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ABSTRACT

We map the optical and near-infrared (NIR) emission-line flux distributions and kinematics
of the inner 320 x 535 pc? of the elliptical galaxy NGC 1052. The integral field spectra were
obtained with the Gemini Telescope using the GMOS-IFU and NIFS instruments, with angular
resolutions of 0.88 and 0.1 arcsec in the optical and NIR, respectively. We detect five kinematic
components: (1) and (2) two spatially unresolved components: a broad-line region visible in
Ha, with a full width at half-maximum (FWHM) of ~3200kms~', and an intermediate
broad component seen in the [O IIT] AA4959,5007 doublet; (3) an extended intermediate-width
component with 280 kms~' < FWHM < 450 km s~! and centroid velocities up to 400 km s,
which dominates the flux in our data, attributed either to a bipolar outflow related to the jets,
rotation in an eccentric disc or to a combination of a disc and large-scale gas bubbles; (4)
and (5) two narrow (FWHM < 150 kms~') components, one visible in [O111], and another
visible in the other emission lines, extending beyond the field of view of our data, which is
attributed to large-scale shocks. Our results suggest that the ionization within the observed field
of view cannot be explained by a single mechanism, with photoionization being the dominant
mechanism in the nucleus with a combination of shocks and photoionization responsible for
the extended ionization.
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high values of [N1] A6583 A/Ha, but lower values of [O11]
15007 A/H B if compared to Seyfert galaxies and quasars (K03).
The nature of the LINERs is still a matter of intense debate (e.g.
Kehrig et al. 2012; Papaderos et al. 2013; Belfiore et al. 2015;
Belfiore et al. 2016; Gomes et al. 2016), since many mechanisms

1 INTRODUCTION

Depending on the main ionization source of a galaxy, different
emission-line intensities can be produced. While, for example
very young stellar populations tend to strongly ionize hydrogen if

compared to other emission lines, active galactic nuclei (AGNs)
produce, among others, stronger optical [O11] and [N11] lines
(Kewley et al. 2001; Kauffmann et al. 2003, hereafter KO1 and
KO03) if compared to hydrogen. Emission-line ratios are therefore
often used to discriminate between the possible ionization sources of
galaxies (e.g. Baldwin, Phillips & Terlevich 1981, hereafter BPT).

A special class of galaxies is the low-ionization nuclear emission-
line region (LINER, Heckman 1980), which is characterized by
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are able to produce a LINER-like emission-line spectrum besides
low-luminosity AGNs (Ferland & Netzer 1983; Halpern & Steiner
1983), such as shocks (as initially proposed by Heckman 1980),
post-asymptotic giant branch stars (pAGB) (Binette et al. 1994;
Stasinska et al. 2008; Cid Fernandes et al. 2011; Yan & Blanton
2012) and starbursts with ages between 3 and 5 Myr, dominated by
Wolf-Rayet stars (Barth & Shields 2000).

The hypothesis of a LINER powered by accretion on to a
supermassive black hole (SMBH) has been confirmed in some
sources. Ho et al. (1997) showed that, for a sample of 211 emission-
line nuclei, about 20 per cent have a broad component in their
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Hao line, with most of these objects belonging to the LINER
class.

Recent studies using integral field unit (IFU) data were able
to isolate the components of the galaxies, searching for eventual
central sources. From the SAURON sample, Sarzi et al. (2010)
found a tight correlation between the stellar surface brightness and
the flux of the H 8 recombination line. They also reported that
hot evolved stars, probably pAGB stars, are the best candidates to
ionize the gas. Loubser & Soechting (2013) found, for a sample
of four central cluster galaxies (CCG) with LINER emission, that
AGN photoionization models (with higher metallicity) are able to
reproduce their spatially resolved line ratios, although they could
not rule out models with shocks or photoionization by pAGB
stars. Also, Ricci, Steiner & Menezes (2014a,b, 2015) found in
a sample composed of 10 LINERs that most of them have emission
compatible with a central AGN, although three of them have a
circumnuclear structure with the shape of a disc, compatible with
photoionization by pAGB stars and in one galaxy the ionization is
compatible with shocks. By studying a sample of 14 Seyfert/LINER
galaxies, Belfiore et al. (2015) reported that the observed extended
emission is also consistent with ionization from hot evolved stars. A
similar scenario was found in a series of papers (Kehrig et al. 2012;
Papaderos et al. 2013; Gomes et al. 2016), where the authors used
low spatial resolution data from Calar Alto Legacy Integral Field
Area Survey, and found evidence of two different types of early-
type galaxies (ETGs), which they classified as Type i and Type ii.
A Type 1 ETG is a system with a nearly constant Ho equivalent
width [EW(H «)] in their extranuclear component, compatible with
the hypothesis of photoionization by pAGB as the main driver of
extended warm interstellar medium (wim) emission, whereas type
ii ETGs are virtually wim-evacuated, with a very low outwardly
increasing EW(H ) (<0.5 A).

In order to further our understanding of galaxies with LINER
emission, we conducted a case study for NGC 1052, an E4 galaxy
at a distance of 19.1 = 1.4 Mpc, subject of a long and intense
debate surrounding its LINER emission. For example Koski &
Osterbrock (1976) initially suggested that the gas ionization of
the inner 2.7 x 4.0arcsec? is due to shocks, with Fosbury et al.
(1978) presenting a detailed radiative shock model and Fosbury
et al. (1981) finding no evidence of a compact source of non-
stellar radiation capable of ionizing enough gas to produce the
observed Balmer-line fluxes. On the other hand, Diaz, Terlevich
& Pagel (1985) argued that the strengths of the [Sui] 29069,
19532 lines favour photoionization. Later, Sugai & Malkan (2000)
studied NGC 1052 using mid-infrared spectra and found evidence
supporting shocks as the origin of ~80 per cent of the excitation
of this source. Gabel et al. (2000) also studied NGC 1052 and
reported that emission-line fluxes obtained with the Faint Object
Spectrograph attached to the Hubble Space Telescope can be
simulated with simple photoionization models using a central source
with a power law with spectral index « = —1.2. They also noted
that simple model calculations using a gas with constant density do
not match the intrinsic emission-line spectrum of NGC 1052 for
any choice of density, requiring at least two different densities.
Also, Dopita et al. (2015, hereafter D15) observed this galaxy
with the IFS mode of the Wide Field Spectrograph, and reported
the detection of two buoyant gas bubbles with ~1.5kpc (15.0)
extending to both sides of the nucleus, which are expanding along
the minor axis of the galaxy. They also found that, since two distinct
densities can be found, a double-shock model explain better the
data.

MNRAS 489, 5653-5668 (2019)

Broad hydrogen emission-line components were also reported
for NGC 1052. Barth, Filippenko & Moran (1999) used polarized
light and confirmed a hidden broad line region (BLR) on the
Ho line. Later, Sugai et al. (2005, hereafter SO5) observed this
galaxy with the IFS mode of the Kyoto 3DII instrument mounted
on the Subaru telescope, covering a ~3.0 x 3.0 arcsec’ field of
view (FoV) at ~0.4 arcsec spatial resolution. They reported direct
detection of a broad H 8 component, also finding evidence of three
main kinematical components for the gas: a high-velocity bipolar
outflow, low-velocity disc rotation, and a spatially unresolved
nuclear component.

In radio wavelengths, this galaxy displays two jets with slightly
different orientations. On kiloparsec scales, Wrobel (1984) found a
radio jet oriented along the east—west direction, whereas on parsec
scales, Fey & Charlot (1997) found a radio jet slightly bent towards
the north—south direction. Recently, Baczko et al. (2016) calculated
the parsec jet expansion velocity as 8 = v/c = 0.46 + 0.08 and S
= 0.69 +£ 0.02 for the western and eastern jet, respectively.

In X-ray wavelengths, according to Kadler et al. (2004), NGC
1052 displays a compact core, best fitted by an absorbed power law
with column density Ny = (0.6-0.8)x 107> cm~2. Besides, they
also reported various jet-related emissions and an extended region,
also aligned with the radio synchrotron jet-emission.

In the first paper of this series (Dahmer-Hahn et al. 2019, hereafter
Paper I), aimed at shedding some light on the understanding of the
physical mechanism behind the gas excitation in NGC 1052, we
studied optical and near-infrared (NIR) stellar population properties
of the inner 320 x 535pc? of this galaxy. In Paper I, we fitted
the stellar population simultaneously to GMOS and NIFS data
cubes for this galaxy. When using only the optical data, we found
that its central region is dominated by old (+ > 10 Gyr) stellar
populations, while when using NIR data we also found that the
nucleus is dominated by an old stellar population but shows in
addition a younger circumnuclear ring (~2.5 Gyr). In the combined
optical and NIR data cube we found a dominance of older stellar
populations. We also obtained stellar kinematics and we found that
the stellar motions are dominated by a high (~240 km s~") nuclear
velocity dispersion, with stars also rotating around the centre. Lastly,
we measured equivalent widths of absorption features, both in the
optical and in the NIR and found a drop in their values in the central
regions of our FoV. We attributed this drop to the contribution of
a featureless continuum emission from the low-luminosity AGN
(LLAGN).

Here in the second paper, we map the physical properties of the
emitting gas using optical and NIR data free from the star light
contamination. The data containing only the gas emission were
obtained after subtracting the contribution of the stellar populations
to the observed fluxes, as derived in the first paper. We looked
for possible ionization mechanisms to explain the emission lines
within the central 3.5 x 5.0arcsec’ of NGC 1052. In order to
achieve this, we use two main methods: direct emission-line fits,
by identifying the kinematic components and obtaining spatially
resolved emission-line ratios, and the principal component analysis
(PCA, Steiner et al. 2009) tomography technique. We also use
literature radio data in order to search for correlations between
the radio jet directions and our optical and NIR emission lines.

This paper is structured as follows: in Section 2, we present the
data and its reduction, while in Section 3 we describe the emission-
line analysis. In Section 4, we present the results and in Section 5
we discuss them. Lastly, in Section 6, we briefly summarize the
main results found.
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2 DATA AND REDUCTION

2.1 Optical data

The data acquisition and reduction are detailed in Paper I. In short,
optical data were obtained using the Gemini Multi-Object Spectro-
graph (GMOS) on IFU mode. The original FoV is 3.5 x 5.0 arcsec?,
with a natural seeing of 0.88arcsec. The data were obtained
using the B600 grating, resulting in a constant optical spectral
resolution of ~1.8 A. The reduction process and data treatment
were performed following the steps described in Menezes et al.
(2019): trimming, bias subtraction, bad pixel and cosmic-ray
removal, extraction of the spectra, GCAL/twilight flat correction,
wavelength calibration, sky subtraction, flux calibration, correction
of the differential atmospheric refraction, high spatial-frequency
components removal with the Butterworth spatial filtering, ‘instru-
mental fingerprint’ removal, and Richardson-Lucy deconvolution.
The final angular resolution is 0.70 arcsec. The integrated optical
continuum image, as obtained from the integration of the data cube,
is shown in the left part of panel c of Fig. 1.

2.2 NIR data

The NIR data were obtained using Gemini North Near-Infrared
Integral Field Spectrograph (hereafter NIFS) with the ALTAIR
adaptive optics system. The angular resolution of the raw data
is 0.1 x 0.larcsec’. Since we applied a boxcar filter to im-
prove the signal-to-noise ratio (S/N), the final spatial resolution
is 0.15 x 0.15arcsec®. The spectral resolution is A/AL = 6040
for the J band and 5290 for the K band, corresponding to 50 and
57kms~!, respectively. The data were reduced using the standard
reduction scripts distributed by the Gemini team, which included
trimming of the images, flat fielding, sky subtraction, wavelength
and s-distortion calibrations and telluric absorption removal, flux
calibration, differential atmospheric refraction correction, Butter-
worth spatial filtering, and instrumental fingerprint removal. The
final spectral coverage of the NIR data is 11472—13461 A for the
J band and 21060-24018 A for the K band, and the final FoV is
2.5 x 2.5 arcsec®. More details of the data-reduction procedure can
be found in Paper I. The NIR K-band continuum image, as obtained
from the integration of the data cube, is shown in the right map of
panel c of Fig. 1.

2.3 Radio data

In order to assess any correlation between the gas kinematics probed
by our optical and NIR observations with the direction of the
NGC 1052 radio jets, we show in Fig. 1 (panel b) the historical
20 cm total intensity map of its kiloparsec scale jet obtained by
Wrobel (1984) using the Very Large Array (VLA). In Fig. 1 (panel
d), we show the 2 cm total intensity map of the parsec scale jet of
NGC 1052 obtained using the Very Long Baseline Array (VLBA)
and made publicly available by the MOJAVE team (Monitoring of
Jets in AGNs with VLBA Experiments, Lister et al. 2018).

3 EMISSION-LINE FITTING

The emission-line fluxes were measured in a pure emission-line
spectrum, free from the underlying stellar flux contributions. In
order to obtain it, we used the optical and NIR stellar contents
derived in Paper I, with E-MILES (Vazdekis et al. 2016) models
and the STARLIGHT code (Cid Fernandes et al. 2004, 2005). In Paper
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I, optical and NIR stellar populations were modelled separately, but
were also derived after combining both ranges. We chose to subtract
the stellar populations which were derived separately for optical and
NIR data cubes, since NIR data were degraded in order to match
the optical resolution. Additionally, in order to remove lower order
noise, we fitted and subtracted a five degree polynomial function
to each spectrum after subtracting the stellar content. The systemic
velocity was derived from the modelling of the stellar kinematics
from Paper 1.

Close to the centre of our FoV, a broad component is present in
H . Since its distribution is unresolved by our data, we fitted this
component separately, masking out the narrow components of [N 11]
and H o, and forcing its spatial distribution to be the same of the
PSF. The determined full width at half-maximum (FWHM) of this
broad component is ~3200kms~!.

After subtracting this broad component, the emission-line fitting
was performed with IFSCUBE,! which is a PYTHON-based package
of spectral analysis routines. The code allows the simultaneous
fitting of multiple Gaussian or Gauss—Hermite profiles in velocity
space, with or without constraints or bounds. The algorithm includes
integrated support for pixel-by-pixel uncertainties, weights and
flags, subtraction of stellar population spectra, pseudo-continuum
fitting, S/N evaluation, and equivalent width measurements. The
actual fitting relies on SCIPY’s implementation of Sequential Least
Squares Programming.

Because of the complex kinematics of NGC 1052, two Gaussian
functions were needed in order to fit each emission-line profile, one
narrow (100kms~ < FWHM < 150kms~!) and one with inter-
mediate width (hereafter IW, 280km s~ < FWHM < 450kms™").
We tried more complex configurations, such as using two Gauss—
Hermite polynomials or three Gaussians for each emission line, but
none of them contributed significantly to the quality of the fits.

Also, because of the complexity of the [N 11] + H « region, where
six Gaussian functions were needed in a short wavelength range, we
chose to fit the whole optical spectrum at the same time, constraining
the FWHM and centroid velocity of emission lines with similar
ionization potential, critical density, and which are formed close to
each other in the nebulae. We divided the emission lines in four
groups, constrained to have the same kinematics as follows:

(i) Ionized hydrogen (He, H B, and Hy),

(ii) Doubly ionized oxygen ([O 111] A4363, 14959 and A5007 A),

(iii) Neutral oxygen ([O 1] 16300 and 16360 A),

(iv) Neutral and ionized nitrogen, and ionized sulpfur ([NT]
25200 A, [N 1] A5755,6548,6583 A and [S11] 16716,6731 A).

We also performed the fitting using different configurations, such
as forcing all emission lines to share the same double Gaussian
profile, or separating all emission lines. However, all these config-
urations point towards the same results, where only [O IlI] behaves
differently compared to the other emission lines.

4 RESULTS

4.1 Fluxes and kinematics

The flux distribution maps of the narrow and IW components of H 8
and [O11] 15007 A emission lines are shown in the top panels of
Fig. 2. We decided not to show the [O 1], [N 1], [N 11], and [S 1] maps
because they follow both the kinematics and flux distribution of the

"Publicly available in the internet https://bitbucket.org/danielrd6/ifscube.
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Figure 1. Panel a: SDSS image of NGC 1052 with the FoV of the panel b radio image in red. Panel b: NGC 1052 total intensity map obtained with the VLA
at 20 cm (Wrobel 1984). The map peaks at 737 mJy beam™! and contours are drawn at 500 Wy beam™! x (—4,-3,-2,-1,1,2,3,4,5,6,7,8,9, 10, 11, 12,
13, 14, 15, 800). Over this panel we indicate the GMOS FoV in blue and NIFS FoV in red. Panel c: left, optical continuum obtained with GMOS. In black,
FoV of panel d radio image. Right, NIR k-band continuum obtained using NIFS. In white, optical contours of the GMOS-IFU continuum. Panel d: NGC 1052
total intensity map of the parsec scale jet obtained with the VLBA at 2 cm on 2012 March 27 (Lister et al. 2018). The bottom I contour is 1/512 of the peak of
0.551 Jy beam™!, and the contours increase in steps of 2. The restoring beam dimensions are 1.40 x 0.50 mas at the position angle —6.6°.

H1lines. Also, we decided to plot H § maps instead of H « since the
latter is blended with two [N I1] emission lines. Over these panels,
we show the orientation of the kiloparsec and parsec scale radio
jets, represented by the white and black arrows, respectively. Over
the narrow H $ centroid velocity map, we also show in magenta the
orientation of the gas bubbles identified by D15.

Although NGC 1052 has complex gas kinematics throughout the
entire FoV, we selected three key regions where this complexity is
more evident. We labelled them N, for the nuclear region, and A
and B, which lie in the direction of the kiloparsec scale jet. In the
second column, first row panel of Fig. 2, we indicate these three
regions. The spectra and fits of the emission lines of these three
regions are presented in Fig. 3.

In the middle and bottom panels of Fig. 2, we present the centroid
velocity and FWHM maps of the narrow and IW components of
H g and [O111] 25007 A emission lines. We also overplotted on the
centroid velocity panels the orientations of kiloparsec and parsec
scale radio jets in white and black arrows, and in magenta the
orientation of D15 gas bubbles. The regions A, B, and N are also
marked over the H 8 IW centroid velocity panel.

MNRAS 489, 5653-5668 (2019)

In the nuclear region, a blue wing is visible in the nebular
[O 1] emission lines. A third Gaussian function was needed in
order to fit this region. We show in Fig. 4 the spectra and fits of
the [O111] and H S of the central spaxel of region N. The FWHM
derived for this component is 1380 km s~, and the centroid velocity
is —490kms~'. This wing is not detected in the other emission
lines.

4.2 Dust reddening

When calculating the dust reddening and flux ratios of NGC 1052,
in order to avoid possible degeneracies introduced by the emission-
line fitting procedure, we decided to sum the fluxes of the narrow
and IW components. The main reason behind this choice is the
dominance of the IW component, with an integrated flux between
five and 10 times larger if compared to the narrow component (see
Fig. 2), which resulted in a low S/N in the narrow component
maps.

In order to estimate the dust reddening E(B — V), we followed
Brum et al. (2019) and used the lines of Ho and H 8 applying the
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Figure 2. Emission-line flux, centroid velocity, and FWHM maps of H 8 and [O11] 25007 A narrow and IW emission lines. The size of the spaxels is
0.05 arcsec. The first row shows emission-line flux maps in log scale with contours drawn. We superimpose on the H 8 IW flux panel the three regions whose
spectra are presented in Fig. 3. The middle row panels show centroid velocity maps, where rest-frame emission is white. In the middle row panels, the white
and black arrows represent the orientations of the kiloparsec and parsec scale jet, respectively. In the narrow H 8 centroid velocity map, the arrow in magenta

represents the orientation of the gas bubbles identified by D15.

relation:

E(B— V)= 0.81 o ( Ho )
= g(Ha) — qHp) S \3.1Hp

withg(H a) — g(H ) = 0.586 obtained from the Cardelli, Clayton &
Mathis (1989) law and assuming 3.1 as the intrinsic ratio Ha/H 8
(which is typical for AGNs according to Osterbrock & Ferland
2006). The map is presented in Fig. 5.

4.3 Electron temperature and density

In order to account for dust extinction, we corrected all optical emis-
sion lines by the E(B — V) values of Fig. 5. The electron temperature
was then determined based on the [O11](A4959+15007)/A4363
and [N1J(16548+16583)/A5755 ratios. To compute the electron
density, we used the [S 1] A6716/16731 ratio (Osterbrock & Ferland
2006). The calculations were performed using the TEMDEN package
present in the IRAF software (Shaw & Dufour 1995).

We show the density map in Fig. 6, which was estimated
assuming 7, = 10000 K. Since auroral emission lines are very

MNRAS 489, 5653-5668 (2019)
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Figure 3. Fits of the optical emission lines of the central spaxel of the three regions marked in Fig. 2 after subtracting the contribution from the stellar
population. The upper panels show the observed (black) and modelled spectrum (red). The bottom panels show in more detail the region between 6500 and
6760 A. The different components of the modelled spectrum are shown in the bottom panels: narrow components are plotted in blue, IW components in green,

and the broad component is plotted in orange (central panel only).
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Figure 4. Fits of the H 8 and nebular [O 111] emissions of the central spaxel
of region N, after subtracting the contribution from the stellar population.
The observed and modelled spectra are shown in black and red, respectively.
The narrow components are plotted in blue, IW components in green, and
the [O 111] broad-intermediate components are plotted in magenta.

feeble compared to their nebular counterparts, resulting in an overall
low S/N, we decided to calculate temperature based in the integrated
spectra of the regions N, A, and B. We also extracted the integrated
spectra of the circumnuclear (C) region, which we defined as the
integrated data cube spectrum minus the spectrum of region N.
In order to calculate these temperatures, we estimated the density
based on the average map value within that region. The values of
[O111] and [N 11] temperatures are listed in Table 1.
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Figure 5. E(B — V) map for NGC 1052, derived from the H f/Ha line
ratio.
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Figure 6. Density maps measured from the [S 1I] A6716/1L6731 ratio.

Table 1. Temperature and density of regions N, A, B
and the integrated circumnuclear (C) regions.

Region Tiow) TiNm
(103 K) (103K)

N - 1275 £ 1.5

A 247 +43 109 + 0.8

B — —

c 252428 114 + 1.1

As mentioned earlier, in the nuclear region, a blue wing is present
in the nebular [O 111] emission lines. We found that adding another
Gaussian function in the fitting of auroral [O I11] emission produced
degenerate results, between 14 000 and 30 000 K. For that reason,
we do not present [O 111] temperature for the nuclear region.

4.4 Diagnostic diagrams

Since we are testing the nature of the gas emission in NGC 1052,
the fact that LINER-like line ratios can be produced by old stellar
populations also needs to be tested. One way of doing this is using
the WHAN diagram (Cid Fernandes et al. 2011), defined as the
equivalent width of the Ha emission versus the [N1I]/H « ratio.
This diagram is divided in four regions: star forming, strong AGN,
weak AGN, and retired galaxies (i.e. galaxies that have stopped
forming stars and are ionized by their hot low-mass evolved stars).

Since the H o equivalent width is defined as the H o flux divided
by the average stellar flux below its emission, we used the stellar
flux derived in Paper I. Also, since both the stellar and gas emission
are affected by reddening, we used both fluxes before dereddening
them. WHAN diagram is presented in Fig. 7. We highlighted regions

NGC 1052: gas excitation and kinematics ~ 5659

A, B, and N. Also, we plotted in red the average values of the
collapsed data cube.

We also employed BPT diagrams in order to understand the nature
of the emission of NGC 1052. These diagrams uncover differences
that do not appear in the flux maps. The maps of [O 111] 25007 A/H B
and [N11] 16587 A/Ha are shown in Fig. 8, and the respective
diagnostic diagram is plotted in Fig. 9. In order to disentangle the
nature of NGC 1052 emission, in the first panel we superimposed the
lines from the references KO1 (blue), KO3 (green), and K03 (red).
These lines divide the diagram in four regions based on the main
ionization mechanism: Star forming, LINER, Seyfert, and transition
region. The three key regions of the galaxy (A, B, and N, defined
in Section 3) are coloured and distinguished from the other regions.
We also collapsed the data cube and plotted the average ratios in red.
In all diagnostic diagrams, the emission-line ratios from all regions
of NGC 1052 fall in the region occupied by LINERs.

To further help the characterization of NGC 1052, over the central
panel of Fig. 9 we superimposed sequences corresponding to Allen
et al. (2008) shock models with solar metallicity and pre-shock
density of 1cm ~3. We created our grid with models of velocities
between 200 and 500 km s~!, and magnetic fields between 2.0 and
10.0 pnG.

Lastly, we overplotted in the right-hand panel of Fig. 9, pho-
toionization models generated with version 17.01 of CLOUDY, last
described by Ferland et al. (2017). In order to generate these
models, we followed Ricci et al. (2015) and assumed a plane-parallel
geometry, a power-law continuum with f, oc v=!, which is typical
for LINER-like AGNs according to Ho (2008) and a filing factor
of 1073, We constructed two model grids: one for the nucleus and
one for the extended regions. For the nucleus, we constructed our
model grid with density values of 200 and 1500 cm~ and a lower
cut in the energy of the ionizing photons of 0.124 eV (the default
value). For the extended region, the model grid was constructed with
density values of 50 and 200 cm™ and a lower cut in the energy
of the ionizing photons of 27eV (photons with less energy than
27eV have already been absorbed by the most internal regions of
the nucleus). Each grid was constructed with ionization parameter
(U) of 3.4 and 3.6 [in agreement with the values derived previously
for LINER-like AGNs (Ferland & Netzer 1983; Halpern & Steiner
1983; Ho 2008)] and metallicites of 0.8, 1.0, 1.5, and 2.0 Z,. For
the other parameters, we used CLOUDY’s default values.

In order to show how other line ratios vary over our FoV, we
have also obtained emission-line ratio maps of [N1] A5200/H B,
([O1] A6300+16360)/H e, ([S1] 167164+16731)/Hea, and ([O1]
A6300+16360)/([O111] A4959+15007), which are presented in
Fig. 10.

4.5 Principal component analysis

One way to analyse data cubes is by means of the PCA tomography
technique (Steiner et al. 2009). In short, this procedure uses PCA
to search for correlations between m spectral pixels across the n
spatial pixels of data cubes. Meaningful information are stored in
a few number of eigenvectors (or eigenspectra) whose associated
variances are greater than the average noise of the data cube.
Tomograms are related to the projection of the eigenvectors on
to the data cube, i.e. it shows where the correlations between the
wavelengths occur in the spatial dimension. This technique has been
useful in extracting information from data cubes (Menezes, Steiner
& Ricci 2013b; Ricci et al. 2014a).

We applied PCA tomography to the GMOS data cube of
NGC 1052. Eigenvectors 2, 3, and 6 and their associated tomograms
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Figure 8. [O 1] 15007 A/H B and [N 11] 16587 A/H e maps for NGC 1052.
In the left-hand panel, the white arrow indicates the orientation of the
kiloparsec scale radio jet and the black arrow indicates the orientation of the
parsec scale jet.

are presented in Fig. 11. They contain 2.4, 0.59, and 0.023 per cent
of the total variance of the data cube, respectively. Only these
eigenvectors are shown as they are relevant to the discussion of
this paper. The directions of kiloparsec and parsec scale radio jets
are shown in tomograms 3 and 6, respectively.

On the other hand, we did not include the results from the
PCA tomography applied to the NIFS data cube, since all useful
information is contained in the first eigenspectrum, which represents
the bulge of the galaxy.

4.6 Near-infrared emission lines

Five emission lines were detected in the NIR data cubes: [Fe1I]
112570 A, Pa 8, [Fen] 113210 A, H, 221218 A, and H, 222230 A.
We present in Fig. 12, the J- and K-band spectra of the central
spaxel of region N. Since the [Fe1] 113210 A and H, 122230 A
lines are weaker than the 112570 A and 221218 A lines, and both
probe the same gas portion, we only show the maps of the latter
ones. Given the compactness of NIR emission lines, we decided to
analyse these data through channel maps. This alternative method
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was required, since direct emission-line fitting did not reveal any
structure in either centroid velocity or FWHM maps. The emission-
line fluxes and channel maps of [Feir] A12570 A, Pa B, and H,
121218 A are presented in Figs 13 to 15. We chose a constant bin
size for the channels of 5 A, because it is a multiple of the binning
after the synthesis, also providing a good S/N.

The NIR emission-line ratios can also be used as diagnos-
tic diagrams to discriminate the dominant ionization mechanism
of emission-line galaxies (see for example Larkin et al. 1998;
Rodriguez-Ardila, Riffel & Pastoriza 2005; Riffel et al. 2013; Colina
et al. 2015). In order to improve the determination of the dominant
ionization mechanism behind NGC 1052, we present in Fig. 16
two emission-line ratio diagrams from Maiolino et al. (2017). The
purple square shows NGC 1052 position in these diagrams. Since a
few of these lines are not in the wavelength range of our data cube,
we measured the line fluxes from the NIR integrated spectrum of
NGC 1052 presented by Mason et al. (2015). We performed these
measurements after subtracting the stellar content of the spectrum,
which was done by applying the same method described in Section 3
(i.e. E-MILES models and STARLIGHT code).

5 DISCUSSION

5.1 Fluxes and kinematics

From Fig. 2, it is possible to see that narrow components have
a flux distribution which is oriented in the north-east/south-west
direction. The kinematics of these emission lines are also aligned in
the same direction, dividing the galaxy into north-east (blueshifted)
and south-west (redshifted). A similar result was already reported
by D15. Since this component extends beyond the edges of our FoV,
with the same orientation, our narrow components are probably the
same components observed by D15. According to their analysis,
the best explanation for this data is the presence of two gas bubbles.

The [O1] fluxes are also oriented in the north-east/south-
west direction. However, the flux peak of [O1] is off-centred
~0.35 arcsec to the west of the continuum peak, in the direction
of the parsec scale jet. Also, the kinematics of the [O 11I] emissions
are compatible with the other ones, with the exception of one region.
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Figure 10. [N1]/H B, [O1[/Hea, [S1U]/H«, and [O1]/[O 111] maps corrected by dust reddening.

To the west of our FoV, following the direction of the kiloparsec
scale radio jet, the [O 111] narrow kinematics grows to higher values
if compared to the other narrow emissions. These results seem to
indicate that to the west of our FoV, narrow [O 111] is probably tracing
the interaction of the kiloparsec radio jet with the environment.

The fluxes of IW components, in contrast, present approximately
elliptical isocontours with a major axis oriented between kiloparsec
and parsec scale radio jet directions. In addition, the kinematics of all
IW components are similar to each other, with compatible FWHM
and centroid velocity distributions. From Fig. 2, it is possible to see
that the blueshift velocities of this component reach their maximum
in region A, beginning to fall afterwards. The redshifted portion, on
the other hand, reaches its maximum in the borders of our FoV, sug-
gesting that it might keep increasing. However, since it was not de-
tected by the large (40.0 x 25.0 arcsec?) FoV of D15, it suggests that
this component does not extend much further away from our FoV.

Also, in the [O 1] FWHM map, close to (0 arcsec, —1 arcsec ), a
drop in the FWHM is found, co-spatial with a rise in the velocity
field of the [O11] IW component. This happens because the fitting
in this region is highly degenerate, as can be seen in Fig. 3. However,
there is no clear sign of a difference in the emission-line behaviour
in this same region.

One possible explanation for the kinematics of the IW is that
it is caused by a bipolar outflow. In this scenario, the narrow
components would trace the gas bubble identified by D15, whereas

the IW component would trace an ongoing outflow related to the
radio jets. Supporting this hypothesis is the fact that this component
is oriented along a direction between those of the parsec and
kiloparsec radio jets.

In the above scenario, no component is tracing the gravitational
potential of the galaxy. Thus, in order to test if this component can
also be explained by a disc in circular motion, we followed Bertola
et al. (1991) and assumed that the gas follows circular orbits in a
plane with a rotation curve given by

Ar
(r2+ cé)p/z,
where r is the radius and A, cp, and p are parameters to be

determined. The observed radial velocity at a position (R, V) on
the plane of the sky is then given by

)

Ve =

(R, W) = Usys

n ARcos(W — Wy)sinfcos’H
{R2[sin2(V — W) + cos?@cos (W — Wy)] + cjcos?@}r/2’
2

where O is the disc inclination (® = 0 being is a face-on disc), ¥y
is the position angle of the line of nodes, and vy, is the systemic
velocity of the galaxy. We have fitted the above expression to the
H B IW velocity field using our own script, which automatically
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Figure 11. Eigenvectors 2, 3, and 6 for the PCA of NGC 1052. Over eigenvector 3 map we plotted in white the orientation of the kiloparsec scale radio jet
and over eigenvector 6 map we plotted in black the orientation of the parsec scale jet.

searches for the centre, inclination, and velocity amplitude and has
already been used in Paper I. The resulting model and the respective
residuals are presented in the first two panels of Fig. 17.

The fact that the model fits properly the entire FoV of the IW
component, with all residuals smaller than 50 kms~!, indicates that
the kinematics of the IW component is well explained by a disc
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following circular motion. However, the value of two parameters
indicate that, if this is indeed the case, the disc is not circular
around the SMBH. First, as can be seen in Fig. 17, the centre of
the rotation (magenta x) is located 0.7 arcsec west of the continuum
luminosity peak (black x), adopted as the location of the galaxy
nucleus. Second, the systemic speed of this galaxy, as derived
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Figure 12. J- and K-band NIR spectra of the central spaxel of region N.
The main emission lines are indicated.

from the fitting of the IW kinematics, is 68 kms~! higher than
the systemic speed derived from the stellar model. Such eccentric
discs have already been reported in the literature for other galaxies
(e.g. M31 Menezes, Steiner & Ricci 2013a). If that is the case,
it is probably a consequence of the merger event experienced
~1Gyr ago with a gas-rich dwarf or spiral van Gorkom et al.
(1986).

A third option to explain the IW gas kinematics is the combination
of a rotation and an outflow component. In order to test this
possibility we performed the fit of the data again, but setting
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the orientation of the line of nodes, the disc inclination and the
kinematic centre to those obtained from the fit of the stellar velocity
field (Paper I). The resulting model and the respective residuals are
presented in the last two panels of Fig. 17. Looking at the residuals, it
is possible to see that they are similar to the kinematics of the narrow
components, but with higher values. One possible explanation for
these results is that the blue residuals originate in the front part of
the blue bubble, whereas the narrow kinematics would originate in
the rear part of this bubble. Also, the red residuals would originate
in the rear part of the red bubble, whereas the narrow kinematics
would originate in the front part of this bubble. In this scenario,
the radio jets would pass inside the bubbles with the SMBH and its
torus located in between these bubbles.

Combined, these results allow us to conclude that NGC 1052
has at least five different kinematic components: (i) the unresolved
broad component visible in H &, limited to the nucleus, originating
in the BLR; (ii) the unresolved intermediate broad [O1i1], also
limited to the nuclear region; (iii) the IW component, detected
in all emission lines and which is tracing either an outflow, an
eccentric disc or a combination of a disc with large-scale shocks;
(iv) the narrow components of the H1, [O1], [N1], [N 1], and [S11],
tracing the gas bubbles first detected by D15; (v) the [O 111] narrow
component, which follows the fluxes and kinematics of the other
narrow emission lines everywhere but to the west, where it is
probably tracing the interaction of the kiloparsec radio jet with
the environment.
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Figure 13. [Fen)] 412570 A emission-line flux and channel maps.
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Figure 14. Pa g emission-line flux and channel maps.

The presence of three distinct kinematic components in the
emission-line profiles of the nuclear spectrum of NGC 1052 has
already been reported by S05, who analysed the inner 3.0 X
3.0 arcsec’ region of the galaxy. Our results not only confirm
their hypothesis, but also show that the kinematics are even more
complex, with an unresolved [O1] component in the nucleus
and a narrow [OTI] component detached from the other narrow
components to the west.

FWHM maps, on the other hand, do not highlight any major
differences, mainly due to the narrow range we allowed them to
vary. This narrow range was needed, since allowing higher FWHM
variations caused IFSCUBE to not fit properly the noisy regions of
the data cube.

5.2 Dust reddening

The E(B — V) map peaks at ~0.25 mag inside the nuclear region
N (see Fig. 5). This value is lower than the values derived by both
Gabel et al. [2000, E(B — V) = 0.44] and D15 [E(B — V) = 0.33].
However, this difference is not significant, since the uncertainties in
E(B — V) are high due to the difficulty in separating H o from the
adjacent [N 11] lines.

In the jets direction, the reddening is lower than in the vicinity
of the nucleus, with an average value of 0.1 mag, but higher than
the rest of the FoV, where the E(B — V) is negligible. These results
show that this galaxy is not very affected by dust reddening, which
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is consistent with past results showing that this is the case for
most elliptical galaxies (Padilla & Strauss 2008; Zhu, Blanton &
Moustakas 2010).

5.3 Electron temperature and density

The density values derived by us (Fig. 6) reveal that the highest
values are seen inside the nuclear region N. While we found a
density of ~1200cm™ in the region N, the surrounding regions
have densities close to or below the [Si]/[S1I] sensitivity limit
(<100cm™).

The temperatures detected by us (Table 1), on the other hand, do
not highlight a major difference between the nuclear region N and
the surrounding regions. Temperature values measured from [N 1]
emission lines are between 10 000 and 13 000 K, with no significant
difference in region N. Temperature measured from [O11i1] have
values closer to 25000K in regions A and C, and could not be
measured in regions N and B.

The high temperatures measured from [O 1] are too high to
be compatible with photoionization (Osterbrock & Ferland 2006).
However, as indicated in Section 4.3, this value could not be
measured in the nuclear region N. Temperatures measured from
[N 11], on the other hand, are compatible with photoionization in the
three regions that we have been able to measure them.

The simple presence of a broad-line profile in the HI lines
indicates that direct photoionization by the AGN must be present
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Figure 17. Two disc models of the H 8 IW kinematics with their respective residuals. The first model was obtained with all parameters free to vary, whereas
the second model was obtained by setting the orientation of the nodes line, disc inclination, and conematic centre to the ones modelled for the stars. The black
x in the second panel indicates the luminosity peak, whereas the magenta x indicates the centre of the rotation.

in the nuclear region. This is compatible with the low temperatures
measured from [N 11]. However, a contribution coming from shocks
cannot be fully discarded in this region, since the fitting of the profile
of the [O 111] A4363 emission line allows us to calculate values which
are not compatible with photoionization.

Outside of region N, the high [O111] temperatures and the low
[N 11] temperatures suggest that a single mechanism is not capable
to fully explain the extended ionization observed. It is likely that
both shocks and photoionization play a role in ionizing the gas in
these extended regions.

5.4 Diagnostic diagrams

The WHAN diagram of Fig. 7 shows that the emission lines of
NGC 1052 are typical of AGNs. This is important because it rules
out ionization by hot low-mass evolved stars and also young stars,
thus restraining the ionization mechanism of the galaxy to be either
shocks or photoionization by the AGNs.

Also, the [O11]/H B and [N1IJ/H« ratios (Fig. 9) confirm that
the LINER-like emission extends throughout the whole FoV, and
is not restricted to the nucleus of the galaxy. The regions A, B,
and N are compatible with ionization by shocks with velocities
between 200 and 300 kms~!, and a magnetic field between 5.0 and
10.0 uG (panel b of Fig. 9). Besides that, region N is compatible
with our photoionization models for the nucleus, whereas regions
A and B are also compatible with our photoionization models for
the extended region (panel ¢ of Fig. 9).

From Figs 8 and 10, it is possible to see that region N behaves
differently when compared to the rest of the galaxy. Also from these
figures, it is possible to see that all ratios are constant outside the
nuclear region, with the exception of [O1lI]/H B, which is slightly
higher at regions A and B, if compared to the rest of our FoV. These
results are compatible with our hypothesis of photoionization as the
main ionizer inside region N, with the extended region of this galaxy
being ionized by a combination of shocks and photoionization.

5.5 Principal component analysis

Eigenvectors that result from the PCA tomography technique reveal
the correlations between the wavelengths of the spectral dimension
of a data cube. In the case of the optical data cube of NGC 1052, the
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second eigenvector shows strongly the characteristics of the AGN,
but also that the emission lines are correlated with the Fe 115270 and
NaDAS5893 stellar absorption features. This correlation is located
in the nucleus of the galaxy. An interpretation for this result is
that the featureless continuum from the AGN is decreasing the
equivalent widths of the stellar absorption lines, which was already
discussed in Paper I. Similar cases were observed in the nuclei of
the galaxies IC 1459 (Ricci et al. 2014a, 2015) and NGC 1566 (da
Silva, Steiner & Menezes 2017). In eigenvector 3, one may see an
anticorrelation between the red and the blue wings of the emission
lines. This is associated with a bipolar structure seen in the spatial
dimension with a position angle PA = 81 &+ 1 deg. This is usually a
signature of a gas disc (Ricci et al. 2014a; da Silva et al. 2017). In
eigenvector 6, emission lines from elements with a low-ionization
potential ([O1] and [N 1I]) are anticorrelated with the emission lines
from elements with higher ionization potential and with the HI
lines. The tomogram shows that the nucleus is dominated by the
low-ionization emission while a bipolar structure, associated with
the [O1] and the HT lines, is seen with a PA of 53 4+ 1 deg. This
PA is similar to the direction of the parsec scale jet of NGC 1052.
Given that Sawada-Satoh et al. (2016) detected a molecular torus
perpendicular to this jet, we propose that tomogram 6 is related to
an ionization cone, i.e. ionizing photons are collimated by the torus
in the direction of the bipolar structure that is seen in this image.
Another result that supports this interpretation is the fact that the
[O11)/H B ratio is higher in the position of the structure that is
located north-east from the nucleus (Fig. 8).

It is clear that the position angle of the bipolar structure we
associate with the ionization cone (PA = 53 &£ 1) is different
from that of the parsec scale radio jet (PA ~ 66, as estimated
by us based on the mean PA of the jet components identified by
Lister et al. 2019). Since the radio jet presumably originates in the
inner accretion disc and the ionization cone is collimated by the
molecular/dusty torus, we conclude that their projection on the sky
is misaligned by ~13 deg.

5.6 NIR emission lines

From Fig. 13, it is possible to see that [Fell] channel maps are
redshifted to the east and blueshifted to the west of the nucleus.
Similar to the intermediate components of the optical emission
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lines, it shows that the orientation of [FelI] kinematics also lies
between the orientation of kiloparsec and parsec scale radio jets.
However, [Fe 1T] emission is much more limited to the central region,
undetected beyond 0.5 arcsec.

PapB emission (Fig. 14), on the other hand, does not show
any kinematic features in the channel maps, with all velocity
channels showing similar flux distributions, concentrated in the
central regions. Lastly, H, channel maps (Fig. 15) show that this
emission line shows mostly blueshifts to the north of the nucleus
and redshifts to the south, with an apparent line of nodes similar to
that implied by the narrow-line kinematics. This orientation is also
similar to that of the D15 gas bubbles.

Fig. 16 reveals that the NIR emission lines of NGC 1052 are
compatible with both photoionization and AGN as well as shocks
(produced by the radio jets), as seen in the two diagnostic dia-
grams. These results also help confirming that only one ionization
mechanism is not capable of fully explaining the emission lines of
NGC 1052.

6 CONCLUSIONS

In this work, we studied the gas excitation and kinematics of the
inner 320 x 535pc? of NGC 1052, both in the optical and in the
NIR. Our results can be summarized as follows:

(i) At least five kinematic components are present in this galaxy:

(a) In the nucleus, an unresolved broad (FWHM ~
3200kms~') line is visible in Ha.

(b) Also in the nucleus, an unresolved intermediate broad
component (FWHM ~ 1380kms~!) is seen in the [O1m]
AA4959,5007 doublet.

(c) An IW component (280 < FWHM < 450kms~') with
central peak velocities up to 400 kms~'. Possible explanations
for this feature are: an outflow, an eccentric disc, or a combination
of a disc with large-scale shocks.

(d) A narrow (FWHM < 150kms~") component, visible in
the HL, [O1], [N 1], [N11], and [S 1I] emission lines, which extends
beyond the FoV of our data. This component is compatible with
two previously detected gas bubbles, which were attributed to
large-scale shocks.

(e) Another narrow (FWHM < 150km s~!) emission, visible
only in [O 111], which differs from the other narrow emission lines
along the kiloparsec radio jet, probably tracing the interaction of
the kiloparsec radio jet with the environment.

(i) When analysing density, temperature, and diagnostic dia-
grams, our results suggest that the ionization of the FoV of our data
cannot be explained by one mechanism alone. Rather, our results
suggest that photoionization is the dominant mechanism in the
nucleus, with the extended regions being ionized by a combination
of shocks and photoionization.

(iii) We found that the dusty molecular torus is misaligned with
the inner accretion disc by ~13 deg in the plane of the sky.

(iv) We confirmed the presence of an unresolved featureless
continuum associated with the LLAGN.

(v) From NIR data, we found that [Fe1I] is also oriented in a
direction compatible with the radio jets, whereas H, is oriented in
the direction of the narrow components.
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