeding 2 Gyr, with the largest contributions
seen at the nucleus and decreasing outwards. Meanwhile, the young and intermediate age stellar populations exhibit a positive
gradient with increasing radius and a circum-nuclear star-forming ring with radius of ~0.5 kpc traced by stars younger than
20 Myr, is observed. This, along with the fact that AGN and SF dominated regions present similar gaseous oxygen abundances,
suggests a shared reservoir feeding both star formation and the AGN. We have estimated a maximum outflow rate in ionized
gas of ~1.26 M, yr~! observed at a distance of ~560 pc from the nucleus. The corresponding maximum kinetic power of the
outflow is ~3.4 x 10* ergs~!. This released energy could be sufficient to suppress star formation within the ionization cone, as

evidenced by the lower star formation rates observed in this region.

Key words: galaxies: active — galaxies: ISM — galaxies: jets — galaxies: kinematics and dynamics.

1 INTRODUCTION

In the hierarchical scenario of galaxy formation, galaxy interactions,
and mergers play a fundamental role, and they are the key to the
growth of the structures observed in the local universe. Galaxy
interactions can modify the morphological, physical (Arp 1966;
Arp & Madore 1987; Krabbe et al. 2014), and chemical properties
(Krabbe et al. 2008; Perez, Michel-Dansac & Tissera 2011; Rosa
et al. 2014; Okamoto et al. 2023) of the involved objects. Galaxy
mergers can trigger the star formation of a galaxy, causing extreme
bursts of star formation that can last a few million years (Tissera
et al. 2002; Di Matteo et al. 2008; Petric et al. 2018). A major
merger can destabilize large amounts of gas, causing it to stream
towards the centre and providing a gas reservoir that can fuel not
only circumnuclear star formation but also feed the supermassive
black hole (SMBH), triggering an Active Galactic Nucleus (AGN;
e.g. Storchi-Bergmann et al. (2000); Gonzalez Delgado, Heckman &
Leitherer (2001); Storchi-Bergmann & Schnorr-Miiller (2019)). An
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AGN-starburst connection can also occur when the gas reservoir
initially fuels circumnuclear star formation, and the subsequent
mass loss from evolving stars triggers the nuclear activity (Norman
& Scoville 1988; Heckman et al. 1995, 1997; Gonzélez Delgado
et al. 1998; Riffel et al. 2009a). Indeed, observational studies have
shown that the most luminous AGNs are observed in galaxy mergers
(Urrutia, Lacy & Becker 2008; Treister et al. 2012; Trakhtenbrot
et al. 2017).

In addition to external influences, internal processes like feedback
from an AGN can impact the evolution of the host. AGN feedback can
manifest either by heating, or blowing the cold gas out of it. Otherwise
compressing or redistributing the gas, resulting in changes at the
star formation in the host. Either way the impact of AGN feedback
is invoked to be a essential ingredient of galaxy evolution models
(Di Matteo, Springel & Hernquist 2005; Hopkins & Elvis 2010;
Harrison 2017; Harrison et al. 2018a). Since both AGNs and nuclear
star formation can be originated from merger-induced gas inflows, the
study of AGNss hosted by interacting/peculiar galaxies offers a unique
opportunity to investigate the connection, or its absence, between
AGN and starburst activities (Perry & Dyson 1985; Terlevich &
Melnick 1985; Norman & Scoville 1988).
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It is widely known that once the AGN has been triggered, particles
orbiting the supermassive black hole (SMBH) can reach velocities
near the speed of light, heating the surrounding matter through
friction until it approaches the Eddington limit (Churazov et al.
2005; Yuan & Narayan 2014), at which point the radiation pressure
becomes sufficiently high to expel matter from the SMBH accretion
disc, leading to nuclear gas outflows. These outflows can redistribute
the gas within the galaxy and even eject it from the system, thereby
significantly impacting the star formation within the host galaxy
(Yuan & Narayan 2014). In some cases, the nuclear winds can
compress the Interstellar Medium (ISM) and induce star formation,
resulting in a ‘positive’ AGN feedback process (Maiolino et al.
2017; Gallagher et al. 2019). On the other hand, if the radiation
pressure or the turbulence caused by AGN winds prevents the gas
from cooling and collapsing, it suppresses star formation, implying
a negative AGN feedback (Springel, Di Matteo & Hernquist 2005;
Harrison 2017). The effect of the energy released by AGN radiation
and winds on the host galaxy is often referred to as the quasar or
radiative feedback mode (Ho 2008; Harrison et al. 2018b).

In addition, galaxy interactions and mergers can lead to the flow
of gas with low metallicity from the outer parts of a galaxy’s disc to
the central part. This process decreases the metallicity in the inner
regions and modifies the radial abundance gradients (Krabbe et al.
2008; Kewley et al. 2010; Rosa et al. 2014). Gas phase metalicity also
seems to anticorrelate with the X-ray luminosity (Armah et al. 2023),
which is another indication that cold gas inflows might be the main
mechanism of gas impoverishment at the central regions. Recent
studies (Do Nascimento et al. 2022) indicate that AGNs host a metal-
poor gas reservoir, which could potentially have originated from past
interactions. On the other hand, AGN winds can redistribute gas in
galaxies and detailed studies of the gas kinematics are necessary to
properly understand the role of AGN feedback in galaxy evolution.

Here, we use integral field spectroscopy to map the gas emission
structure in the AGN host NGC 232. This galaxy is located in the local
universe at a distance of 95.78 £ 6.74 Mpc (Jones et al. 2009), and is
often classified as an Ultra Luminous Infrared Galaxy (ULIRG), and
in some cases, even as an Extremely Luminous Far-infrared galaxy
(Norris et al. 1990, ELF). NGC 232 forms a galaxy pair along with
NGC 235 and it has been subject of numerous studies, e.g. analysing
the influence of close pairs to the AGN triggering by comparing
the kinematic and physical properties of both objects, as well as
an assessment of the presence of tidal features (Keel 1996); also, a
study of the overall star formation on interacting systems (Dopita
et al. 2002) verified a trail of Ho emission between the pair, seen for
the first time in (Richter, Sackett & Sparke 1994). NGC 232 features
an unusual highly ionized optical jet-like structure, as traced by the
[O1I]A5007 emission, extending up to ~2.7 kpc from the nucleus
(Lopez-Coba et al. 2017). This structure is the second largest optical
jet seen in AGN, being only smaller than the jet seen in 3C 120.

The object is also part of the Great Observatories All-Sky LIRG
Survey (GOALS; Armus et al. (2009)) sample, and SMA BODEGA
(SMA Below 0 DEgree GAlaxies, Espada et al. (2010)) project,
being one of the most IR luminous galaxies of the last one. This
led to a dedicated study for the CO(2-1) gas, in which was noted
asymmetric wings over the velocity map aligned along the PA = 44°
(Espada et al. 2018).

In this work, we present a detailed study of gas emission structure
and properties of the stellar populations of NGC 232 using the
same data presented by Lopez-Cobd et al. (2017), obtained with
the Multi Unit Spectroscopic Explorer (MUSE) on the Very Large
Telescope (VLT). The remarkable spatial coverage and resolution
of MUSE, allow us to further explore the aspects of the optical-
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jet regarding metal abundances, source of emission, and also star
formation history. This work is organized as follows: Section 2
presents the data and the analysis methods. The results on the stellar
populations and emission gas properties are shown in Section 3 and
discussed in Section 4. Finally, Section 5 presents our conclusions.

2 OBSERVATIONS AND METHODS

2.1 The data

The data we explored is originated from the All-Weather MUse
Supernova Integral field Nearby Galaxies (AMUSING) project
(Galbany et al. 2016). The data was originally acquired for the study
of the supernova la SN2006et, using the Multi Unit Spectroscopic
Explorer (MUSE) instrument on the VLT, operated by the European
Southern Observatory (ESO). The observations were done on 2015,
June 27 with a total on source exposure time of 555s. We use the
data cube of NGC 232 provided by the ESO Science Portal,' which
covers a field of view of ~60 x 60 arcsec?, with an angular sampling
of ~0.2 x 0.2arcsec? per spaxel. The spectral coverage is 4750~
9350 A, with a spectral dispersion of 1.25A. The seeing during the
observations of 0777 + 0707 corresponds to a spatial resolution of
~375 pc at the galaxy.

2.2 Stellar populations

The optical spectra of powerful AGN host are typically dominated
by two main components: a Featureless Continuum (FC), where the
spectral energy distribution is reproduced by a power-law F; oc v™%;
and a continuum emission yielded by the Stellar Population (SP). To
further explore this components, it’s necessary to decompose each
spectrum into the aforementioned contributions. For this purpose,
a Stellar Population Synthesis (SPS) code can be used. Besides
enabling the study of stellar populations, the subtraction of the
stellar population contribution from the observed spectra is crucial
to accurately account for the properties of emission line gas. This is
particularly important for emission lines such as He and HB, which
can be significantly absorbed if a young stellar population dominates
the observed continuum emission.

For the stellar population fits, we employed the STARLIGHT code
Cid Fernandes et al. (2005), Asari et al. (2007), Cid Fernandes (2018).
The code can be easily customized to the MUSE data. This code uses
a linear combination of simple stellar populations (SSPs) libraries
to fit the continuum of the galactic spectra. It fits the stellar Line
Of Sight (LOS) velocity displacement (v,) and dispersion (o) for
each population fraction (j) by adopting a Gaussian line-of-sight
velocity distribution. Additionally, the code provides the option to
choose a reddening law to correct for stellar reddening (A, ;). Upon
completion of the run, the code provides the final model (1, ) and the
contribution of each component (j) to the observed flux (L). Basically,
the M, is given by

My= 3" Lay= 3" L) ® G(u., 0107040, M
= =1

An important step to perform SPS is the choice of a spectral library.
Given that NGC 232 is a spiral galaxy, we used a customized blend of
the MILES Vazdekis et al. (2010) and Gonzdlez Delgado et al. (2005)
models. The so called ‘GM’ library (hereafter as GM) is described in

Uhttps://archive.eso.org/scienceportal/home
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Figure 1. RGB composite image of NGC 232, made using the the MUSE data cube. The red squares indicates the positions of the peak of the continuum and
a point about ~2 kpc away from the nucleus, inside the jet-like feature. The top spectrum corresponds to the nucleus, while the bottom one is an extranuclear
spectrum. The area demarked by the big red square corresponds to the region explored at this work.

Cid Fernandes et al. (2013) and was updated by Riffel et al. (2021b
and 2023b) using the most up to date version of MILES Vazdekis
et al. (2016). This modified library consists of 85 spectra spread in
four metallicities: 0.19, 0.40, 1.00, and 1.66 Z; and 21 ages: 0.001,
0.006,0.010,0.014, 0.020, 0.032, 0.056, 0.1, 0.2, 0.316, 0.398, 0.501
0.631, 0.708, 0.794, 0.891, 1.0, 2.0, 5.01, 8.91, and 12.6 Gyr. The
spectral resolution of both libraries has been homogenized to match
with that of the MILES library (see Cid Fernandes et al. 2013, 2014).
This enables precise fits of the spectral features in NGC 232. Finally,
since NGC 232 is a LIRG, we adopt the extinction law of Calzetti,
Kinney & Storchi-Bergmann (1994).

2.3 Emission-line profile fitting

The optical spectra of NGC 232 present prominent emission lines,
as can be seen in Fig. 1. In order to measure the gas properties, we
fit the emission line profiles by Gaussian curves, after subtracting
the contribution of the stellar populations, as derived by the spectral
synthesis. We use the PYTHON package IFSCUBE (Ruschel-Dutra &
Dall’ Agnol De Oliveira 2020; Ruschel-Dutra et al. 2021) to perform
the emission-line fitting. By visual inspection of the spectra, we
see that asymmetric profiles are detected in several locations, as for
instance, blue wings clearly seen in the [OIII] emission lines, as
shown in Fig. 1. These profiles can be properly reproduced by two
Gaussian components and thus, we fit each emission line profile by
up to two Gaussian functions. The following emission lines were
fitted: HB, [O m]A5007, [O 11]A4959, [O1]16300, [N 11]16548, Ha,
[N1]JA6584, [S1]A6716, and [S 11]A6731. The blueshifted component
in the line profile are physically associated to outflowing gas, while
the second component is produced by gas in the plane of the disc.
To reduce the number of free parameters and avoid spurious fits,
the subsequent constraints were used: (i) we define two kinematic
groups for the Gaussian component representing the disc emission,
by keeping tied the centroid velocity and velocity dispersion of the
emission lines in the blue side of the spectra (HB, [O1I]A5007
and [O11]14959) and in the red part of the spectra ([O1]A6300,
[N1JA6548, Ho, [N IJA6584, [STJA6716 e [STJA6731), separately.
(i1) The blueshifted components were set to have a higher velocity
dispersion than the narrow (disc) ones. By using the refit parameter of
the IFSCUBE code, this usually implies that if only the disc component
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is enough to reproduce the line profile, the amplitude of the second
Gaussian component will be set as zero. (iii) the broad components
associated to the same element were kept in the same kinematic
group (same velocity and width). The IFSCUBE code outputs a
multi-extension ‘fits’ file containing the best-fit parameters, fluxes,
equivalent widths (EWs) at each spaxel of the datacube, among
others. These measurements are used to construct two-dimensional
maps, which are presented in the next section, along with the results
for the stellar populations.

3 RESULTS

3.1 Stellar populations

In Fig. 2, we present the resulting maps for the stellar populations
mean properties, as well as the population fractions within three age
bins: Young (¢ < 50 Myr), Intermediary (50 Myr < ¢ < 2 Gyr), and
Old (¢ >2 Gyr). We exclude regions where the signal-to-noise (S/N)
ratio at the continuum is smaller than 10, a minimum value required
to obtain reliable results from the stellar population synthesis (Cid
Fernandes et al. 2005) and the central point indicates the position of
the peak of the continuum emission.

The top-left-hand panel shows the stellar velocity field, after
subtracting the systemic velocity of the galaxy of 6799kms™!,
as obtained from the mean value of the stellar velocities within
0”4 radius centred at the peak of the continuum emission. This
map shows a clearly rotation pattern with line of nodes oriented
approximately along the position angle, PA & 30°, showing blueshifts
to the northeast and redshifts to the south-west of the nucleus, and
a projected velocity amplitude of ~150 kms~'. The stellar velocity
dispersion (o ,) map, shown in the left-hand panel of the second row
of Fig. 2, presents values in the range from ~50 to ~220kms~!, with
the smallest values observed to the northwest and to the south-east.
The highest o, values are observed slightly displaced from position
of the continuum peak.

The central panels of first and second rows of Fig. 2 show the
mean age of the stellar populations, weighted by their emission
at normalization wavelength of 5870 A (top) and by their mass
(second row) contributions. Stellar populations older than ~4.5 Gyr
dominates the mass contribution at most locations, with a mass-
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Figure 2. Stellar population synthesis results. The top panels show, from left to right, the LOS stellar velocity field, the mean age of the stellar populations
weighted by the continuum emission, and the stellar SFR derived considering the contributions of the stellar populations younger than 20 Myr. Ho flux contours
are traced in purple as reference. The second row shows, from left to right, the stellar velocity dispersion, mean age of the stellar populations weighted by the
mass fraction, and the stellar visual extinction (Ay) extinction. The third and bottom rows show the population fraction to each bin. Respectively, the mass
fraction that dominates each bin (from left to right) young, intermediary and Old. The bottom line, displays the same; however, for the light fraction. The central
cross marks the position of the continuum peak, while the grey regions correspond to the spaxels with S/N < 10.

weighted mean ages in the range ~3.8-5.5 Gyr. The light-weighted
map shows mean ages of ~3.5 Gyr along the galaxies major axis,
while mean ages as lower as 1.5Gyr are observed in regions
northwest and south-east of the nucleus, along the galaxy’s minor
axis.

The map for the star formation rate derived by the spectral
synthesis (SFR,) is shown in the top-right-hand panel of Fig. 2.
Following Riffel et al. (2021b), we derive the SFR, over a time Arby

Jf pgini
SFR, = =4 __*J 2
A7 2

To derive SFR,, we consider At = 20Myr, which represent the
stellar populations that dominate emission of ionizing photons,
presenting also the best correlation with the gas SFR Riftel et al.
(2021b). Such young stellar populations are found only in a few
locations to the east-south-east and west of the nucleus. The
derived star formation rate are quite high, with typical values of
3-5Mg, yr~!, reaching values of up to 20 Mg yr~! to the south-east
of the nucleus. For comparison, we have overlaied contours from
the Ho narrow component flux distribution, showing that most
of the regions with contributions of young stellar populations are
associated to structures seen in the Ho flux map.
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Another result from the synthesis is the visual extinction Ay, map
(second row, right-hand panel of Fig. 2), which traces the dust content
where stellar populations are embedded. The Ay, map shows values
ranging from 1.3 to 3.0mag, with the lowest values observed to
the south-east of the nucleus and highest ones to the northwest. This
indicates that the near side of the disc corresponds to the northwestern
side of the galaxy. In addition, some high obscuration is also observed
in a structure with ~3 arcsec extension from the nucleus, observed
to the south, co-spatial with the structure of highest star-formation
rate, seen in the top-right panel.

The third and bottom rows of Fig. 2 show the maps for the
contribution of stellar populations within three age bins, labelled as:
Young (¢ < 50 Myr); Intermediary (50 Myr < t < 2 Gyr), and OId (¢
>2 Gyr). This binning is done in order to avoid any age-metallicity
degeneracy of the SSPs, that may be occasioned by the adjacent
noise in the data, as suggested by Cid Fernandes et al. (2004); Riffel
et al. (2009b, 2021b, 2022, 2023b). The mass-weighted contribution
is dominated by the old stellar populations, while in the emission-
weighted maps, the highest contributions are seen for the young and
old stellar populations.

3.2 Gas emission distributions and kinematics

As mentioned above, we fit the emission-line profiles by two
Gaussian functions: a narrow component, originated mostly from
emission of gas in the galaxy disc, and a broad component, tracing
an outflow. Fig. 3 presents the flux distributions and kinematic maps
for the [N 1I]A6584 and [O 11]A5007 emission lines. The left column
shows the flux distributions, the velocity fields are shown in the
central panels and the velocity dispersion maps are presented in
the right-hand panels. From the top to the bottom, results for the
narrow [NIIJA6584, broad [N1]A6584, narrow [O1I]A5007, and
broad [O 11JA5007 components are shown, respectively. In all panels,
white regions represent masked spaxels where the amplitude of the
corresponding emission line is lower than three times the standard
deviation in the continuum calculated in a region close to the emission
line. We show the flux maps for the other emission lines in Fig. Al.

The flux distribution of the [NIJA6584 narrow component is
similar to those observed for Ho, [O1]A6300 and [S II]AA6716, 6731
emission lines. The peak of the emission line fluxes is observed
~] arcsec south-west of the position of the continuum peak (indi-
cated by the cross) and patches of enhanced emission, following the
spiral structure seen in inner ~3 arcsec. The higher ionization gas
emission, traced by the [O 1IJA5007 line, is mainly observed along
a jet-like structure towards the south-east, as previously reported
by Lépez-Cobd et al. (2017). In addition, the narrow [O 1IJA5S007
shows some emission to the west, in a region co-spatial with
emission structure seen in the flux map for the [N 1IJA6584 narrow
component. The broad [N 11]16584 flux distribution, besides showing
emission along the jet-like structure, presents extended emission to
the northeast. The morphology of the [N1IJA6584 (and other low-
ionization emission lines) narrow component can be described as a
‘V-shaped’ structure, most extended to the east side of the nucleus.
Some extended emission in the [N 11]16584 broad component is also
observed to the northwest of the nucleus.

The velocity field for the narrow component shows a similar
rotation pattern as observed for the stars (Fig. 2), showing blueshifts
to the northeast and redshifts to the south-west of the nucleus. The
projected gas velocity amplitude of ~250 km s, is about 100 km s~
higher than that observed for the stars. This is expected due to
projection effects, once the gas is located in a thinner disc than the
stars. The [O 111] broad component velocity in the jet-like structure is
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seen blueshifted by ~200 km s~!, while velocities close to zero are
seen for the [N 11]A6584. The extended emission from the [N I1]A6584
broad component to the northeast is seen blueshifted relative to the
systemic velocity of the galaxy. To the south-west and northwest,
the [N 11]A6584 broad component velocity map show values close to
zero, slightly redshifted at some locations.

The velocity dispersion (o) maps for the narrow component show
values ranging from ~60 to 160 kms~!. The overall small ¢ values
is consistent with emission of gas in the plane of the disc. In the
inner ~3 arcsec radius, the highest o values delineate a ‘V-shaped’
(or conical) structure oriented along the minor axis of the galaxy.
The broad component show o values larger than 150 km s~! in most
regions, with the highest ones seen in the location of the jet-like
structure. This indicates that the broad component is tracing a more
turbulent, outflowing gas.

3.3 Emission-line ratio diagnostic diagram

We can use the optical emission line ratio diagnostic diagrams to
investigate the excitation origin of the gas emission in NGC 232.
The most widely used diagnostic diagram is the [N 11]-based BPT
diagram, which involves the [O 1IJA5S007/HB versus [N 11]J16584/Ho
flux ratios (Baldwin, Phillips & Terlevich 1981). In Fig. 4, we present
the [N 11]-based BPT diagram for the narrow (top-left-hand panel) and
broad (bottom-left-hand panel), along with their excitation maps,
spatially identifying different regions of the diagram. The separating
line proposed by Kewley et al. (2001) is based on photoionization
models and demarcates the upper limit of flux line ratios that can
be reproduced by ionizing photons from young stars, while the line
of Kauffmann et al. (2003) is based on the observed distributions
obtained from the SDSS integrated spectra. However, given that
the majority of AGNs also harbor star-forming regions, emission
line fluxes based on integrated spectra of AGN hosts may include
contamination from these star-forming regions. Consequently, the
object’s position on the BPT diagram may be influenced by the
varying mixture of contributions from both AGN and star formation
to the ionization of the gas (D’ Agostino et al. 2019c; Agostino et al.
2021). This is a problem that can be alleviated with spatially resolved
observations (e.g. D’Agostino et al. 2019a, b; Ji & Yan 2020; Law
et al. 2021; Agostino et al. 2023; Ji et al. 2023). In Fig. 4, we present
the empirical boundaries from Law et al. (2021), established through
the analysis correlations between the gas velocity dispersion and
flux line ratios measured for 3.6 million spaxels distributed across
7400 individual galaxies observed as part of the MaNGA survey.
This diagram is particularly well-suited for spatial excitation maps
because its development depend on ‘kinematic temperature’ rather
than photoionization models integrated emission. The excitation
maps shown in the right-hand panels of Fig. 4 are based on the
separating lines proposed by Law et al. (2021). For comparison,
we also added the classical limits to integrated data, the dotted
line represents the empirical maximum starburst line proposed by
Kauffmann et al. (2003), with values bellow this line being consistent
star-forming regions. Points above the dashed line, from Kewley et al.
(2001), are consistent with AGN ionization, objects located between
these two lines are usually refereed as transition objects (TOs). The
solid line, from Cid Fernandes et al. (2010), separates weak (e.g.
LINER) and strong (e.g. Seyfert) AGN ionization. In Fig. 4, we
exclude all spaxels where at least one of the lines is not detected
above 30 of the noise level.

The BPT diagram for the disc component show points in all
emission types. The flux-line ratios in the jet-like structure are
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Figure 3. At the right column, the integrated fluxes for the lines of [N 11] A6584 and [O 111] 25007 are shown. Both disc and outflow components are indicated
at the right side of the figure. The white contours correspond to flux levels for each line, aiming on highlight fainter structures. The colour bars show the fluxes

in units of 10710 ergs~!

em™ 2. The central column displays the LOS centroid velocity fields for each component. The colour bars show the velocities in kms~!,

relative to the systemic velocity of the galaxy. The right-hand panels show the velocity dispersion maps for each line and component, with colour bar showing
the values in kms~!. The grey areas, correspond to points where the line amplitude is bellow 3¢, and the central cross, tags the centre of emission.

consistent with AGN ionization, with most points located in the
region occupied by Seyfert galaxies, surrounded by a LIER-type
excitation (Belfiore et al. 2016), mostly due to the attenuation of the
radiation field. Star-formation ionization is observed in regions away
from the nucleus, to the west and to the east of it. In regions between
the star-forming regions and the jet-like structure, line ratios typical
of TO are observed. The BPT for the outflow component is restricted

to the region of the jet-like structure, with most of the points located
above the line of Kewley et al. (2001).

3.4 Gas extinction, density and oxygen abundance

We estimate the electron density (N.) using the
[SuJr6716/[S 11]JA6731 observed line ratios. The broad component

MNRAS 527, 9192-9205 (2024)
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Figure 5. Electron density map (left) obtained from the [S 11] doublet. The central panel shows the visual extinction (Ay map obtained from the He/Hp line

ratio).

of the [S11] lines is detected, with S/N > 3, only in a few locations,
despite the presence of asymmetric wings in the line profiles. Thus,
to estimate the N, we use the total [S11] fluxes at each spaxel.
To reduce the number of free parameters in the fitting of the line
profiles, we reproduce the lines with Gauss-Hermite series, which
properly account for deviations of the observed profiles relative to
a Gaussian curve. We use the PYNEB Python package Luridiana,
Morisset & Shaw (2015) and adopt an electron temperature of
15000K, a typical value for AGN hosts (Revalski et al. 2018a, b;
Dors et al. 2020b; Riffel et al. 2021a, c; Armabh et al. 2023).

The electron density map is displayed in the left-hand panel of Fig.
5. The grey regions represent masked locations, where at least one of

MNRAS 527, 9192-9205 (2024)

the [S 11] lines is not detected above 30 noise level of the continuum,
as well as the values out of the method boundaries (i.e. N, ~ 50 cm™>
and N. ~ 2.7 x 10*cm™> Osterbrock & Ferland 2006). The N.
values are in the range from 50 to 2000 cm~3, with the highest values
observed close to the nucleus, slightly displaced towards the south-
west. The mean value value is (N.) = 747 + 254 cm ™.

The Ha/HB flux line ratio can be used to calculate the gas
extinction. The visual extinction parameter can be obtained by

3

Fio/Fi
Ay =7.22 log (%) ,
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where Fy,, Fup are the observed fluxes and we have adopted a
theoretical ratio between Ha and Hp fluxes of 2.86, corresponding to
the case B recombination at the low density regime (N, = 100) and
an electron temperature of 10 000 K (Osterbrock & Ferland 2006). As
for the electron density estimation, we use the total line fluxes. The
resulting Ay map is shown in the middle panel of Fig. 5. Although
the Ho emission is detected over most of the field of view, the HS
is not detected in regions closer to or further away from the nucleus.
These locations are masked out and shown in grey. The Ay map
shows values ranging from O to 4.5 mag, with the highest values
observed in the inner 3 arcsec and the lowest at larger distances from
the nucleus.

Finally, we can also use the observed emission-line flux ratios
to estimate the oxygen abundance, using the strong line method,
hence auroral lines (e.g. [O A 4363) are out of the spectral
coverage, making unable to apply the 7.-method. There are available
calibrations for star forming regions and for AGN, and thus, our
analysis is restricted to spaxels located in these two regions of the
classical BPT diagram. For the AGN like emission, we used the
calibration from Storchi-Bergmann et al. (1998) obtained by using
AGN photoionization models to reproduce observed optical emission
lines from Seyfert nuclei, given by

12 + log(O/H) = 8.34 4 (0.212 x) — (0.012x%) — (0.002 y) +
+(0.007 xy) — (0.002x2y) + (6.52 x 107*y?) +
+(2.27 x 107*xy?) + (8.87 x 107% x%y?),

(C))
where x = [NUJAX 6548, 6584/ Ha, and y =
[OmI]AA 4959, 5007/HB. The calibration inside the range
8.4 < 12 +1og(O/H) < 9.4, should give results with ~0.1dex
inside the confidence interval.

For spaxels in the SF region of the classical BPT diagram, we use

the empirical relation of Pérez-Montero & Contini (2009) that uses
the parameter O3N2 as a calibrator as follows the relation:

12 + log(O/H) = 8.74-0.31 x O3N2, 5)
where
O03N2 — 1 [O 1A 5007 Ho ©)
= 10 X .
& Hp [N1I]x 6584

This relation is valid for 12 + log (O/H) 2 8.0, since the parameter
O3N2 do not correlate well to low metallicity values. To the ‘high’
metallicity limit, the relation will give results within 0.32 dex”

The resulting O/H abundances present values very similar, with
mean values of (12 + log (O/H)) = 8.80 £ 0.05 for the SF dominated
spaxels and (12 + log (O/H)) = 8.73 % 0.09 for the AGN dominated
region. The mean oxygen abundance for the star forming regions
in the central region of NGC 232 is similar to values reported for
circumnuclear star forming regions in nearby galaxies (Diaz et al.
2007; Dors O. L. et al. 2008). Similarly, for AGN dominated spaxels
the derived abundances are consistent with O/H estimates for nearby
Seyfert galaxies (e.g. Dors et al. 2020b).

4 DISCUSSION

In the previous section, we have presented two-dimensional maps
for the stellar and gas properties. The stellar velocity field shows a

2For a review on discrepancies in O/H abundances derived through distinct
methods for AGN see Dors et al. (2020a), and for SFs see Lopez-Sanchez &
Esteban (2010).

AGN and Star Formation in NGC 232 9199

well organized rotation pattern (Fig. 2), while the gas presents two
kinematic component (Fig. 3): (i) a rotating disc, represented by a
narrow component in the emission-line profiles, and (ii) an outflow,
identified as a broad component in the line profiles. The outflow
geometry is consistent with a bi-cone, oriented approximately per-
pendicular to the major axis of the galaxy, with the northeastern side
being in front of the disc and slightly pointing towards us. In this
section, we characterize the disc and outflow components, investigate
the impact of the outflow in star formation of the host and discuss
the star formation history of NGC 232.

4.1 The disc component

We used the KINEMETRY method (Krajnovi¢ et al. 2006) to model the
stellar and gas velocity fields. The code uses a surface photometry
technique by fitting ellipses along the Line Of Sight Velocity
Distribution (LOSVD), finding the orientation of the major axis by
using a cosine law. The results of this fit, are presented in Fig. 6.
The model reproduces well the observed velocity field with residual
velocities smaller than 10 km s~! at most locations. The orientation of
the major axis of the fitted ellipses is approximately constant, ranging
from ~25° in the inner 0.5 kpc (1”1) to ~35° at distances around
~1.8kpc (3"79) from the nucleus. The mean value for the kinematic
position angle obtained for the stars is Wy = 28° & 4°. This value is
distinct from those obtained for the large scale disc of NGC 232, e.g.
of Wy = 171° (Lauberts & Valentijn 1989) using ‘ESO-LV Quick
Blue’ IIa-O photographic plates and W, = 10° (Jarrett et al. 2003)
based on Ks-band. The ks/k; ratio, which measures deviations beyond
pure rotation in higher orders, for the stars is small (ks/k; < 0.05)
over all radii.

The KINEMETRY model is able to reproduce the gas velocity field
for the disc component over most of the observed field of view,
except for regions within the inner ~3 arcsec 1.39 kpc) radius where
residuals of up to 60kms~' are observed. This is also seen in
the ks/k; ratio radial plot (bottom-right-hand panel of Fig. 6) that
shows values larger than those for the stars in the inner region.
In addition, the derived kinematic position angle for the gas is
misaligned by up to 20° relative to the stellar value (bottom-central
panel). The highest residual velocities are observed along the south-
east—north-west direction, within the ionization cone and bipolar
outflows revealed by the broad line components. We interpret the
structures with the largest velocity residuals as being produced by
the interaction of outflowing gas with the disc gas. Further support for
this interpretation comes from the higher velocity dispersion values
observed in the same location for the narrow component (Fig. 3),
indicating a more turbulent gas. An alternative interpretation for the
significant discrepancies between the observed and modelled gas
velocity fields in the inner region could be that the object underwent
a recent merger. Misalignment between the gas and star semi-axes
is often linked to a sudden inflow of gas, as suggested by Bertola,
Buson & Zeilinger (1992), Davis & Bureau (2016), and Raimundo
(2021). Finally, the bottom-left-hand panel of Fig. 6 shows that the
gas velocity amplitude is up to 100 km s~! larger than that of the stars.
This result is consistent with the fact that gas is typically situated in
a thin disc, whereas the stellar velocity field traces a thicker disc and
the stellar bulge, resulting in lower velocities for the latter.

4.2 The outflows

The broad emission-line component is interpreted as being due to an
outflow in ionized gas. In high-ionization gas, traced by the [O 111]
emission, this component is detected only in the region co-spatial
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Figure 6. Kinemetry best fit to stars and Hee velocity field. The top row shows from left to right: observed stellar velocity field, kinemetry best-fit model, and
the residual velocity obtained by subtrancting the model from the observed velocity field. The central row shows the same, but for the gas, traced by the Hx
narrow component. Grey regions correspond to spaxels masked by the criteria mentioned in the Section 3, and central cross marks the center of emission. The
bottom line displays the deprojected velocity for both stellar (in black) and gas (in red) components (left-hand panel), the radial distribution of the position angle

of the line of nodes (central panel), and the radial profile of the ks/k; ratio.

with the jet-like structure, previously reported by Lépez-Coba et al.
(2017). On the other hand, the lower ionization gas, as traced by the
[O 1] emission, exhibits a flux distribution for the broad component
that displays a ‘V-shaped’ emission structure, or a cone with its
axis oriented towards the south-east. The velocity fields for the
broad components show mostly blueshifts relative to the systemic
velocity of the galaxy. Additionally, redshifts are observed towards
the north-west and southwest of the nucleus, within areas that appear
to correspond to the redshifted counterpart of the cone. Assuming that
the spiral arms in NGC 232 are of the trailing type, from the analysis
of the large scale image (Fig. 1) and the orientation of the velocity
field field (Fig. 2), we conclude that the northwest corresponds to the
near side of the disc. This interpretation is further supported by the
larger extinction values observed at this side in the Ay map of Fig. 2.

From the observed gas kinematics and disc orientation, we inter-
pret the broad line component as being due to a biconical outflow,
with the south-eastern side of the cone pointing towards us, in front
of the plane of the disc, and the northwestern side pointing away
from us, behind the plane of the disc. The jet-like emission structure,
seen in [O 1], seems to be tracing the emission of cone wall in

MNRAS 527, 9192-9205 (2024)

front of the disc, at high latitudes from the plane of the disc. The
northwestern side of the bicone is only partially observed due to dust
extinction by the disc. To calculate the mass-outflow rate in ionized
gas, we adopt a biconical geometry as follows. We measure the cone
opening angle, of ~90°, directly from the [N II] broad component
emission structure (Fig. 3). The disc inclination angle, relative to
the plane of the sky, is i = 44° obtained by fitting ellipses to the
continuum image. The high residual velocities (Fig. 6) in regions
within the bicone indicate that the outflowing gas is intercepting
the disc. Thus, we assume that the back wall of the south-eastern
cone and the front wall of the northwestern cone are approximately
aligned with the plane of the disc. This implies that the inclination
of the bicone axis is i¢gne ~ 45°—44° = 1° and the front (far) wall of
the cone to south-east (northwest) is makes an angle of 46° (—46°)
relative to the plane of the sky. In Fig. 7, we present an schematic
representation of the orientation of the disc and bicone in NGC 232.
The flux of matter crossing an area, can be found trough:

Mout = Ne Vo A mpfs (7)
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Figure 7. Schematic representation of the disc and outflow in NGC 232, as
seen in our line-of-sight (top panel) and with the disc almost edge-on view
(bottom). The disc is inclined by i = 44° relative to the plane of the sky, with
the major axis oriented approximately along W = 28°. The blueshifted side
of the cone is seen in front of the plane of the disc, while the redshifted side
is hidden by the disc.

where N, is the electron density, v,y is the velocity of the outflow,
A is the cross section area, fis a filling factor, and m;, is the proton
mass. To eliminate the filling factor, we can use the relation of the
Ha luminosity (Lyy), and the volume of the ionized gas

LHot ~ 4T[fjHOt Vv (8)
what give us

~ Nevout my LHa A

Moy ~ 9
' 47-[jHa Vv ( )

in which jy, is the Ho emissivity, and V is the volume of the region.
Adopting the case B recombination for the low-density regime
and a temperature of 15000 K, we have 4 7t jy,= 2.89 x 1072 N2
(Osterbrock & Ferland 2006). We compute the mass-outflow rate
within conical rings with height of Ar and approximate the ratio
between the area of the cross section and the volume of the ring by
A/V = 3/Ar. Replacing the constants and multiplying the result by
a factor 1.4 to account the helium mass and by a factor 2 to account
for both sides of the bicone, results in

. LHOt Vout
My ~ 48.6 10
out N. Ar (10)
in cgs units. We compute the velocity of the outflow within each
conical ring as vou = (v)/sin(46°), assuming the the blueshifts

observed in the velocity field of the broad component are produced
by outflowing gas in the front wall of the cone and, (v) is the
mean velocity of the broad component within each conical ring.
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Figure 8. Radial distribution of the mass outflow rate (upper panel) and
kinetic power (bottom panel) of the ionized gas outflows in NGC 232.

The electron density is assumed as the mean N, value within each
ring using the density map shown in Fig. 5, while Ly, is the integrated
Ho luminosity for the broad component within each ring, corrected
by extinction using the Ay values from Fig. 5 and the extinction law
from Cardelli, Clayton & Mathis (1989). In Fig. 8, we present the
radial profile of the mass-outflow rate in ionized gas, computed using
Ar = 04, corresponding to the width of two spaxels. The error bars
corresponds to the uncertainties in velocity, flux, and electron density
propagated to the mass-outflow rate. We find the maximum outflow
rate of 1.2640.16 Mg yr~! at 172 (~560 pc) from the nucleus.

Similarly, we can evaluate the kinetic power of the ionized outflows
in NGC 232, by following the equation:

MOU[
2

where oo, 1s the mean velocity dispersion of the Ho broad
component calculated within each ring. As seen in Fig. 8, the
maximum kinetic power of the ionized outflow in NGC232 is
34404 x 10" ergs™!.

The mass rate and kinetic power of the outflows in NGC 232
can be compared to estimates for other AGN with similar lumi-
nosities. We can estimate the AGN bolometric luminosity (Lagn)
from the reddening corrected [O1IJA5007 luminosity (Liow)) by
Lagn = 600 Loy (Kauffmann & Heckman 2009). In all locations
with detected [O 111] emission, the main excitation source is the AGN,
as indicated by the BPT diagrams (Fig. 4). Thus, we assume that the
total [O 111] luminosity is due to the AGN ionization. We integrate the
[O 11]A5007 extinction corrected fluxes of the broad and narrow com-
ponents, resulting Lagy = (1.7 £ 0.2) x 10* ergs™!. This value is
quite similar to what was obtained by fitting the AGN spectral energy
distribution (SED), of Lagn = 1.02 & 0.02 x 10* ergs~! (Yamada
et al. 2023). The mass rate and kinetic power of the ionized outflows
derived for NGC 232 are in the range of values observed for AGN

K~ (Vaut +30000) (11)
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Figure 9. Radial distributions of contributions of the young, intermediary, and old stellar populations weighted by light (left-hand panel), and by stellar mass
(middle panel). The right-hand panel shows the radial profile of the stellar metallicity weighted by mass.

with similar luminosities, as can be seen from the compilation of
outflow properties presented in Riffel et al. (2023a).

The observed kinetic power of the outflow corresponds to
~0.6 per cent of the AGN luminosity in NGC 232 using the SED
based luminosity (Yamada et al. 2023). This value is close to the
minimum coupling efficiencies required by most of the simulations
for AGN feedback to be effective in suppressing star formation (e.g.
Dubois et al. 2014; Schaye et al. 2015). Nonetheless, as extensively
debated in the literature (e.g. Harrison et al. 2018a), it is unlikely that
all of the energy injected by the AGN gets transformed entirely into
outflow kinetic power. Indeed, theoretical results for low luminosity
AGN indicate that outflows with relative low kinetic powers can be
effective in suppressing star formation in the host galaxy (Almeida,
Nemmen & Riffel 2023). A rough estimate of the mass of the
supermassive black hole (SMBH) in NGC232 is ~2 x 108 Mg
obtained from the M—o relation (McConnell et al. 2011), using a
stellar velocity dispersion of 200kms~'. For the kinetic power of
the outflows and the SMBH mass of NGC 232, the wind model
predictions by Almeida, Nemmen & Riffel (2023) indicate that the
ionized outflow in NGC 232 is able to suppress more than 10 per cent
of the ongoing star formation within the host galaxy, if the wind is
sustained by at least 1 Myr.

4.3 Star formation history

In order to better understand the star formation history in NGC 232,
we constructed radial plots of the contributions of the stellar
populations to the observed continuum emission and stellar mass.
We separate the stellar populations in three age bins — Young (r <
50 Myr); Intermediary, (50 Myr < t < 2 Gyr) and Old (r >2 Gyr) —
and calculate their average contributions within circular rings with
0”2 width. The resulting radial profiles are shown in Fig. 9. Across
all radii, the older stellar populations dominate in both light and mass
contributions, with the most significant contribution observed at the
nucleus and diminishing as the distance increases. Conversely, the
young and intermediary populations exhibit increasing contributions
from the nucleus outward. We also present the mean metallicity
profile, which displays the lowest values at the nucleus and increases
as the distance from it grows. This is consitent with an inside-out
star formation scenario (e.g. Pérez et al. 2013; Gonzélez Delgado
et al. 2015; Diniz et al. 2017; Mallmann et al. 2018; Bittner et al.
2020). In addition, the radial increasing gradient of the metallicity,
suggests that the central region is mainly dominated by low mass
stars, compatible with what was found by Goddard et al. (2017) for
low mass galaxies and for high luminosity AGN, hosted by late type
galaxies (Riffel et al. 2023b).

Finally, the map of star formation rate shown in Fig.2 shows a
nuclear ring of SFR,. enhanced values with a radius of ~079 (440 pc),
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similarly to circumnuclear starfoming rings observed in nearby spiral
galaxies and more frequently found in AGN hosts than in normal
galaxies (Hunt & Malkan 1999; Hunt et al. 1999; Boker et al. 2008;
Dors O. L. et al. 2008; Falcén-Barroso et al. 2014; Riffel et al. 2016;
Hennig et al. 2018; Fazeli et al. 2020). The presence of such rings
can be interpreted as an evidence of the AGN-starburst connection
(Perry & Dyson 1985; Terlevich & Melnick 1985; Norman & Scoville
1988; Riffel et al. 2007; Dametto et al. 2019) in which both star
formation and AGN activity are fueled by the same gas reservoir
or, alternatively, the AGN can be triggered by stellar winds from
young stars in the ring (e.g. Storchi-Bergmann et al. 2007; Riffel
et al. 2009a). Another potential interpretation for the absence of
star formation in the nucleus could be indicative of negative AGN
feedback, where the AGN recently quenched the star formation.

5 CONCLUSIONS

We used optical integral field spectroscopy obtained with the Multi
Unit Spectroscopic Explorer instrument at the ESO Very Large
Telescope to study the stellar populations and gas properties of the
Seyfert 2 galaxy NGC 232. Our main conclusions are:

(i) Based on emission-line ratio diagnostic diagrams, the gas
emission in NGC 232 displays components attributed to both star
formation and AGN activity. The AGN-dominant region is revealed
to be an ionization cone, oriented with its south-eastern side facing
toward us, seen in front the galaxy’s disc plane, while the north-
western side points in the opposite direction, being obscured by the
galaxy’s disc.

(i1) The gas kinematics present two components: a disc component
that originate narrow line components (¢ < 150kms™), following
a similar rotation pattern as the stars with the line of nodes seen
along the position angle W, ~ 30°; and a biconical outflow, seen as
broad (¢ 2> 150kms~") and mostly blueshifted components in the
emission line profiles.

(iii) The stellar velocity field is well reproduced by a rotating disc
model, as for the gas, residuals of up to 60 kms~! are seen between
the observed and modelled velocities, whitin the inner 1.5 kpc radius.
These non-circular motions are likely produced by the interaction of
outflowing gas with the gas in the disc or by a recent merger.

(iv) We estimate a maximum outflow rate of 1.26 £0.16 Mg yr™
observed at ~560 pc from the nucleus. The maximum kinetic power
of the outflow is 3.4 £ 0.4 x 10* ergs™!, which corresponds to
~0.003 Lagn.- The energy released seems to be enough to quench star
formation within the cone, as suggested by the lower star formation
rates in this region.

(v) Old (r > 2 Gyr) stellar populations dominates the mass and
light fractions. The maximum emission contribution of the old stellar
populations is seen at the nucleus, decreasing with its distance. On the
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other hand, young and intermediate age stellar populations present
increasing contribution profiles with the distance to the nucleus.
Along with an increasing gradient of the stellar metallicity, these
results are consistent with an inside-out star-formation scenario in
NGC232.

(vi) The SFR, map reveals a circumnuclear star forming ring with
~440 pc radius, which could be indicative that both the AGN and the
circumnuclear star formation might have been triggered by the same
gas reservoir. Alternatively, the AGN could be triggered by winds
from young stars in the ring.

(vii) Regions where the gas emission is produced by photoioniza-
tion by the AGN and locations where the emission is dominated by
young stars show similar oxygen abundances. The mean values are
(12 4 log (O/H)) = 8.80 = 0.05 for the SF dominated spaxels and
(12 4 log (O/H)) = 8.73 £ 0.09 for the AGN dominated region.
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APPENDIX A: EMISSION LINE FLUX MAPS

Fig. A1 shows the flux maps for the narrow (left-hand panels) and
broad (right-hand panels) components for the following emission
lines: [O IJA5007, [O1]16300, Her, [N11]16584, and [N 11]16716.
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Figure Al. Flux maps for the optical emission lines in units of 10~'¢ ergcm™2 s~!. The red cross marks the peak of the continuum.
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