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A nuclear ionized gas outflow in the Seyfert 2 galaxy UGC 2024
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ABSTRACT
As part of a high-resolution observational study of feeding and feedback processes occurring in
the vicinity of the active galactic nucleus in 40 galaxies, we observed the inner 3.′′5 × 5 arcsec
of the nearby spiral and Seyfert 2 galaxy UGC 2024 with the integral field unit of the Gemini-
South Telescope. The observations enabled a study of the stellar and gas kinematics in this
region at a spatial resolution of 0.′′5 (218 pc), and a spectral resolution of 36 km s−1 over
the wavelength range 4100–7300 Å. For the strongest emission-lines (H β, [O III] λ5007 Å,
H α, [N II] λ6584 Å, and [S II] λλ6717,6731 Å) we derived maps of the flux, radial velocity,
and velocity dispersion. The flux distribution and kinematics of the [O III] emission line are
roughly symmetric around the nucleus: the radial velocity is close to systemic over the full field
of view. The kinematics of the other strong emission lines trace both this systemic velocity
component, and ordered rotation (with kinematic centre 0.′′2 north-west of the nucleus). The
stellar continuum morphology and kinematics are, however, asymmetrical around the nucleus.
We interpret these unusual kinematics as the superposition of a component of gas rotating
in the galaxy disc plus a ‘halo’ component of highly ionized gas. This halo either traces
a quasi-spherical fountain with average radial velocity 200 km s−1, in which case the total
nuclear outflow mass and momentum are 2 × 105 M� and 4 × 107 M� km s−1, respectively,
or a dispersion supported halo created by a past nuclear starburst.

Key words: galaxies: active – galaxies: individual: UGC 2024 – galaxies: kinematics and
dynamics – galaxies: nuclei – galaxies: Seyfert.
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1 IN T RO D U C T I O N

Understanding how mass is transferred from galactic scales down
to nuclear scales to feed the supermassive black hole (hereafter
SMBH) has been a long-standing problem, given that it is widely
accepted that the prodigious energy emitted by the active galactic

C© 2019 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/487/3/3679/5512153 by U
niversidade Federal do R

io G
rande do Sul user on 19 August 2019

http://orcid.org/0000-0002-9248-086X
http://orcid.org/0000-0002-4628-3726
http://orcid.org/0000-0003-4184-6152
http://orcid.org/0000-0003-0483-3723
mailto:daniamunozv@gmail.com
mailto:nagar@astro-udec.cl 
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nucleus (AGN) is the result of accretion onto the SMBH (Lynden-
Bell 1969; Soltan 1982).

Theoretical studies and simulations (Shlosman, Begelman &
Frank 1990; Emsellem, Goudfrooij & Ferruit 2003; Knapen 2005;
Emsellem et al. 2006) have shown that non-axisymmetric potentials
efficiently promote gas inflow towards the inner regions. Structures
such as nuclear bars (Englmaier & Shlosman 2004), spiral arms,
and small-scale discs are commonly observed in the inner kpc of
galaxies with an AGN (Davies 1972; Ellison et al. 2013; Schnorr-
Müller et al. 2014b; Lena et al. 2015; Schnorr-Müller et al. 2017a,b),
with mass inflow rates of gas on kpc to 100 pc scales ranging from
10−3 to 10−1 M� yr−1 (e.g. Riffel 2013).

While the mechanisms that trigger inflows of cold gas are difficult
to identify, the feedback produced by an AGN, usually traced
by outflows, is easier to observe (Riffel 2013). These have been
observed in ionized gas emission from the Narrow Line Region
(NLR) where the emission lines typically have widths of 500 km s−1.
Mass outflow rates in ionized gas are 10–1000 times larger than the
AGN mass accretion rates (Crenshaw, Kraemer & George 2003;
Veilleux, Cecil & Bland-Hawthorn 2005; Crenshaw & Kraemer
2012; Riffel 2013; Revalski et al. 2018), supporting an origin for
the bulk of the outflow as gas from the galaxy plane entrained by a
nuclear jet or accretion disc wind (Storchi-Bergmann 2010).

Numerous studies of prominent optical emission lines have
revealed that the NLR is an ideal place to witness AGN feedback
in the form of ionized gas outflows (Storchi-Bergmann 2010;
Riffel & Storchi-Bergmann 2011; Bergmann 2012; Bae & Woo
2016, and references therein). The excitation and dynamics of
the inner NLR gas can reveal how radiation and mass outflows
from the nucleus interact with the circumnuclear gas. Crenshaw
& Kraemer (2000b) constructed a simple 3D model of a biconical
outflow to reproduce the observed position–velocity (PV) diagrams
of the Seyfert galaxy NGC 1068 obtained from Hubble Space
Telescope (HST) STIS long-slit data. Since then, biconical outflows
associated with ionized gas have been reported and modelled by
many authors, (e.g. Crenshaw & Kraemer 2000a; Veilleux, Shopbell
& Miller 2001; Fischer et al. 2010; Storchi-Bergmann 2010; Fischer
et al. 2013; Barbosa et al. 2014; Lena et al. 2015; Humire et al.
2018).

Here, we present an analysis of the stellar and gas kinematics
in the inner kpc of UGC 2024, as derived from integral field unit
(IFU) observations carried out with the Gemini South telescope.
UGC 2024, earlier classified as an Sab galaxy (Huchra, Vogeley &
Geller 1999) is more likely an SBab galaxy with a bar of 8.95 kpc
(Paturel et al. 2003; Nair & Abraham 2010), and harbors a Seyfert
2 nucleus (Toba et al. 2013). It shows weak broad permitted lines in
the near-IR implying that the broad lines may be dust obscured in the
optical (Heisler & De Robertis 1999). UGC 2024 is at a luminosity
distance of 90 Mpc (Crook et al. 2007), which corresponds to an
angular scale of 0.436 kpc arcsec−1 (assuming H0 = 73 km s−1

Mpc−1, �matter = 0.027 and �vacuum = 0.73). A major axis position
angle (from north to east; hereafter PA) of 150

◦
was derived by

Schmitt & Kinney (2000) via ellipse fitting to ground-based I-band
images. The inclination of the galaxy is 48

◦
,1 computed from the

apparent axial ratio listed in the UGC catalogue. Giuricin, Mezzetti
& Mardirossian (1985) determined the linear diameter at the 25
B-mag arcsec−2 brightness level and the total blue luminosity,
obtaining D ≈ 22.38 kpc and LB ≈ 2.08 × 1010 L�. The latest

1https://ned.ipac.caltech.edu

heliocentric radial velocity published for this galaxy is 6699 km s−1,
i.e. a redshift of z ∼ 0.022347 ± 0.000010.2

Gelbord, Mullaney & Ward (2009) found that both the high-
ionization ([Fe VII], [Fe X] λ6374 Å, [Fe XI] λ 7892 Å), medium-
ionization ([O III] λ5007 Å), and low-ionization forbidden lines
([O I] λλ6300,6363 Å, [N II] λλ6548,6584 Å and [S II] λλ6717,6731
Å) in UGC 2024 are less redshifted than the host galaxy. That
is, the velocities measured by fitting Gaussian to each line are
lower than the host galaxy systemic velocity as derived from the
[S II] λλ6717,6731 Å emission-lines. They interpret this difference
as due to (blueshifted) outflow velocities along our line of sight, but
did not rule out the possibility of emission from infalling clouds on
the far side of the AGN.

UGC 2024 has an unresolved nuclear radio source (Kinney et al.
2000; Schmitt & Kinney 2000) with a size < 45 pc (Schmitt
et al. 2001). Earlier studies of the optical continuum and the H α

emission-line (Heisler & Vader 1994, 1995) show that UGC 2024
presents a faint halo surrounding its nucleus. This galaxy also shows
two small spiral arms which extend into its faint outer halo; ‘unsharp
masked’ and (B – R) colour images reveal many bright knots (H II

regions) at either side of the nucleus along the same line as the
spiral arms (Heisler & Vader 1994) even through the spiral arms
are not strong H α emitters. Heisler & Vader (1995) conclude that
UGC 2024 is either an early-type spiral or that the arms are tidal
tails of older stars pulled out during a previous interaction.

Schmitt et al. (2003) found that UGC 2024 shows extended
diffuse [O III] emission, with no clear conical shape. This emission
is extended by 1.′′45 × 2.′′6 (minor axis × major axis extension) with
the major axis along PA = 145

◦
, within 5

◦
from the host galaxy

major axis (Schmitt et al. 2003). Goto (2006) compared the spatial
flux distributions of the [O III] emission line with the H δ absorption
line in order to study the post-starburst (PS) region in UGC 2024.
They stressed that, even if both lines ‘peak’ at the centre, H δ is
more extended (with extension greater than ±2 arcsec). On the
other hand, the [O III] equivalent width (EW) is larger than the H δ

EW (6–12 Å and 3–5 Å, respectively) within the central ±2 arcsec,
and for [O III] this value decreases outside this radius, while the
H δ EW stays almost constant until ±4 arcsec. Furthermore, they
found that the [S II]/H α flux ratio peaks at the nucleus. Based on all
these factors, they conclude that the AGN and PS regions are both
centrally concentrated, but that the PS region is more extended than
the emission-line region.

It is now generally accepted that PS galaxy samples would be
only 50 per cent complete if we do not consider narrow-line AGNs
(Wild et al. 2007; Sell et al. 2014; Pawlik et al. 2018), and that PS
are in a transition phase between the blue cloud and the red sequence
(Pawlik et al. 2018). However, there has been a standing controversy
over whether the starburst phase occurs before the inflows that fuel
the AGN or whether the AGN ignition fuels the posterior starburst
activity (Goto 2006). Given that the line ratios and kinematics in
the nucleus of UGC 2024 reflects both its AGN and PS nature,
it is a good target in which to improve our understanding of the
relationship between PS and AGNs.

The results presented here on UGC 2024 are part of a larger
study of a sub-sample of 40 galaxies with extended NLR from
the work of Schmitt et al. (2003), with both optical IFU (e.g.
Schnorr-Müller et al. 2014b; Lena et al. 2015; Schnorr-Müller et al.
2017a,b; Humire et al. 2018) and ALMA (e.g. Finlez et al. 2018;

2Sloan Digital Sky Survey Data Release 13 as obtained 2017 January 31,
from http://www.sdss.org/dr13/data access/bulk/
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A nuclear ionized outflow in UGC 2024. 3681

Slater et al. 2018) with the aim of study feeding and feedback
processes occurring in the vicinity of the AGN. While the results
on each galaxy are often sufficiently complex to warrant their own
publication, on completion of the sample we will address the larger
science goals with this statistically meaningful sample. This paper
is organized as follows. In Section 2, we present the observations
and data processing. Our results are presented in Section 3. In
Section 4, we discuss our results and in Section 5 we present the
main conclusions of the paper.

2 O B S E RVAT I O N A N D DATA R E D U C T I O N

UGC 2024 was observed on 2014 December 1 with the IFU
(Allington-Smith et al. 2002) of the Gemini Multi-Object
Spectrograph3 (Hook et al. 2004, with the new Hamamatsu detector
array) mounted on the Gemini South Telescope (program ID: GS-
2014B-Q-20, PI Nagar). We observed this galaxy in the one-slit
mode, covering a Field of View (FOV) of 3.′′5 × 5 arcsec, with a
sampling of 0.′′2, centred on the nucleus of UGC 2024. The four
exposures, each of 900 s, were slightly shifted in position (two
positions offset by 0.′′5) and central wavelength (two wavelength
settings offset by 50 Å), so that the posterior cube combination
would correct for detector defects and chip gaps. The seeing during
our science observations was estimated using the average full width
at half-maximum (FWHM) of three stars in the science acquisition
image; we obtain a value of 0.′′48, corresponding to 0.218 kpc at the
distance of UGC 2024. The longer axis of the IFU was aligned to
PAobs = 142

◦
, close to the major axis of the host galaxy (major axis

PA ≈ 150
◦
). Thus, in the images shown in this work, the major axis

of the galaxy appears along PAimg = 8
◦

(counterclockwise from the
y-axis).

No flux standard star was observed on the same night as the
science observations. The UGC 2024 data were thus flux calibrated
using an observation of the standard star LTT 2415,4 which was
observed as part of the same program on 2014 October 11 (i.e.
more than a month earlier) with the same instrument set-up and
an exposure time of 600 s, and under similar observing conditions.
We also tested our absolute flux calibration with that of the SDSS
(3 arcsec fibre) spectrum, and found overall consistent results. Given
the above, while the relative flux calibration of the data is good, we
estimate that the absolute calibration has a 30 per cent error.

Data processing was performed with the Gemini IRAF5 package
provided by the Gemini Observatory and specifically developed for
the GMOS6 instrument, following the procedure outlined in Lena
(2014). This standard data processing included bias subtraction,
overscan, flat-fielding, wavelength calibration, differential atmo-
spheric refraction correction (using the GCUBE task in the GMOS
package of IRAF) and building of the data cubes at a spatial sampling
of 0.08 × 0.08 arcsec2 pixel−1. The final cube contains 2928 spectra
over a field of 3.′′84 × 4.′′88 (48 × 61 fibres2).

3For more details visit:http://www.gemini.edu/sciops/instruments/gmos-0.
4Standard Star Atlas for Kyoto3DII, Kyoto3DII Team (2007).
5IRAF is the Image Reduction and Analysis Facility, a general purpose
software system for the reduction and analysis of astronomical data. IRAF

is written and supported by the National Optical Astronomy Observatories
(NOAO) in Tucson, Arizona. NOAO is operated by the Association of
Universities for Research in Astronomy (AURA), Inc. under cooperative
agreement with the National Science Foundation.
6http://www.gemini.edu/sciops/data-and-results/processing-software?q=n
ode/11822

We used the B600 grating set to a central wavelength of 5700
Å or 5750 Å. The resulting wavelength coverage, 4200 − 7300 Å,
covers the H β, [O III] λλ4959,5007 Å, H α, [N II] λλ6548,6584
Å and [S II] λλ6717,6731 Å emission lines, with a spectral reso-
lution as measured from the wavelength calibrated arc spectra, of
FWHM = 36 km s−1, i.e. R = 3534 at 6440 Å. Unfortunately, in
two of the exposures, the [O III] λ5007 Å emission line fell partially
on a CCD chip gap. For these two exposures, we masked 64 Å of
data centred on 5119 Å (the central observed wavelength of the
[O III] line) before combining the cubes.

The spectrum near the [S II] doublet is affected by the atmospheric
Telluric lines. We roughly corrected for this using the standard star
spectrum, noting that this star was observed on a different night
from the science target. We first fit a black body to the V, R, I, J, H,
and K-band magnitudes of the standard star, and then divided the
integrated spectrum of the standard star by the black body to recover
the effect of telluric absorption on the standard star. This was used
to correct the spectra of UGC 2024 near the [S II] emission doublet,
taking into account the airmass difference between the galaxy and
standard star observations. The telluric subtraction is not optimal,
but it only affects less than the 50 per cent of the [S II] λ6717 Å
emission line and few of our results depend on this.

3 R ESULTS

Fig. 1 illustrates our Gemini/GMOS-IFU observations. The upper
left panel shows the acquisition image of UGC 2024, and the upper
right panel shows a large-scale UGC 2024 unsharp7 image obtained
from the Wide Field Planetary Camera 2 (WFPC2) through the
F547M filter aboard the HST.8 In both the acquisition image and
large-scale image, the rectangles delimit the FOV of our Gemini
GMOS/IFU observations. In the lower panels, we show spectra of
the apertures marked in black in the large-scale image. Aperture 1 is
the nuclear spectrum (defined by the peak of the stellar continuum).
It shows narrow (average central velocity dispersion of 78 km s−1)
emission-lines and a [N II]/H α ratio of 1. The spectrum shown here
has not yet been corrected for Telluric absorption (see previous
section) and thus absorption lines are seen near the [S II] doublet.

The large-scale image in Fig. 1 shows some evidence of dust
towards the SW: highlighted by irregular contours and confirmed
by the extension of the light distribution in the acquisition image and
the continuum (see Figs 1 and 7, respectively). The arms are aligned
roughly along the major axis of the galaxy so that the south arm
has redshifted velocities and the north arm has blueshifted ones (see
Figs 2 and 3). The morphology and kinematics of the spiral arms
(under the assumption of trailing spiral arms; Binney & Tremaine
2008), and the dust structures, lead us to infer that the SW side of
the galaxy disc is the near side. This interpretation of the near and
far sides of the galaxy disc is supported by the H α/H β ratio across
the disc (for a wider discussion see Section 3.5).

3.1 Stellar kinematics

To determine the stellar kinematics, we used the Penalized Pixel-
Fitting (PPXF) code (Cappellari & Emsellem 2004; Cappellari 2017)

7Obtained using the unsharp mask.pro IDL routine for math-image pro-
cessing. For more details visit https://www.harrisgeospatial.com/docs/unsh
arp mask.html.
8Obtained from the Hubble Legacy Archive (http://hla.stsci.edu/hlaview.ht
ml).
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3682 D. Muñoz-Vergara et al.

Figure 1. Top left: Gemini/GMOS acquisition image. Black contours are plotted in order to better visualize the spiral arm pattern and the nuclear peak. Top
right: a large-scale UGC 2024 image obtained from a HST F547M image (see the text); the (red) cross marks the nucleus (the continuum peak). The black
and white rectangles delimit the FOV of the GMOS-IFU observations in the acquisition image and large-scale image, respectively. The N-E orientation is
indicated by the compass shown in the acquisition image and the solid black line shows the major axis PA; both images have the same orientation. Bottom:
spectra (in erg s−1 cm−2 A−1) of each of the four marked points in the HST large-scale image are shown in black lines. The red spectrum of Aperture 1 shows
the best-fitting stellar template to the observed spectrum, as obtained by PPXF (see the text), scaled up for better visualization. Spectra 3 and 4 were extracted
from the combined cube, while Spectra 1 and 2 were extracted from the two exposures which fully covered the [O III] line (see the text).

together with a subset of the MILES Library of Stellar Spectra
(Sánchez-Blázquez et al. 2006). The 985 template spectra cover the
wavelength range 3525–5700 Å at a spectral resolution of 2.51 Å
(Falcón-Barroso et al. 2011, σ ∼ 64 km s−1). Before running PPXF,
we binned the spaxels of the cube using VORONOI 2D BINNING9

9https://www-astro.physics.ox.ac.uk/∼mxc/software/

(Cappellari & Copin 2003) obtaining 822 bins with a minimum
signal-to-noise (S/N) ratio of 25 in the continuum close to the
[O III] line. The error spectrum input to PPXF was based on the
rms (and thus S/N) calculated over the range 5700–5800 Å for each
spectrum, and assuming that this rms reflected the noise over the full
spectral range. Fig. 1 shows the best-fitting template spectrum for
the nuclear aperture obtained by PPXF (red; for better visualization
this template has been scaled up by factor 2).
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A nuclear ionized outflow in UGC 2024. 3683

Figure 2. From left to right: the stellar radial velocity obtained with PPXF (spaxels were Voronoi-binned to get a minimal S/N of 25 in the continuum), the
best-fitting Bertola rotation model, and the residual (PPXF velocity model) radial velocity field. Axes (in arcsec) are relative to the stellar continuum peak,
indicated by the intersection of the solid and dashed lines (major and minor axis, respectively) in the radial velocity map and the black cross in the rotation
model and the residual map. The panels follow the respective colour bars (units of km s−1).

Table 1. Bertola model parameters: stars and H α.

Parameter Value (�) Value (H α)

	Vsys
•45.16 km s−1 ∗10 km s−1

PA 150
◦

150
◦

i 48
◦

48
◦

A •170 km s−1 ∗500 km s−1

c •0.8 ∗1
p •0.9 ∗1.9

Note. Rotation model parameters for stars and gas. Column 1: parameter
name; Column 2: parameter value in best-fitting Bertola model to the stellar
radial velocity field. Column 3: Same as Column 2 but for the H α radial
velocity field. Values marked with an asterisk were determined by fits (by
eye) to the PV diagrams (see the text). Values marked with a filled circle
were determined using the Levenberg–Marquardt least-squares algorithm
with an error of 10%.

The stellar radial velocity field obtained by PPXF is shown
in the left-hand panel of Fig. 2: velocities range from −124 to
117 km s−1, assuming a systemic velocity (Vsys) 6790 ± 13 km s−1

(z = 0.022 6 ± 0.000 04), which is the average nuclear stellar
radial velocity computed by PPXF . This map does not cover the
complete GMOS/IFU FOV since fibres on the left and right edges
(0.′′5) have a very low S/N and thus could not be fitted with PPXF .
The continuum peak is at the intersection of the solid and dashed
black line. We modelled the stellar velocity field assuming circular
orbits in a disc and a spherical potential following equation (2) of
Bertola et al. (1991). This model has six parameters: an amplitude
scaling of the velocity curve (A), the radius at which the maximum
velocity is achieved (c), the behaviour of the velocity curve beyond
its maximum value (e.g. flat or decreasing; p), the inclination of the
disc (i), major axis PA (PA), and the systemic velocity. We fixed
the major axis PA (150

◦
following Schmitt & Kinney 2000) and the

inclination (48
◦
) and used the Levenberg–Marquardt least-squares

algorithm within INTERACTIVE DATA LANGUAGE (IDL ) to obtain the

remaining four parameters of the Bertola model which best fit the
observed stellar radial velocity field. The resulting parameters of the
best-fitting model are listed in Table 1, and the best-fitting stellar
velocity model and its residuals (PPXF radial velocity field model)
are shown in the second and third panels of Fig. 2, respectively.
While the observed radial velocity field is noisy, it appears that the
model provides a reasonable fit to the data and supports a rotating
stellar disc.

3.2 Single Gaussian emission line fitting

We used the IDL code PROFIT (Riffel 2010), which fits a single
Gaussian to a given emission line, to derive the fluxes, radial
velocities, and velocity dispersion, at each fibre, of the stronger
emission lines (H β, [O III] λ5007 Å, H α, [N II] λλ6548,6584 Å
and d [S II] λλ6717,6731 Å).

Fig. 3 presents the integrated flux (erg s−1 cm−2 fibre−1), ve-
locity field, and velocity dispersion of the [O III], H α and [N II]
emission lines obtained from PROFIT. The zero velocity in the radial
velocity maps corresponds to a systemic velocity of Vsys = 6790
km s−1.

It is notable that while the flux of [O III] emission line peaks at
the (continuum) nucleus, the H α and [N II] emission lines peak
at a position 0.′′25 to the NW along the major axis. The H α flux
distribution is clearly asymmetric and extended to the NW in its
brightest regions. The [N II] flux distribution (middle) is extended in
an angle 20

◦
from the major axis PA at all flux levels. As previously

noted by Schmitt et al. (2003), the [O III] flux distribution is centred
on the nucleus, and while it is more symmetrically distributed than
the other two lines, it also shows a faint extension along the same
PA as the [N II] line. The extension we see in [O III] is significantly
larger than that reported by Schmitt et al. (2003) from HST imaging,
presumably attributable to both the extra depth in our data and
ground-based seeing.
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3684 D. Muñoz-Vergara et al.

Figure 3. From left to right: maps of the flux (units of 10−15 erg s−1 cm−2 fibre−1 following the colour bar at the top of each panel), radial velocity (km s−1),
and velocity dispersion ( km s−1) derived from the single Gaussian fit to the H α (top row), [N II] λ6584 Å (middle row) and [O III] λ5007 Å (bottom row).
Axes (in arcsec) are relative to the stellar continuum peak, indicated by the intersection of the solid and dashed lines in the flux maps and the white cross in the
radial velocity and velocity dispersion maps. The solid (dashed) line indicates the major (minor) axis. The near (SW) and far (NE) sides of the disc are marked
in the flux maps. Each panel follows the colour bar on top. The zero velocity corresponds to a systemic velocity of 6790 ± 13 km s−1.
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Figure 4. Observed and modelled rotation curves for emission lines and stars, assuming the nucleus to be cospatial with the stellar continuum peak and a
systemic velocity of 6790 km s−1. Symbols show the observed velocities from the single component Gaussian fit, extracted along the major axis (PA = 150

◦
),

for [S II] (dark green open triangles), [N II] (green plus signs), [O III] λ5007 Å (blue asterisks), H α (magenta crosses), and H β (red open diamonds). The stellar
radial velocity field, as derived from PPXF and extracted along the same PA, is shown with the solid black line. Here, the velocities of the stellar Bertola model
were offset by 45 km s−1 to pass through the central point at systemic velocity (see the text); error bars on the stellar velocities are as reported by PPXF. The
predictions of the best-fitting Bertola rotation model for the stars and gas are shown with purple dashed lines and big black crosses, respectively (see the text).

The radial velocity maps for H α and [N II] (second column of
Fig. 3) show a pattern broadly consistent with rotation in a disc with
projected velocities up to ±180 km s−1, but with notable distortions,
especially to the south and east. While they are roughly similar,
the H α emission line occasionally shows larger velocities when
compared to the [N II] line. The [O III] radial velocity field, on the
other hand, shows significantly lower projected velocities: close to
systemic velocity in the inner 1 arcsec radius along the major axis
and reaching only 60 km s−1 at larger radii.

The intrinsic velocity dispersion of the three emission lines,
after deconvolution of the instrumental broadening (36 km s−1),
are shown in the right-hand panels of Fig. 3. The [O III] line
shows a relatively uniform velocity dispersion map with values
of ∼90 km s−1 in the inner 2 arcsec, and rising to 160 km s−1 in the
outer regions (where the S/N ratio is lower). On the other hand, the
H α and [N II] emission lines show variations in their dispersion.
Both show relatively high (140 km s−1) dispersion in the inner 0.′′5 to
the NW along the major axis, and H α also shows a high dispersion
region along the major axis to the SE. The unusual redshifted region
to the SE, noted above, shows a low dispersion in H α and a high
(190 km s−1) dispersion in [N II].

In Fig. 4, we present rotation curves of all the important emission
lines, stellar component, and stellar and gas rotation models. These
curves are the result of extracting the value of the velocities through
the PA on each radial velocity map. We can observe that gaseous
and stellar curves are not symmetric around the nucleus with
higher values to the SE. We attribute this asymmetry to a systemic
velocity component more clearly seen on the PV diagrams in
Section 3.3.

Given the disagreements between the radial velocity fields of the
prominent emission lines, and the asymmetries seen in individual
emission line radial velocity fields, an obvious next step would be
to attempt two component fits to the emission lines. However, our

attempts at ‘blind’ two component fits failed in all cases since the
second component is most likely close to systemic velocity and thus
often indistinguishable (due to projection effects) from the rotating
component except along the major axis of the galaxy. We thus first
use PV diagrams and aperture spectra to best constrain the true
gas rotation (next section), and then use this information to attempt
tightly guided two-component fits to the emission lines in specific
apertures.

3.3 Position–velocity diagrams

We made PV diagrams of all bright emission-lines along 18 PAs
spaced by 10

◦
, in order to better understand the multiple velocity

components in the nuclear region of UGC 2024. Fig. 5 shows the
most relevant of these PV diagrams for the H α+[N II]λ6584 Å and
[O III] λ5007 Å lines: those along the major and minor axes, and
four other other angles as indicated in each panel.

On each PV diagram we overplot the radial velocity obtained by
the single Gaussian fit along the respective PA (white line); clearly
these velocities are not representative of the rotating component of
the H α and [N II] emission lines. In fact the velocities obtained
by the single Gaussian fit typically lie between the clearly rotating
component and the systemic velocity, a clear sign of a second lower
velocity component.

Using a fixed PA (150
◦
) and disc inclination (i = 48

◦
) we adjusted

the values of A, p, and c in order to obtain a Bertola rotation model
which best (visually) fits the rotating component of H α along the
galaxy major axis in the PV diagrams. The parameter values of this
visual ‘best-fitting’ Bertola rotation model are listed in the third
column of Table 1, and shown as the black solid line in all PV
diagrams. This rotation model appears to fit the H α PV diagrams
in all PAs, though in some (see below) PAs intermediate between
the major and minor axes, the redshifted (SE) side of the galaxy –

MNRAS 487, 3679–3692 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/487/3/3679/5512153 by U
niversidade Federal do R

io G
rande do Sul user on 19 August 2019



3686 D. Muñoz-Vergara et al.

Figure 5. PV diagrams of the [N II] λ6584 Å (top), H α (middle) and [O III] λ5007 Å (bottom) emission lines. The angle in each column title is the PA on the
sky (the major axis PA is 150

◦
). The x-axis is the offset, in arcsec, from the stellar continuum peak, with the nuclear position delineated by the vertical dashed

black line. The y-axis, in units of km s−1, is relative to the adopted systemic velocity of 6790 km s−1; the systemic velocity is delineated by the horizontal
dashed black line. Horizontal solid red lines are drawn at −200 and 200 km s−1 as a guide to the eye. On each PV diagram we overplot the radial velocity
predicted by the single Gaussian fit (solid white line), the prediction of the Bertola rotation model for the stars (blue diamonds) and the best (by eye, using all
18 PAs) Bertola rotation model for the gas (black plus signs).

specifically the unusual redshifted region to the SE of the nucleus
earlier noted in Section 3.2 (see Fig. 6) – shows redshifted velocities
larger than those predicted by the model. This H α Bertola model
also provides a reasonable fit to the [N II] PV diagrams in all PAs.
In both H α and [N II], the rotating component of the emission
line gas is brighter than any secondary component of emission-line
gas. The [O III] PV diagrams, however, are significantly different.
Here, while there is evidence of faint emission consistent with the
predictions of the H α Bertola model, this emission is not dominant;
instead the bulk of the emission is found closer to systemic velocity
(as compared to the rotation model in any given PA). We have
also overplotted the Bertola rotation model of the stars in all PV
diagrams for reference (solid white line); there does not appear to
be any clear coincidence between this stellar rotation model and the
gas velocities.

Having visually identified a best-fitting H α Bertola rotation
model using the PV diagrams we now test this against the velocity
field obtained by the single Gaussian fit. As discussed above the
single Gaussian fit does not correctly track the rotation component
of the H α and [N II] emission-lines. Nevertheless, the residual
radial velocity field helps indicate the locations, and magnitudes, of
additional velocity components which distort the single Gaussian fit.

The left-hand panel in Fig. 6 shows the best-fitting (by eye) H α

Bertola rotation model, and the remaining panels of the same figure
show the residual (subtracting this model from the radial velocity
field obtained from the single Gaussian fit to the respective line)
radial velocity fields of H α, [N II], and [O III]. The H α residual
shows strong (up to −140 km s−1) blueshifted residuals along the
major axis to the SE and weaker redshifted residuals along the
major axis to the NW. Additionally, the anomalous region to the SE
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Figure 5. –continued.

shows intermediate (up to 25 km s−1) redshifted residuals. The [N II]
emission lines show stronger residuals (as compared to H α) along
the major axis (44 km s−1 to the NE and −149 km s−1 to the SW), but
smaller residuals in the SE anomalous region. The [O III] residual
map is almost an inverse of the model velocity field, confirming that
the brightest emission is centred on systemic velocity over most of
the galaxy. Note also that the PA of the residual radial velocity in the
[O III] residual radial velocity map is slightly tilted with respect to
the PA of the galaxy major axis. Thus overall, the single Gaussian fit
is always offset to velocities closer to systemic: the effect is weakest,
but clearly present, in H α, intermediate in [N II], and strongest in
[O III]. That is, we confirm the results seen in the PV diagrams, but
now show that this is characteristic of the full radial velocity field
rather than only in certain PAs.

3.4 Line profiles

To further visualize the asymmetric profiles of the emission lines,
i.e. better constrain the second non-rotating component, Fig. 7

presents a continuum image of UGC 2024 for reference and the
line profiles of the H α, [N II] and [O III] emission lines, extracted
from seven different apertures (each of 0.′′16 radius) in our GMOS
data cube: a nuclear aperture, two apertures along the major axis,
two apertures near the minor axis, one aperture in the anomalous
(excessively redshifted) region to the SE of the nucleus, and one
additional aperture. The three lines are overplotted after normalisa-
tion for easy comparison, and each panel indicates the x and y offset
from the stellar continuum peak, the systemic velocity (dashed
black line) and the expected rotation velocity in that aperture (solid
brown line) as predicted by the best-fitting H α Bertola rotation
model.

As pointed out earlier, the [O III] line (black spectrum) is pre-
dominantly centred on systemic velocity, with only slight shifts in
its peak, or slight wings in its profile, towards the predicted rotation
velocity of the respective aperture. Its full width at 10 per cent is
400 km s−1 in almost all apertures with high S/N ratio. Along the
minor axis, the H α (double dot–dashed blue) and [N II] (dot–dashed
red) lines, in profile and width, are similar to the [O III] line. Along
the major axis, however, the H α line clearly shows two components,
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3688 D. Muñoz-Vergara et al.

Figure 6. From left to right: the (visual) best-fitting H α Bertola rotation model (see the text), and the residual (single Gaussian fit radial velocity field –
best-fitting H α Bertola model) radial velocity for H α, [N II], and [O III]. Each panel follows the colour bar ( km s−1) above it. The cross marks the stellar
continuum peak in all panels, and the solid lines show the galaxy major axis PA.

Figure 7. Line profiles of the [O III] (solid black), [N II] (triple dot–dashed red) and H α (dot–dashed blue) emission lines extracted from 0.′′16 radius apertures
centred on the offset positions (in arcsec) indicated in each panel. The offsets are calculated from the stellar continuum peak. The central panel shows the stellar
continuum flux and contours, and the major axis as a solid green line: it is shown to illustrate the locations of the individual apertures. The dashed cyan circle
is a guide to the eye to show the asymmetry of the light distribution. For easy comparison, the profiles are normalised and each panel indicates the systemic
velocity (dashed black line) and the velocity expected from the best-fitting H α Bertola rotation model (solid brown line). The x-axis is in units of km s−1

centred on the systemic velocity.
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Figure 8. Emission line ratios (left to right: [N II]/H α, log([O III]/H β), log(H α/H β), and [O I]/H α) and the electron density (cm −3) distribution, with each
panel following the colourbar to its right. Note that the [O III]/H β and H α/H β ratios are shown in logarithmic scale. The white cross in each image indicates
the stellar continuum peak and all panels have the same orientation, indicated by the compass in the rightmost panel. Axes scale are in arcseconds. Red points
on the log([O III]/H β) and log(H α/H β) maps are pixels with low S/N in the H β emission line.

or one component with a clear wing: one close to the prediction of
the rotation model and the other in agreement with the [O III] line
(and thus systemic velocity). In general, when the two components
are clearly separated, the rotating component shows stronger peak
intensities, but is narrower, as compared to the systemic velocity
component, but this dominance is not clear in every aperture. The
[N II] line shows a behaviour intermediate between H α and [O III]
and is clearly seen to well trace both the rotation component and
systemic velocity component.

Velocity projection effects, and the coincidence between the
width of the systemic velocity component and the maximum
rotation velocities seen, means that we were unable to perform two
component fits to the H α or [N II] line in all apertures. We thus chose
four of the apertures shown in Fig. 7, where the two components are
most clearly separated in velocity, and performed a double Gaussian
fit (using our python codes) to the H α line. From these fits we
found that, in median, 64 per cent of the profile area corresponds
to the broad systemic velocity component (σ̄ ∼135 km s−1) and the
remaining 36 per cent to the rotating component (narrow component
with σ̄ ∼69 km s−1). We use this result in Section 4.1 to estimate
the gas mass in the non-rotating component.

The top right panel of Fig. 7 shows the line profiles in the aperture
extracted from the anomalously red region in the H α radial velocity
map. This region presents very red velocities and low dispersion
in the single Gaussian maps but the line profile shows that H α

and [N II] have similar dispersion, driven primarily by the systemic
velocity component. The single Gaussian fit failed to constrain the
true dispersion here. This aperture coincides with the region where
the S arm enters the nuclear region so the anomalous velocities
observed here are likely a result of this large-scale anomalous spiral
arm.

3.5 Gas excitation and electron density

We compute emission line ratios by dividing the flux maps obtained
via the single Gaussian fits. Fig. 8 presents images of the [O III]/H β

and H α/H β ratios on a log scale, plus the [N II]/H α and [O I]/H α

line ratios, and the estimated electron density as derived from the
[S II] λ6717/λ6731 line ratio, assuming a temperature of 104 K
(Osterbrock & Ferland 2006). We show these line ratios only in
the inner 3 arcsec region as within this region the emission lines
(except [O I]) have S/N > 20.

In general, all emission line ratios show higher values to the SW,
i.e. the half of the disc which we earlier interpreted as the near side
of the galaxy (Sect 3). Specifically the H α/H β ratio increases from

1.6 on the NE side of the nucleus to 7 on the SW side of the nucleus.
Assuming that the intrinsic ratio is uniform in the disc, this implies
a larger extinction on the SW side, supporting our interpretation that
the near side of the disc is to the SW. The [N II]/H α ratio ranges
from 0.8 (−0.1 dex) to 1.4 (0.1 dex) within the inner 1 arcsec radius
with a value of 1 in the nucleus. The [O III]/H β ratio shows a similar
behaviour, decreasing from SW to NE with values between 3.5 and
13.5 in the inner 1 arcsec radius and a value of 7.4 at the nucleus.
These ratios, when plotted in BPT diagrams, are typical of Seyfert
galaxies (e.g. James et al. 2005).

The electron density map is highly asymmetrical, with a peak
value (1500 cm−3) at a point 0.′′3 SE from the nucleus and roughly
along the major axis, a value of 730 cm−3 at the nucleus, and then
decreasing to 200 cm−3 at 1 arcsec from the nucleus towards the NW.
Considering that the correction of the telluric lines is not optimal,
we estimate the errors on the electron density to be 30 per cent.

4 D ISCUSSION

The continuum image in Fig. 7 shows that the stellar light dis-
tribution of the galaxy is more extended to the SW than to the
NE in the inner 1 arcsec radius, highlighted by the dashed cyan
circle, changing to a more homogeneous distribution at intermediate
radii. Both the Gemini acquisition image and HST large-scale
image in Fig. 1 show a prominent arm to the south and a fainter
arm to the north with approximately the same extension of about
6 arcsec, beyond which they are both faint. These arms become
less prominent as they move inwards to the nucleus but the HST
large-scale image clearly shows that the S arm curves inwards and
enters the brighter nuclear emission at about 1.′′5 to the E. Both the
PS nature of the galaxy (Goto 2006), and the possibility that this
starburst phase could have been triggered by a previous interaction
or minor merger, support the hypothesis of Heisler & Vader (1995)
that the prominence of the spiral arm to the S could be due to the
effects of a merger; however the presence of a twin fainter spiral
arm to the N implies that the S arm is unlikely to be purely a stream
of stars, or tidal tail, pulled out by the merger. Also, as the arm to
the S is thicker and stronger than the one to the N, we propose that
the (probably minor) merger occurred in the S of UGC 2024. The
later is also supported by the anomalously redshifted (with respect
to the expected rotation model) line profile seen in this area (e.g.
the upper right panel in Fig. 7), and low dispersion in the H α single
Gaussian radial velocity. This region seems to coincide with where
the S arm enters the nuclear region, which could be the explanation
of the larger velocities.
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The presence of dust on the SW is not immediately obvious in
the HST image, but the irregular contours present in the large-scale
image, and the extension of the light distribution in the continuum
and acquisition image support the presence of dust on this side. This
confirms what we argue in Section 3.5, where we defined the near
and far sides using the emission line ratios. Likewise, the large-
scale image shows a little arm at 1.′′5 eastwards. This arm changes
its orientation beyond 1.′′5 and smoothly connects with the southern
thick arm, making it clear that the south arm is born in the E part of
the galaxy. Comparing the position of the arms with the emission
line radial velocity maps we can observe that one is placed in blue
velocities and other in red ones. Together, these are signatures of
trailing arms (Binney & Tremaine 2008).

Schmitt et al. (2003) argue that the [O III] distribution does not
show a clear conical shape, even though such shapes are often
seen in Seyfert 2 galaxies (Bae & Woo 2016). Anyway, from the
PV diagrams in Section 3.3 we found a second component in this
line, as well as in H α and [N II], with lower velocities than the
ones observed by pure rotation in redshifted velocities (negative
radii on the PV diagrams), showing that the single-Gaussian-fit
velocities are being biased by a non-rotating component. By doing
a double Gaussian fit to the H α line we verified the existence
of a second velocity component with very low radial velocity
values but with higher dispersion than the main rotational one.
We also did double Gaussian fits to [O III], [N II], and H β in
the same apertures we used for H α to estimate of the line ratios
for the second component: −0.187 < log ([N II]/Hα) < 0.115 and
0.013 < log ([O III]/Hβ) < 0.67. Studies by (Liu et al. 2013; Liu,
Arav & Rupke 2015) in QSOs have shown that this high ionization
plus the smooth velocity and high dispersion in [O III] are related to
wide-angle cones or quasi-spherical outflows, so we are probably
in the presence of an outflow with low radial velocity but high
dispersion. The values of the emission line ratios show that the
second component is also gas ionized by the AGN but near the region
where the ionization could be caused by both star formation and
AGN feedback on the BPT diagram (Baldwin, Phillips & Terlevich
1981).

Furthermore, we know that UGC 2024 is in a PS stage (Goto
2006) so the ionized gas which is not rotating could be either the
named quasi-spherical outflow or ionized gas trapped in the halo
after the starburst took place. This second scenario seems to be
more suitable in the galaxy context since the PV diagrams revealed
a very low radial velocity in the second component with values of
200 km s−1 (see Section 4.1), which means that the gas is unlikely
to escape from the galaxy disc. We are unable to determine the
time elapsed since the starburst ended as this requires knowledge of
the fraction of the stellar mass produced in the burst and the burst
duration (French et al. 2018). In any case, from the emission line
ratios of the non-rotating component we can argue that the gas of
this component have been ‘recently cleaned’ from the ionization
caused by the starburst.

On the other hand, the H α and [N II] radial velocity fields present
an ‘S-shape’ over our FOV and also the kinematic (rotation) centre
is offset from the peak of the continuum. This shape is similar to
the one found in NGC 3227 (Davies et al. 2014) and is commonly
found in barred galaxies. (Storchi-Bergmann 2010; Schnorr-Müller
et al. 2014b, 2016). In the EFIGI catalogue (Baillard et al. 2011),
UGC 2024 is classified as a barred galaxy, but the effect of the bar
is not strong enough to be clearly identified in our single or double
Gaussian fits. Instead, we only note the effect in the variation of the
kinematic centre of the radial velocity maps: this kinematic centre is
offset 0.′′3 (to the SE along the major axis) from the continuum peak.

The complexities of separating the systemic velocity component
from the rotating one are sufficiently high that, while there is likely
an S-shaped structure in the radial velocity field, we are unable
to quantitatively test for bar related perturbations in the rotating
component of the velocity. However, since the perturbations in the
rotating component appear to be one-sided instead of symmetric
we posit that, the offset between continuum and continuum centres
is more likely due to the anomalous arm rather than bar-related
perturbations.

4.1 Mass and momentum in the non-rotating component

In the previous sections, we found the need to invoke a second non-
rotating component in the ionized gas, and our best, though approx-
imate, estimate is that two-thirds of the H α luminosity comes from
it. Further, we have determined that this non-rotating component
is centred on zero velocity and has a full width at 10 per cent of
approximately 400 km s−1. We can use these parameters to estimate
the total mass in this non-rotating component, that we identify with
a possible outflow.

The gas mass can be estimated as:

Mg = mpNeVf , (1)

where mp is the proton mass, Ne is the electron density, obtained by
using the method presented in Osterbrock (1989), V is the volume
of the region where the outflow is detected and f is the filling factor.
We can estimate the filling factor from:

LHα ∼ N2
e jHα(T )Vf , (2)

where jHα = 3.534 × 10−25 erg cm−3 s−1 at T = 10 000 K
(Osterbrock 1989) and LHα is the H α luminosity emitted within
the volume V. Then if we substitute equation (2) into equation (1),
the mass can be expressed as:

Mg = mpLHα

NejHα(T )
. (3)

Considering a luminosity distance of 90 Mpc and using the
total flux of H α in our GMOS FOV, we obtain LHα =
1.71 ± 0.51 × 1041 erg s−1. The mean electron density within a 1.′′5
radius aperture around the nucleus is Ne = 1312 ± 7 cm−3. Thus,
the total ionized gas mass is Mg ∼ 3.26 ± 0.45 × 105 M�. Now,
from the double Gaussian fits we performed in selected apertures we
concluded that two-thirds of the H α emission comes from the non-
rotating component, i.e. a mass of 2.1 ± 0.29 × 105 M� belongs to
the non-rotating component. From the residual radial velocity field
in Fig. 6, it appears that the non-rotating component dominates out
to at least 1.′′5 radius. This component has a full width at 10 per cent
of approximately 400 km s−1. Under the assumption that it comes
from a quasi-isotropic spherical outflow, the outflow velocity is
200 km s−1.

We estimate the dynamical time as the ratio of the radius of the
region where the outflow is observed (1.′′5 ∼ 654 pc) to the velocity
of the outflow. This gives a Td ≈ 3.2 × 106 yr so the mass outflow
rate Ṁ is 6.5 ± 0.22 × 10−2 M� yr−1.

For comparison, the mass accretion rate, (Ṁacc), onto the SMBH
can be estimated from the AGN bolometric luminosity:

Ṁacc = Lbol

ηc
, (4)

where Lbol is the bolometric luminosity, η is the mass-to-energy
conversion efficiency, assumed as 0.1 (Shakura & Sunyaev 1973)
and c is the speed of light. We estimate Lbol using the relation
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between [O III] and bolometric luminosity for low-luminosity galax-
ies using Lbol = 90 × L[O III] (see Dumas et al. 2007). The total
[O III] luminosity in our GMOS FOV is calculated to be L[O III] =
2.37 ± 0.7 × 1041 erg s−1 and thus Lbol ≈ 2.13 ± 0.64 × 1043 erg s−1.
Placing this value in equation (4) yields a mass accretion rate
estimate of Ṁacc ≈ 3.8±0.5 × 10−3 M� yr−1. Thus the mass outflow
rate, measured in the inner 1.′′5 (654 pc) radius, is 17 times of the
putative mass accretion rate onto the black hole, consistent with
what was typically found in other AGNs (e.g. Riffel & Storchi-
Bergmann 2011; Schnorr-Müller et al. 2014a; Lena et al. 2015)
and indicates that the most of the outflowing gas originates in the
larger scale nuclear interstellar medium, rather than very close to
the AGN.

We estimated the escape velocity from the region where the
non-rotating component is observable by using Veilleux et al.
(2005) and obtained a value of Vesc = 350 km s−1. This is similar
to the dispersion width of the second velocity component, and
significantly higher than the estimated outflow velocity if the second
component comes from an isotropic outflow. Thus, the second
component is more likely a dispersion supported halo or a nuclear
outflow ‘fountain’ which will not escape the galaxy. This ionized
gas halo or fountain is likely a product of the recently concluded
starburst phase of UGC 2024 which is currently being powered by
the AGN.

5 C O N C L U S I O N S

We have observed the inner 3.′′5 × 5′′ of the Seyfert 2 galaxy
UGC 2024 using the Gemini GMOS integral field unit over the
wavelength range 4100–7300 Å, which includes important emis-
sion (H β, [O III] λλ4959,5007 Å, H α+[N II] λλ 6548,6584 Å,
[S II] λλ6717,6731 Å) and absorption lines. We fitted the profiles
of these lines and generated flux, radial velocity and velocity
dispersion maps at a spatial resolution of 218 pc and a spectral
resolution of 36 km s−1. The complex kinematics, and the coinci-
dence between the rotation component amplitude and the dispersion
of a second component meant that our analysis done with PV
diagrams and aperture spectra are more reliable than that from
multiple component fits.

Our main conclusions are as follows:

(i) Dust structures, the assumption of trailing spiral arms and
H α/H β ratios across the disc, all support the SW side as the near
side of the galaxy disc.

(ii) The stellar continuum is asymmetric relative to the nucleus:
it is brighter to the SW in the inner 1.′′5 radius. While the [O III]
emission is centred on the nucleus and symmetrically distributed,
the H α and [N II] emission-lines peak about 0.′′2 to the NW along
the galaxy major axis and their distributions are asymmetric.

(iii) The [O III] radial velocity field is quasi-uniform and is
centred close to the systemic velocity of the galaxy over the full
FOV. The H α and [N II] emission lines, on the other hand, trace
both this systemic velocity component and a component of gas
rotating in the galaxy disc.

(iv) The rotation curves of strong emission lines, derived using
single Gaussian fits, are asymmetric around the nucleus (Fig. 4), in
part due to the posited systemic velocity component. The velocities
of all strong emission lines are most in agreement at a point 0.′′2
to the SW along the major axis, where all velocities are close to
our chosen systemic velocity. This could point to offset kinematics
produced by effects related to the bar perturbations, but less likely
than the anomalous spiral arm or the fact that the flux of the non-

rotating component is relatively weak here (e.g. Fig. 3) as compared
to the equivalent point on the other side of the nucleus.

(v) Using PV diagrams and line profiles in several apertures, we
were able to trace two kinematic components – one rotating and the
other not – in the H α and [N II] emission lines, and fit a rotation
model to the former component. Double Gaussian fits to the line
profiles were used to constrain the widths of the two components.
We found that the rotating component is narrow (σ̄ ∼ 69 km s−1)
and the non-rotating component (centred near systemic velocity) is
broader (σ̄ ∼ 135 km s−1).

(vi) The HST large-scale image shows that the two spiral arms
in the galaxy are not symmetric. The S arm is prominent, while
the N arm is faint. The former could be due to to the effects of a
merger but the presence of the second one implies that the S arm is
unlikely to be purely a stream of stars, or tidal tail, pulled out by the
merger. The region where the anomalously bright S arm enters the
nuclear region shows redshifts larger than those expected from pure
rotation in the disc. This supports previous interpretations that the
anomalous spiral arm is, at least in part, a product of a past minor
merger. Also we posit that this anomalous arm is responsible for
the offset between the stellar continuum peak and the emission line
kinematic centre.

(vii) The coincidence between the width of the non-rotating
velocity component and the maximum rotation velocities, means
that we were unable to perform two component fits to the H α or
[N II] line over the full FOV. Thus, we performed double Gaussian
fits to four apertures where the two components were most easily
distinguishable. We find that, on average, the rotating component
accounts of one-third (1.1 ± 0.2 × 105 M�) of the total ionized gas
mass in the GMOS FOV (Mg ∼3.3 ± 0.5 × 105 M�), while the
systemic velocity component accounts for the remaining two-thirds
of the mass.

(viii) The escape velocity in the region where the systemic
velocity component is seen is 350 km s−1, similar to the dispersion
width of the non-rotating component, and higher than the estimated
outflow velocity if this comes from an isotropic outflow. Thus, the
systemic velocity component is more likely a dispersion supported
halo or a nuclear outflow ‘fountain’ which will not escape the galaxy.
This ionized gas halo or fountain is likely a product of the recently
concluded starburst phase of UGC 2024 which is currently being
powered by the AGN.
Given the complexity of the kinematics, with a non-rotating
component detected over the full FOV of our observations, and
kinematic disturbances related to the S anomalous spiral arm, future
larger FOV (encompassing the full galaxy) and higher S/N ratio
observations are necessary to better understand the role of outflows
and other perturbations in UGC 2024.
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