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ABSTRACT

Active galactic nuclei (AGNs) exhibit excess mid-infrared H, emission compared to star-forming galaxies, likely driven by
outflows and shocks inferred from integrated spectra. We present optical IFU (integral field unit) observations of the central
2 kpc of the AGN host CGCG 012-070, selected for its pronounced H, emission excess, to map stellar and gas kinematics.
The stellar velocity field is well described by a rotating disc with a line of nodes at 103° £ 4°, with the north-west side
approaching and the southeast side receding. Gas kinematics, traced by strong emission lines, show two components: a narrow
one (o < 200km s~ 1) in the disc plane following stellar motions, and a broad (o 2 300km s~!) associated with outflows within
the inner ~1 kpc. Disc gas emission is mainly driven by AGN photoionization, while the outflow also includes shock-heated gas,
as indicated by flux ratio diagnostics. The outflows are radiatively driven, with a mass-outflow rate of (0.067 & 0.026) Mg, yr~!
and a kinetic coupling efficiency of 0.07 per cent, potentially redistributing gas and contributing to maintenance-mode feedback
in CGCG 012-070. Our results provide further evidence that the warm H, emission excess in nearby AGN is associated with
shocks produced by outflows. Observations of other gas phases, such as cold molecular gas, are necessary to gain a more

comprehensive understanding of the impact of the outflows on the host galaxy.
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1 INTRODUCTION

The majority of massive galaxies host a supermassive black hole
(SMBH) at their core. At certain periods in the evolution of a galaxy,
an adequate supply of gas may gather and form an accretion disc
around the SMBH, emitting largely non-thermal radiation (Kor-
mendy & Ho 2013). This phase, characterized by intense radiation
and energetic processes, is referred to as an active galactic nucleus
(AGN). Semi-analytical models and hydrodynamical simulations
have incorporated AGNs as a key mechanism for modulating SMBH
growth and regulating star formation (SF) in massive galaxies
(Benson et al. 2003; Somerville et al. 2008; Madau & Dickinson
2014; Harrison & Ramos Almeida 2024). Such a process is essential
to successfully reproduce the observed local mass functions and the
colour bimodality of galaxies (Harrison & Ramos Almeida 2024).
The impact of an AGN on its host galaxy spans multiple scales.
Both black hole accretion (AGN activity) and SF depend on the
availability of gas. Therefore, a key challenge is to understand the
relation between inflows of gas that fuel the AGN (feeding processes)

* E-mail: lucas.vieira@ifc.edu.br (LRV); rogemar @ufsm.br (RAR)
© The Author(s) 2025.

and the feedback mechanisms that regulate it (Storchi-Bergmann &
Schnorr-Miiller 2019; Harrison & Ramos Almeida 2024). Feedback
processes may consist of the release of jets from the inner edge
of the accretion disc, winds originating from its outer regions and
radiation emitted by the hot gas in the disc or its corona, all of which
can produce a significant change in the host galaxy as a result of
nuclear activity (Elvis 2000; King 2003). Analytical models suggest
that a fraction of the luminosity produced by powerful AGN can
be utilized to generate winds, establishing scaling relations between
SMBH mass and their host galaxy properties (e.g. Silk & Rees 1998;
King 2003; King & Pounds 2015; Fiore et al. 2017). None the less,
the impact of AGN feedback on these scaling relations remains a
subject of discussion (Peng 2007; Graham & Sahu 2023; Riffel et al.
2024a). Furthermore, the fuel for AGN feeding may have a significant
amount of stellar recycled gas that is released in the nuclear region
of these galaxies (Choi et al. 2024; Riffel et al. 2024b).

Integral field spectroscopy (IFS) is an ideal tool for exploring
the physical properties of stellar and gas components in the central
regions of galaxies (e.g. Sarzi et al. 2010; Sdnchez 2020; Ruschel-
Dutra et al. 2021; Sanchez et al. 2021; Ricci et al. 2023; Riffel et al.
2023b), as it enables spatially resolved studies of gas and stellar
properties, providing a detailed reconstruction of the SF history of
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galaxies and AGN properties. Through IFS itis possible to investigate
how various factors influence SF, from AGN activity to galaxy
interactions and environmental effects (Sharp & Bland-Hawthorn
2010; Goddard et al. 2016).

Riffel, Zakamska & Riffel (2020) used mid-infrared and optical
data to identify galaxies that can be hosts of strong molecular
gas outflows. The sample was obtained by cross-matching 2015
galaxies with Spitzer mid-infrared spectra from Lambrides et al.
(2019) and SDSS spectroscopy (Gunn et al. 2006; Blanton et al.
2017), resulting in 309 galaxies with both data sets. Among them,
115 show emission of H; S(3) 9.665 um and PAH 11.3 um. Spitzer
observations reveal that AGN hosts can exhibit enhanced H, emission
compared to star-forming regions (Hill & Zakamska 2014; Petric
et al. 2018; Lambrides et al. 2019). This excess is likely due to
shocks from AGN-driven outflows, supported by the correlation
between the H, S(3)/PAH 11.3 pmratio and shock indicators such as
log([O1]A6300/H &) and the [OI] velocity dispersion (Riffel et al.
2020). From single-aperture studies, CGCG 012-070, NGC 3884,
and UGC 8782 are the AGN hosts at z < 0.05 with the highest [O 1]
velocity dispersion and H, S(3)/PAH 11.3 pm ratio. To investigate
the origin of the H, emission excess and the evidence of shocks, Riffel
et al. (2025) used JWST/MIRI medium-resolution spectroscopy for
the three galaxies. They concluded that the excess is associated with
shock heating, produced either by warm molecular outflows or by
radio jet-ISM interactions (Costa-Souza et al. 2024; Riffel et al.
2025).

In addition to studies on the warm molecular gas phase using James
Webb Space Telescope (JWST) data for three galaxies mentioned
above, the hotter ionized gas counterpart is being analysed using
optical integral field unit (IFU) data from the Gemini Multi-Object
Spectrograph (GMOS). So far, results on the ionized gas emission
structure and kinematics have been published for two galaxies,
UGC 8782 (Riftel et al. 2023b) and NGC 3884 (Riffel et al. 2024a),
which mapped the structure and kinematics of both stellar and gas
emission. For UGC 8782, located at z = 0.045, the stars present
ordered rotation following the orientation of the large-scale disc of
the galaxy, while the gas shows disturbed kinematics with a narrow
emission-line component (o < 200 km s~!) associated with the gas
in the disc and a broad component (o > 200 km s~!) produced
by ionized gas outflows. Optical emission-line ratio diagnostic
diagrams indicate that the ionized gas emission within the inner
2 kpc of this galaxy is primarily attributed to AGN photoionization.
In contrast, the outflow emission exhibits an additional contri-
bution from shock excitation, caused by the interaction between
the radio jet and the surrounding gas. The broad component is
consistently blueshifted by approximately 150500 km s~ relative
to the systemic velocity of the galaxy across all observed regions.
The kinetic coupling efficiency of the ionized outflows ranges
from 1 to 3 per cent, suggesting that they may be sufficiently
strong to affect SF in the host galaxy (e.g. Hopkins & Elvis
2010).

Regarding NGC 3884, a Sab spiral galaxy (Tully & Pierce 2000)
with a redshift of z = 0.023 (e.g. Rines et al. 2016), its nuclear
activity has been classified as a LINER with a faint Ho emission
from the broad-line region (BLR; Véron-Cetty & Véron 2006). Riffel
et al. (2024a) reported the following findings for NGC 3884: stellar
kinematics dominated by a rotating disc component; emission-line
ratio diagnostic diagrams show that AGN photoionization is the main
gas excitation mechanism; gas kinematics reveal two components: a
narrow emission-line from the gas emission in the disc and a broad
one from AGN-driven ionized outflows, with a kinetic power of
~ 0.06 per cent of the AGN bolometric. Their results suggest that
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the outflow is strong enough to suppress over 10 per cent of the SF
of the host galaxy (Almeida, Nemmen & Riffel 2023a).

As an extension of the studies presented in Riffel et al. (2023b,
2024a) for the two nearby galaxies NGC 3884 and UGC 8782, in this
work we use optical IFS observations to spatially resolve the emission
structure and kinematics of the ionized and neutral gas in the central
region of the galaxy CGCG 012-070. It is an Sb spiral galaxy that
shows an inclination nearly edge-on, with axial ratio b/a ~ 0.25,
located at a redshift z = 0.0481 (Kautsch et al. 2006). Its nuclear
activity is classified as Seyfert 2 (Kautsch et al. 2006; Véron-Cetty &
Véron 2006). CGCG 012-070 exhibits faint radio emission, with a
1.4 GHz power of Py 4 ~ 2.4 x 10°> W Hz™!, as measured by the
Faint Images of the Radio Sky at Twenty centimetres (FIRST) survey
(Becker, White & Helfand 1995; Lofthouse et al. 2018).

This paper is structured as follows: Section 2 provides details on
the observations, data reduction procedures, and analysis methods.
Section 3 presents the main results, which are discussed in Section 4.
Finally, Section 5 summarizes our key conclusions.

2 OBSERVATIONS AND MEASUREMENTS

We use IFU data obtained with the Gemini-South GMOS instrument
(Hook et al. 2004) using the B600 grating, to map the gas and stellar
properties in the central region of CGCG 012-070. The observations
were performed on 2022 January 05 under the program code GS-
2021B-Q-220 (PI: Riffel, RA) and consisted of four exposures of
1260 s each, two of them centred at 615 nm and two at 590 nm. We
used GMOS-IFU in the one-slit mode, resulting ina 3.5 x 5.0 arcsec?
field of view (FoV) and covering an observed spectral range of 4450—
7400 A. During the observations, the major axis of the IFU was
oriented along the position angle PA = 105°, approximately along
the major axis of the galaxy.

The data reduction was performed with the GEMINI.GMOS IRAF
package. The procedure included the subtraction of the bias level,
trimming and flat-field correction, background subtraction for each
science data frame, quantum efficiency correction, sky subtraction,
and wavelength calibration. We applied the LACOS code (van Dokkum
2001) to further remove cosmic ray contamination, and finally we
performed the flux calibration using observations of the standard
star LTT 9491 to construct the sensitivity function. The final data
cube, with an angular sampling of 0.1 x 0.larcsec?, was constructed
by median combining the data cubes for each exposure using the
peak of the continuum emission as reference to align them. The
velocity resolution is ~ 85 kms™!, as measured from the full width
at half-maximum (FWHM) of a typical emission line in the CuAr
spectra used in the wavelength calibration and the seeing is ~0.7
arcsec as estimated from the FWHM of flux distributions of field
stars, which corresponds to a spatial resolution of ~715 pc at the
distance of CGCG 012-070. After completion of the data reduction,
we identified a telluric absorption line at ~6553 A, likely due to the
association with the oxygen B band (Smette et al. 2015). We fitted
this feature by a single Gaussian and subtracted it from the observed
data cube.

The measurements were performed using the same procedures
described in Riffel et al. (2023b). In summary, we use the Penalized
Pixel-Fitting (PPXF) method (Cappellari & Emsellem 2004; Cappel-
lari 2017; Cappellari 2023) to fit the contribution of the underlying
stellar population to the observed spectra and obtain measurements
of the stellar kinematics, using the MILES-HC library (Westfall et al.
2019) as spectral templates.

We employ the IFSCUBE package (Ruschel-Dutra et al. 2021)
to fit the observed emission-line profiles using Gaussian curves.
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The fitting procedure is carried out after subtracting the stel-
lar component contribution from the observed spectra, allowing
the code to include up to two Gaussian components (narrow
and broad) per emission line, as indicated by a visual inspec-
tion of the spectra. The CUBEFIT routine from the IFSCUBE
package is used to simultaneously fit the following emission
lines: H B, [O1I]AA4959,5007, [NI1]A5200, [O1] AA6300,6363,
[N 1] AA6548, 6583, Har, and [S 1] AA6717, 6731.

Initial guesses for the Gaussian amplitude, centroid velocity, and
velocity dispersion are based on the fitting of the nuclear emission-
line profiles. Once the nuclear emission-line profiles are successfully
fitted, the routine proceeds to fit the surrounding spaxels following
a radial spiral pattern. The initial parameters for these fits are then
taken from the best-fitting values obtained for spaxels located within
0.3 arcsec of the spaxel being analysed, as defined by the refit
parameter. If the amplitude of one of the fitted Gaussian components
is lower than three times the standard deviation of the adjacent
continuum, only a single component is considered.

To account for any remaining continuum emission, a third-order
polynomial is also included in the fitting procedure, applied before
fitting the emission lines. During the fit, for each component, the
velocity and velocity dispersion (o) are tied within three kinematic
groups, organized as follows: H 8, [O111] A4959, and [O 111] A5007;
[N 1] A5200; [O1] A6300, [O 1] A6363, [N 11] A6548, H o, [N 11] A6583,
[SuJA6717, and [S1u]A6731. Additionally, the intensity ratios
[O 1] A5007/[O 111] A4959 and [N 11] A6583/[N 11] A6548 are fixed at
their theoretical values of 2.98 and 2.96, respectively (Osterbrock &
Ferland 2006; Dojc¢inovié¢, Kovacevié¢-Dojcinovi¢ & Popovi¢ 2023).

3 RESULTS

Fig. 1 shows a broad overview of the GMOS observations of
CGCG-012-070. The top-left panel shows a large-scale compos-
ite image constructed using data from the Kilo Degree Survey
(KiDS/DRS5/ESO) archive (Wright et al. 2024), showing in blue the
g-band (477 nm) image, in green the r-band (653 nm) image, and
in red the i-band (763 nm) image. The spatial orientation is shown
in the top-left corner of the picture, and the inner blue rectangle
shows the GMOS-IFU FoV. The top-centre and right panels show the
stellar velocity and stellar velocity dispersion (o, ) maps, respectively.
The stellar velocity field is corrected by the heliocentric systemic
velocity of the galaxy, of V; = 14480 kms~!, as derived by fitting
the observed velocity field by a rotation disc model (Section 4.2).
The stellar velocity field exhibits a disc-like rotation pattern with
the west side of the disc approaching and the east side receding,
with a projected velocity amplitude of ~ 200kms~'. The stellar
velocity dispersion map presents values in the range of 70-270 km
s~!. The middle-centre panel of Fig. 1 presents the Gemini-GMOS
continuum image derived by calculating the mean flux in a 100 A
window centred at 6100 A. The continuum distribution is elongated
approximately along the east-west direction, consistent with the
orientation of the large-scale disc (Adelman-McCarthy et al. 2008).
The middle-right panel shows the Wgy map for the [N11]A6583
emission line, obtained from the modelled spectra. Wy, is defined
as the width of an emission line that comprises 80 per cent of the
emitted flux. It is commonly used to identify outflows (Zakamska &
Greene 2014; Kakkad et al. 2020; Wylezalek et al. 2020; Ruschel-
Dutra et al. 2021). The [N 1] A6583 line was selected because its
emission is observed over the whole GMOS-IFU FoV and other
emission lines present similar Wgy maps. Wgy values larger than
600 km s~! are usually associated with ionized outflows in quasars
(e.g. Kakkad et al. 2020), while values above 500 km s~! may already
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trace outflows in lower luminosity AGNs (e.g. Wylezalek et al. 2020;
Gatto et al. 2024). For CGCG 012-070, the Wgy map presents values
larger than 600 km s~ mainly in regions south-southwest of the
nucleus, with the highest values reaching up to 900 km s~!, which
is a signature of gas in gravitationally unbound orbits, indicating the
presence of outflow in ionized gas (Sun, Greene & Zakamska 2017).
In all maps, the central cross indicates the position of the nucleus,
defined as the position of the peak of the continuum emission.

The bottom panel of Fig. 1 shows, as an example, the nuclear
spectrum (in dashed black line), the best-fitting model (in red line),
and the residuals of the fit are shown in dotted blue line. In general,
the observed spectrum of the galaxy is well reproduced by the
model, as indicated by the residuals close to the noise level, except
for the [Na1] AA5890,5896 (NaD) line, which often shows a strong
absorption contribution from the interstellar medium (ISM; Heckman
et al. 2000; Roy et al. 2021). Five inset plots are included to provide
a closer view of the emission-line regions, highlighting the multi-
Gaussian fit, taking into account the stellar population contribution.
The narrow and broad components are illustrated as purple dash—
dotted and green dashed lines, respectively. As can be seen, the
emission-line profiles are well reproduced by the Gaussian fits.

Fig. 2 presents the flux distributions and kinematic maps for the
[O11] AS007 and [N 1] A6583 emission lines. For each line, the
fluxes, centroid velocity, and velocity dispersion maps are shown,
from left to right. These lines were chosen because they are the
strongest ones in each kinematic group. We do not present the
kinematic maps for the [O 1] and [N 1] because they are similar to those
for the [N 11]. The velocity fields are shown relative to the systemic
velocity of the galaxy and the velocity dispersion maps are corrected
for the instrumental broadening. The first two rows correspond to
the narrow emission component attributed to gas emission in the
disc of the galaxy, while the bottom two rows represent the broad
component, associated with outflows. The crosses in all maps mark
the position on the nucleus, and the spatial orientation is given in
the upper-left panel. Areas shaded in grey indicate spaxels where
the emission line is not detected with a signal above 30 of the noise
in regions nearby the emission lines. The remaining emission-line
flux maps are shown in Fig. 3, from left to right, for the [N 1] A5200,
[O1] A6300, Hex, and [S 11] A6731 lines. Top and bottom panels refer
to narrow and broad components, respectively.

The flux distributions (Figs 2 and 3) for the narrow components
show extended emission for all emission lines, except for [N 1] A5200
with detected emission concentrated only at the nucleus. The emis-
sion peak for all lines is observed at the nucleus. Among them, the
[N1] A6583 line exhibits emission across the entire GMOS FoV,
while H @ emission is predominantly concentrated within the central
1 arcsec radius, which corresponds to about 800 pc. Additionally,
faint H o emission is detected to the east of the nucleus. [O 111], [S 1],
and [O1] emission is observed mainly in the inner 1 arcsec. The
flux distributions are slightly more elongated along the major axis
of the galaxy. On the other hand, the broad component emission
is observed only within the inner 1arcsec and exhibits a roughly
round flux distribution, except for [N1]A5200, which is detected
exclusively at the nucleus.

The velocity fields of the narrow component in Fig. 2 present
a rotation disc pattern, with blueshifts to the west and redshifts
to the east of the nucleus, similarly to that observed for the stars
(Fig. 1). A projected velocity amplitude of ~80 km s~! is observed
for [O ] A5007, while [N1]A6583 shows a velocity amplitude
of ~180 km s~!. The velocity dispersion maps for the narrow
component present a range of values from ~70 to 200 km s~!. The
velocity fields for the broad component of both lines show redshifts

MNRAS 542, 3373-3384 (2025)
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Figure 1. The top-left panel shows a composite image of the ~ 30 x 60 arcsec? in g (477 nm, shown in blue), r (653 nm, in green), and i (763 nm, in red)
bands of CGCG 012-070 using data from the KiDS/DRS/ESO archive (Wright et al. 2024). The top-centre and right panels show the stellar velocity and velocity
dispersion maps, respectively. Grey regions in these maps correspond to regions with uncertainties in velocity larger than 30 km s~! or o larger than 50 km s~!.
The systemic velocity of the galaxy has been subtracted from the observed velocity map. The scale bars show the velocities in km s~! and the black dashed line
represent the line of nodes, obtained by fitting the observed velocities by a rotation disc model (Section 4.2). The central panel shows a GMOS continuum image
obtained within a spectral window of 100 A width centred at 6100 A. The scale bar shows the continuum flux values in logarithmic units of erg s~ em=2 A1,
The central panel and the middle-right panel shows the maps for continuum flux and Wgp map for the [N 11] A6583 emission line, respectively, with the scale
bar indicating the values in kms~!. Grey regions indicate areas where the corresponding emission line is not detected with S/N > 3. The bottom plot shows the
observed spectrum for the nuclear spaxel in black, the best-fitting model in red, and the residuals in blue. The strongest emission lines are identified. The five
plots show a zoom into the emission line regions to illustrate the multi-Gaussian fit, including the stellar population contribution. The broad line components
are shown in dashed green and the narrow components are in dash—dotted purple.

of ~80km ™! to the south-east of the nucleus, while velocities close the nucleus and lower values to the south, while the [O 1] A5007/H 3
to the systemic velocity or slightly blueshifted are observed to the and [N 1] A6583/[N 1] A5200 ratios present the highest values at the
north-east of the nucleus. Both dispersion velocity maps for the broad nucleus. All line ratio maps for the broad component show larger
component show mild variation, ranging from ~370 to 470 km s~!, values compared to the corresponding narrow component maps,
with the highest values observed mainly to the south-east. except for [O 1] AS007/H 3, which exhibits slightly higher values
Fig. 4 shows the observed flux line ratio maps for the narrow in the narrow component.

(upper panels) and broad (lower panels) components, useful to Following Riffel et al. (2021b), we estimate the visual gas
investigate the gas excitation. The grey regions correspond to masked extinction using the Hoa/H (3 intensity ratio as

out spaxels where one or both emission lines of the ratio are
not detected with a signal-to-noise ratio (SNR) of at least 3. The
[N1] A6583/H «, [S 1] AA6716, 6731/H «, and [O 1] A6300/H « line
ratios for the narrow component present larger values to the north of

ey

4 o Fi obs
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Figure 2. The panels display the flux distributions and kinematic maps for the [O 11I] A5S007 and [N 11] A6583 emission lines. For each line, the columns, from
left to right, show the flux distribution, centroid velocity, and velocity dispersion maps. The top two rows correspond to the narrow component, while the bottom

two rows represent the broad component. The scale bars indicate line fluxes in logarithmic units of ergs™

"'em~2, with velocities and velocity dispersions in

kms™!. Central crosses mark the position of the continuum peak, while the spatial orientation is provided in the top-left panel. Grey regions indicate spaxels
where the emission line is not detected above three times the standard deviation of the continuum in spectral regions adjacent to each line.

where (Fro/Fup)obs i the observed flux ratio, and we consider
the extinction law of Cardelli, Clayton & Mathis (1989) and
assume an intrinsic flux ratio of Fyo/Fup = 2.86, which cor-
responds to case B recombination for neutral hydrogen at an
electron temperature of 7, = 10000 K and an electron density
of N, =100 cm~ (Osterbrock & Ferland 2006). The resulting
Ay maps for the narrow and broad components are shown in
the top panels of Fig. 5, covering the inner ~0.7 arcsec, which

corresponds to the region where HB emission is detected. For
the disc component, the Ay presents values ranging from 0.5 to
~4 mag, with the highest values observed to the southeast side
of the galaxy, nearly coinciding with the central large-scale dust
structure visible in Fig. 1. The median visual extinction value
for this component is 2.5 mag. The extinction map derived for
the outflow component shows lower values, with a median of
0.8 mag.
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Figure 3. From left to right, the panels show the flux distributions for the [N 1] A5200, [O 1] A6300, H «, and [S 1] A6731 emission lines. The top and bottom
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panels correspond to the narrow and broad components, respectively. The scale bars represent line fluxes in logarithmic units of ergs™" cm
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Figure 4. The panels, from left to right, display maps of [O11]A5007/H (3, [NH]A6583/H «, [S1]AA6716, 6731/H ¢, [O1] A6300/H o, and
[N 1] A6583/[N 1] A5200 for the narrow (top) and broad (bottom) components. Grey regions represent masked locations for spaxels where at least one line

is not detected with SNR > 3 0.

The electron density (N,) can be derived from the flux ratio of
the [S 11] emission line doublet. To calculate N,, we used the PYNEB
Python package (Luridiana, Morisset & Shaw 2015), adopting an
electron temperature of 1.5 x 10* K, which is characteristic of the
narrow-line region in nearby AGNs (Revalski et al. 2018, 2021; Dors

MNRAS 542, 3373-3384 (2025)

etal. 2020; Riffel et al. 2021a; Armah et al. 2023). The bottom panels
of Fig. 5 display the resulting N, maps obtained for the narrow (left
panel) and broad (right panel) components. Cyan areas indicate low-
density gas where the [S 11] flux ratio exceeds 1.42, beyond which the
ratio is no longer sensitive to density, corresponding to values lower
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Figure 5. Top: Visual extinction map for CGCG 012-070 obtained using
H o/H [3 ratio for the narrow (left) and broad (right) components. Bottom:
[SII]-based electron density maps for narrow (left panel) and broad (right)
components. The cyan regions correspond to low-intensity locations traced
by Fisune717/ Fisupe731 > 0.42. The grey regions indicate spaxels where
one or both emission lines are not detected with a significance of at least 30
above the continuum noise.

than 100 cm™3 (Osterbrock & Ferland 2006). Both density maps for
the narrow and broad components show a similar range of values,
from ~ 100 to 2000 cm ™3, with median values of 652 and 602 cm™,
respectively (see Zhang 2024).

4 DISCUSSION

As discussed in the previous section, the gas kinematics reveal two
distinct components: (i) a rotating disc component, which follows
a pattern similar to that observed in the stellar kinematics and is
traced by the narrow profiles of the emission lines; (ii) an outflow
component, identified through the broad profiles of the emission
lines. In this section, we analyse the origin of the gas emission in
both components, derive the kinematical properties of the galactic
disc in the inner region, and estimate the characteristics of the outflow.

4.1 Origin of the gas emission

The use of diagnostic diagrams is a well-established method for
classifying the predominant gas ionization mechanisms responsible
for the observed emission-line flux ratios. The Baldwin—Phillips—
Terlevich (BPT; Baldwin, Phillips & Terlevich 1981; Veilleux &
Osterbrock 1987) and WHAN (Cid Fernandes et al. 2010) diagrams
can be used to distinguish gas regions in a galaxy based on their
ionization sources. The BPT diagrams for the disc and outflows
components in CGCG 012—070 are shown in Fig. 6. The borderlines
in the BPT diagrams distinguish between different emission regions:
star forming (SF), composite objects (CP), Seyfert (Sy), and LINER
(LIN) (Kewley et al. 2001; Kauffmann et al. 2003; Kewley et al.
2006; Cid Fernandes et al. 2010) for narrow and broad components.
As observed in the figure, in all three diagrams, the points are

lonized outflows in CGCG 012-070 3379

concentrated in the AGN region for both the disc and outflow
components. These diagrams are restricted to the central region of
the galaxy, where all emission lines for each corresponding diagram
are detected. Comparing the diagrams for the disc and outflow
components, it can be seen that the outflow component presents
systematically larger values in the ratios plotted on the x-axis of
[N 1] A5683/H «, with average values of log (132 ) =0.4140.15
and log ()  =0.524+0.23. In contrast, the disc component
of [O1I]A5007/H 3 has a higher mean than for the outflow one:

<log ( 0“‘1)N> = 0.69+0.12; <log ([0“‘ ) > —0.47+0.17.

The classification of LINERs in the BPT diagram may include
contributions from non-AGN sources such as hot low-mass evolved
stars responsible for the ionization observed in retired galaxies (RG)
that have stopped forming stars (HOLMES; Cid Fernandes et al.
2010, 2011; Agostino et al. 2021). To unravel this mixed emission,
the WHAN diagram is commonly employed, taking into account the
H « equivalent width (EWy) versus [N 11] /H « ratio. The WHAN
diagrams and excitation maps are shown in Fig. 7, for the disc (first
two panels) and outflow (last two panels) components. As the WHAN
diagram is not limited to the region where H B is detected, as is the
case for the BPT diagrams, the excitation maps cover a larger region
of the galaxy. The lines in the WHAN diagram follow the definitions
provided by Cid Fernandes et al. (2011), and the classifications used
are: star-forming galaxies (SF), weak AGN (wAGN), strong AGN
(sAGN), and retired galaxies (RG). The WHAN diagrams confirm
the presence of an AGN in the centre of CGCG 012-070, with points
located in the SAGN region, transitioning to wAGN and later to RG
in the outermost regions, a behaviour expected due to the dilution
of the AGN radiation field with distance from it. This is consistent
with the classification based on integrated optical spectra, where the
nuclear activity of CGCG 012-070 is identified as a Sy 2 nucleus
(Véron-Cetty & Véron 2006; Thomas et al. 2013).

As  mentioned above, the values of [NuJ/Hax,
[SH]AAN6716,6731/Hx, and [OI]A6300/Hx for the outflow
component are higher than those for the disc component. The
median logarithmic values for these ratios are 0.39, 0.18, and —0.40
for the disc component, whereas for the outflow component, they
are 0.58, 0.38, and —0.13, respectively. This indicates that the
low-ionization lines in the outflow have an additional excitation
mechanism besides photoionization by the central source. The
most likely additional mechanism is fast shocks, which are
more efficient at producing emission from low-ionization lines
such as [S1u], [N1], and [O1] compared to higher-ionization
lines like [O11] (e.g. Allen et al. 2008). We can also compare
the gas ionization degree of the outflow and disc gas using the
[O 1] A5007/[N 11] A6583 and [O 1] A5007/[S ] AA6716,6731 line
ratios. By integrating the spaxels detected in both lines and correcting
them for extinction, we find the following values for narrow and
broad components of the flux ratios: [O1I)/[N 1]y = 0.58 £0.07;
[Om]/[N1]g = 048 £0.06; [Om)/[Su]y = 1.140.13; and
[Om)/[Su]p = 0.77£0.09. Therefore, the outflow gas presents
a slightly lower ionization degree than the gas at the disc, which
further supports the contribution of shocks to the gas ionization, as
shocks are more efficient in producing low-ionization lines.

Since CGCG 012-070 exhibits only mild radio emission (Becker
et al. 1995; Lofthouse et al. 2018), the most probable cause of the
shocks are the outflows, as observed in other galaxies (e.g. Ho et al.
2014; D’ Agostino et al. 2019a, b; Riffel et al. 2023b, 2024a). This
is further corroborated by the [O1]-BPT diagram for the outflow
component (Fig. 6), where most points are located in the locus of
shock-excited emission for NGC 1482, considered a prototype of
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Figure 6. Emission-line ratio diagnostic diagrams and excitation maps for CGCG 012-070. The top row presents the [N 11]/H « BPT diagnostic, the middle row
displays the [S11J/H « classification, and the bottom row shows the [O1]J/H « diagram. In each row, the first two panels correspond to the narrow component,
while the last two panels illustrate the broad component. The lines delineate different emission regions: star forming (SF), composite objects (CP), Seyfert (Sy),
and LINER (LIN), following the classifications by Kewley et al. (2001, 2006), Kauffmann et al. (2003), and Cid Fernandes et al. (2010). In the [O 1]-BPT diagram
for the broad component, the grey dashed line corresponds to the fiducial model of shock-dominated emission in NGC 1482 from Sharp & Bland-Hawthorn
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shock-dominated sources (Veilleux & Rupke 2002; Sharp & Bland-
Hawthorn 2010). Thus, we conclude that the gas emission for the
disc component is produced by AGN photoionization, while for the
outflow component an additional contribution from shocks induced
by outflows is necessary to reproduce the observed line ratios in
CGCG012-070.

4.2 The disc component

The stellar (Fig. 1) and narrow-component gas (Fig. 2) velocity
fields clearly display a rotation pattern, with the north-west side
approaching and the south-east side receding. In order to estimate
the geometric parameters of the disc and characterize the stellar
and gas motions, we fit the stellar and gas velocity fields using an
analytical model, assuming circular orbits confined to the plane of
the galaxy and moving under the influence of a central gravitational
potential (Bertola et al. 1991). In this model, the rotational velocity
field is defined as

V(R, ¢) = Vsys
AR cos(y — Yp) sin6 cos? 6

+ s
{R2 [sinz(l// — o) + cos? 6 cos2 (Y — wo)} + c3cos? 0 }1)/2

(@)

where Vi, is the heliocentric systemic velocity of the galaxy, A
is the velocity amplitude, R is the distance of each spaxel to the
centre of rotation, v is the position angle (PA) of each spaxel,
Yo is the PA of the line of the nodes, 6 is the inclination of the
galactic disc relative to the plane of the sky (6 = 0 for a face-on
disc), and ¢y is a concentration parameter, defined as the radius
where the velocity reaches 70 percent of the velocity amplitude.
The p parameter represents the slope of the rotation curve, varying
from 1.0 for an asymptotically flat rotation curve to 1.5 for a system
with finite mass, as for a Plummer potential (Plummer 1911). We
applied the Levenberg—Marquardt algorithm for the fitting of non-
linear least squares using the LEVMARLSQFITTER package from the
ASTROPY Python package (The Astropy Collaboration et al. 2013).

In the left panels of Fig. 8, we present the observed velocity field of
the stars (top) and for the narrow component of [N 11] A6583 (bottom).
The corresponding rotation disc models are shown in the middle
panels, while the residual maps —obtained by subtracting the model
from the observed velocities — are in the right panels. The best-fitting
parameters are listed in Table 1. For the gas, 8, Vs and ¢, were fixed
to the values derived from the stellar component. The best-fitting
parameters for the stars and gas are similar and in agreement with
values obtained for the large-scale disc (e.g. Skrutskie et al. 2006).

The residual map for the stars shows low values (< 20 kms™!)
at most locations, except for a region approximately 2 arcsec east
of the nucleus, where the residuals reach redshifted velocities of
~ 100 km s~! in an arc-shaped structure. Similar values are observed
in the gas residual map in the same region and some blueshifted
residuals (~ 50 km s~!) west of the nucleus, co-spatial with a region
of enhanced velocity dispersion in the narrow [N1I] component. A
plausible explanation for these residuals is a recent capture of a
small satellite galaxy, as commonly occurs in nearby AGN hosts
(e.g. Davis et al. 2011; Raimundo et al. 2017; Raimundo 2021;
Raimundo, Malkan & Vestergaard 2023; Rembold et al. 2023; Riffel
etal. 2024a). In addition, the residual map for the gas shows redshifts
to the south of the nucleus, approximately along the region where
the highest Wy, values are observed (Fig. 1). These residuals are
possibly associated with the interaction of the outflow with the ISM
on the near side of the galaxy disc.
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Figure 8. Observed velocity maps (left), disc rotation models (centre), and
residuals (right) for the stars (top) and the [N 11],A6583 narrow component
(bottom). The black dashed line in the residual maps indicates the line of
nodes, as determined from the best-fitting position angle .

Table 1. Best-fitting parameters of the rotation disc models for stars and
ionized gas.

Parameter Stars Ionized gas
A (kms™1) 150 + 31 243 +31
co (arcsec) 1.0+ 0.6 Fixed

p 1.10 £ 0.06 1.29 +£0.04
Yo (deg) 103 +4 95+6
0 (deg) 67.4+8.5 Fixed
Viys (km s™h 14480 £ 37 Fixed

4.3 Outflow properties

The large-scale image of CGCG 012-070 suggests that the south-west
side is slightly more obscured by dust, indicating that it represents
the near side of the disc, while the north-east side corresponds to the
far side. The velocity fields of the broad component exhibit redshifts
towards the south of the nucleus and some blueshifts towards the
north (Fig. 2). Additionally, the Wgy map (Fig. 1) shows higher
values to the south of the nucleus, which we interpret as resulting
from the interaction between the outflow and the gas in the disc.
Based on this, the broad component observed in the emission lines is
consistent with a biconical outflow roughly aligned in the north—south
direction, with redshifts seen on the southern side behind the disc
plane and blueshifts in the northern side in front of the disc plane. The
small velocity gradient indicates that the outflow is approximately
in the plane of the sky, consistent with the galaxy disc orientation.
In this section, we estimate the ionized gas outflow properties and
discuss their impact on the host galaxy.
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We estimate the mass of the ionized gas outflow (M) by
(Carniani et al. 2015):

1 L[OIIIJ, broad ﬁe
10I0/H1-10/Hlo 10* ergs—! 500 cm—3’

where 7i, is the median electron density for the outflow estimated
from the flux ratios of the [S 11] broad components and Loy, broad] 1S
the integrated luminosity of the broad component of [O 1] A5007,
corrected by extinction using the median value of Ay 0aq for the
broad component and adopting the extinction law from Cardelli et al.
(1989). The oxygen abundance [O/H] can be estimated from the
log([N 11] A6583/H) calibration for nearby LINER galaxies derived
by Oliveira et al. (2022). Using the fluxes for the broad component
and a solar oxygen abundance of 12 + [O/H]y = 8.69 (Allende
Prieto, Lambert & Asplund 2001), we obtain [O/H]-[O/H], = 0.30
for the outflow in CGCG 012-070.

Then, we follow Riffel et al. (2023a), de Oliveira et al. (2021), and
Gatto et al. (2024) to estimate the outflow properties. The velocity
of the outflow (V) is defined as

Moy = 0.8 x 108 Mg,

3)

Vom — ((|vbroad| + 2O‘broa\d) Fbroad> i (4)
(F bmad)
where Firoads Ubroad> a0d Obroad are, respectively, the flux, centroid ve-
locity, and velocity dispersion of the [O 111] A5007 broad component
in each spaxel. Similarly, the radius of the outflow (R,,) is derived
from a flux-weighted average of the spatial extent of the broad [O 111]
component:
R F
Rom — ( broad broad) ) (5)
<F bmad)

Here, Ryonq 18 the distance of each spaxel from the nucleus. Then,
the mass-outflow rate is estimated by

. 7%
Mow = “5;57"“‘. 6
out
The kinetic power of the outflow is computed as
‘ 1.,
Euut = EMout Vout' (7)

Using the equations above, we obtain the following values:
Moy = (4.64+0.51) x 10*Mg; Vo = (13304 13)kms™;
Row = (0.94 £0.36) kpc; My = (0.067 £0.026) Mg yr~'; and
Eou = (3.7 £ 1.5) x 10* erg s~!. The uncertainties reported for the
outflow properties represent only measurement errors and do not
account for systematic uncertainties related to the outflow geometry
or assumptions about the outflow density, which could be significant
as extensively discussed in the literature (e.g. Davies et al. 2020;
Revalski et al. 2022; Riffel et al. 2023a; Revalski et al. 2025).

As CGCGO012-070 presents only a weak radio source (P4 ~
2.4 x 102 W Hz™!; Becker et al. 1995; Lofthouse et al. 2018), the
ionized outflows are likely driven by the radiation pressure exerted
by the accretion disc surrounding the SMBH. To further investigate
the physical processes responsible for driving the observed outflows,
we calculate the ratio between the momentum flux of the outflow
(P,y) and photon momentum flux (Pagn) via

Poul _ M X Voul
Pacn Lpg/c '
where c is the light speed, Ly is the AGN bolometric luminos-
ity, estimated as Lupoi/[10° ergs™'] = 112(Louy/[10% erg s~1])!2
(Trump et al. 2015) and Loy is the total [O 1] A5007 luminosity,
corrected by extinction. The ratio Py, / Pagn = 0.3 for CGCG 012—
070 provides further support that the observed ionized outflows are

®
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Figure 9. Plot of the kinetic power of ionized outflows as a function of the
AGN bolometric luminosity, based on the data from Riffel et al. (2021c¢),
represented by black dots. The light blue shaded area corresponds to the
mean kinetic power of ionized outflows along with the 1o dispersion,
computed within bolometric luminosity bins of 0.5 dex. The lines indicate the
minimum coupling efficiencies required for outflows to effectively suppress
SF, as predicted by various simulations (Di Matteo et al. 2005; Hopkins &
Elvis 2010; Dubois et al. 2014; Harrison et al. 2018; Xu et al. 2022). The blue
triangle marks the position of UGC 8782 (Riffel et al. 2023b), the red star
corresponds to NGC 3884 (Riffel et al. 2024a), and the green square indicates
CGCG 012-070.

driven by radiation pressure from the AGN. This value is consistent
with radiation pressure-driven winds occurring in low-density envi-
ronments or with shocked AGN winds, with Py, < 1 Pagy (Faucher-
Giguere & Quataert 2012).

To investigate the impact of the ionized outflow on the host
galaxy, we estimate its kinetic coupling efficiency € = Eout / Lyol-
The resulting AGN bolometric luminosity and outflow coupling
efficiency are Lyo & 5.4 x 10¥ ergs™ and €, = 0.068 per cent.

Theoretical models predict that radiatively driven AGN outflows
must achieve coupling efficiencies of at least 0.5-15 per cent of Ly
for AGN feedback to effectively suppress SF in their host galaxies (Di
Matteo, Springel & Hernquist 2005; Hopkins & Elvis 2010; Dubois
et al. 2014; Harrison et al. 2018; Xu et al. 2022). The value obtained
above for the kinetic coupling efficiency of the ionized gas outflows in
CGCG 012-070 falls below these thresholds. Fig. 9 shows the relation
between the kinetic power of ionized outflows and AGN bolometric
luminosity, based on data compiled by Riffel et al. (2021c), which
includes measurements for over 600 sources spanning seven orders of
magnitude in luminosity. The blue shaded region represents the range
between the mean kinetic power of the outflows minus one standard
deviation and the mean plus one standard deviation, calculated within
0.5 dex bins of L. Besides CGCG 012-070, results for UGC 8782
(Riffel et al. 2023b) and for NGC 3884 (Riffel et al. 2024a) are also
included in the plot.

AGN-driven outflows are observed across multiple gas phases,
with cold molecular outflows generally displaying mass rates and
kinetic powers higher than those of their ionized counterparts in
galaxies with AGN bolometric luminosity lower than 10%ergs™!
(Fiore et al. 2017; Fluetsch et al. 2019; Harrison et al. 2018;
Vayner et al. 2021; Riffel et al. 2023a; Harrison & Ramos Almeida
2024). For CGCG 012-070, the ionized outflows exhibit a coupling
efficiency lower than the threshold predicted by the simulations to
effectively suppress SF in the host galaxy. Thus, to further investigate
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the role of AGN feedback in CGCG 012-070, other gas phases
must be taken into account. Moreover, the kinetic energy injected
into the ISM by the outflows accounts for only ~20 percent of
their total coupling energy (Richings & Faucher-Giguere 2018).
Thus, accounting for the total coupling efficiency of the multiphase
outflows could significantly enhance the overall effectiveness of the
outflow in suppressing SF. Finally, we have shown that CGCG 012-
070 hosts a low-luminosity AGN, where simulations of low-power
winds suggest that such winds can effectively quench SF in the galaxy
if they are sustained for longer than approximately 1 Myr (Almeida,
Nemmen & Riffel 2023b).

5 CONCLUSIONS

We employed optical IFU observations to map the gas emission, ex-
tinction, excitation, and kinematics, as well as the stellar kinematics,
within the central 3.6 x 5.1 kpc? region of the galaxy CGCG 012-
070. Our main conclusions are summarized as follows:

(i) The stellar velocity field presents a well-defined rotation
pattern, with a projected amplitude of around 200 km s~ presenting
blueshifts on the north-west side of the galaxy and redshifts on the
south-east. The observed velocities are well-represented by a rotating
disc model, with the major axis oriented approximately along the
position angle W, ~ 103°, consistent with the large-scale orientation
of the disc.

(ii) The gas exhibits two distinct kinematic components, observed
as narrow and broad components in the emission-line profiles. The
narrow component originates from gas in the disc, following motions
similar to those of the stars. The broad component is attributed to an
ionized outflow, observed within the inner 1.5 kpc radius.

(iii) The gas emission in the disc component is primarily produced
by photoionization from the central AGN, while the outflow shows
additional emission from shocked gas, as indicated by the emission-
line ratio diagnostic diagrams.

(iv) The median visual extinction, derived from the Balmer
decrement, is 2.5 mag for the disc component and 0.8 mag for the
outflowing gas. The median electron densities, estimated from the
[S11] doublet, are 652 cm™> and 602 cm™—> for the disc and outflow,
respectively.

(v) The ionized outflows are radiatively driven, as suggested by
the comparison between the momentum flux of the outflow and the
photon momentum flux, with the latter being approximately three
times larger than the former. This conclusion is further supported by
the absence of a radio jet in the galaxy, based on the available radio
data.

(vi) We estimate a mass outflow rate of = 6.7 x 1072 Mg yr~! and
a kinetic power of & 3.7 x 10 erg s~'. This corresponds to a kinetic
coupling efficiency of the outflows with the ISM of ~ 0.07 per cent.
This value is below the outflow coupling efficiencies required by
cosmological simulations for AGN feedback to effectively suppress
SF in their host galaxies. However, it may still be sufficient to quench
SF in the central region if sustained over time-scales of ~ 1 Myr at
the current power, indicating the action of a maintenance mode AGN
feedback in this galaxy.

In summary, the three galaxies — UGC 8782 (Riffel et al. 2023b),
NGC 3884 (Riffel et al. 2024a), and CGCG 012-070 (this work) —
selected for exhibiting high H,/PAH ratios in the mid-infrared and
elevated [O1] velocity dispersions, show clear evidence of outflow
components, with shocks playing an important role in the origin of
their emission. The ionized gas outflows in these three galaxies are
more powerful than those typically observed in AGNs of similar

lonized outflows in CGCG 012-070 3383

luminosities. Furthermore, it is necessary to explore other gas phases
to fully assess the true impact of the outflows on SF in their host
galaxies.
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