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ABSTRACT

We present the analysis of an optical data cube of the central region of NGC 1448, obtained with the Multi Unit
Spectroscopic Explorer (MUSE). Chandra X-ray data indicate that the active galactic nucleus (AGN) is not located
at the apparent stellar nucleus of the galaxy, but at a projected distance of 1.75 £+ 0.22 arcsec (139 & 17 pc). This
is probably caused by the high interstellar extinction in the surroundings of the AGN, which corresponds to the
true nucleus of the galaxy, as also proposed by previous studies. The morphology and classification of the optical
line-emitting regions indicate two ionization cones, around an axis with a position angle of PA.ynes = —50°+7°, with
emission-line spectra characteristic of Seyfert galaxies. The stellar and gas kinematics are consistent with a stellar and
gas rotating disc around the nucleus, with a velocity amplitude of 125 km s~!. Two probable outflows from the AGN
were detected along the region of the two ionization cones. The AGN position does not coincide with the brightest
line-emitting region at the centre of NGC 1448. That may be a consequence of the high obscuration from the AGN
towards the observer (the AGN is actually Compton thick), mostly caused by a nearly edge-on torus. An additional
hypothesis is that the AGN reduced its luminosity, during the last 440 yr, to nearly half of the value in the past. In
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this case, the brightest line-emitting region corresponds to a “light echo” or a “fossil” of the AGN in the past.
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1 INTRODUCTION

Active galactic nuclei (AGNs) have a major relevance in ex-
tragalactic astrophysics. It is well accepted that the energy
emitted by AGNs comes from the accretion of matter onto
central supermassive black holes (SMBHs; e.g. Netzer 2013).
This feeding mechanism can also lead to feedback from the
AGN, which can have a significant impact, for example, on
the growth of the SMBH and on the star formation (e.g. Cro-
ton et al. 2006). The existence of correlations of parameters
associated with the central SMBHs and with their host galax-
ies suggests a coevolution. An example of such correlations
is the M — o relation (Ferrarese & Merritt 2000; Gebhardt
et al. 2000; Giiltekin et al. 2009), between the masses of the
SMBHs (M) and the stellar velocity dispersions (o) of the
bulges of the corresponding galaxies. The feeding and feed-
back processes are probably essential to understand the co-
evolution of SMBHs and the host galaxies. In this context,
having a complete census of the presence of AGNs in galaxies
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of different morphological types is very important for studies
of the formation and evolution of galaxies.

Highly obscuring material along the line of sight can cause
some difficulties in the detection of AGNs. Compton-thick
AGNs, which are defined as AGNs obscured by a column
density of Ny > 1/or = 1.5 x 10**e¢m™2 (o7 is the Thom-
son scattering cross-section), are the most challenging ones.
In this case, the extinction can be significant even at high
energies (> 10 keV). It is usually assumed that the obscur-
ing material in a Compton-thick AGN is located in a torus
around the broad-line region (BLR), according to the unified
model (Antonucci 1993; Urry & Padovani 1995). On the other
hand, according to recent studies, the actual scenario around
AGNs may be more complex than that. Honig (2019), for
example, based on observational properties of AGNs in the
infrared (IR) and submm wavebands, proposed the existence
of a gas flow from scales of ~100 pc to the nuclear region
via a disc, which, due to radiation pressure, puffs up close to
the AGN. The radiation pressure acting on the disc gener-
ates a dusty wind. Therefore, according to this scenario, the
angle-dependent obscuration predicted by the unified model
results from the combination of the disc, wind, and also the
wind launching region. Since the discussion of this complex
scenario is beyond the scope of this work, we will be referring,
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throughout the paper, to the structure causing the obscura-
tion in the surroundings of the AGN as the torus.

Even in non-Compton-thick AGNs, the presence of obscur-
ing material (e.g. dust lanes) along the line of sight, at larger
distances from the nucleus than the torus, can also compro-
mise the detection of AGNs, especially in the optical and
ultraviolet (UV). In certain cases, not only the detection of
the AGN but also the determination of the precise location
of the galaxy’s nucleus can be affected by obscuring material.
Prieto et al. (2014), for example, analysed a sample of type
2 AGNs using optical Hubble Space Telescope (HST) images
and high spatial resolution adaptive optics IR images, taken
with the Very Large Telescope, which are less affected by
dust extinction, and verified that, in most cases, the IR nu-
cleus is displaced by tens of pc from the optical nucleus. The
authors concluded that the IR nuclei were behind dust lanes
and that the apparent displacement between the optical and
the IR nucleus of each galaxy was a consequence of interstel-
lar extinction caused by the material along the line of sight
of the IR nucleus, which represents the true nucleus of the
object. This difficulty for detecting obscured galactic nuclei
in certain spectral bands may result in the determination of
wrong parameters, such as the luminosity. For some objects,
the detection of the kinematic centre (by the analysis of the
stellar or gas kinematics) may allow the identification of the
true nucleus. NGC 253 is a good example of a galaxy whose
analysis of the central region (including the identification of
the true nucleus) was considerably affected by dust extinction
(Miiller-Sanchez et al. 2010).

NGC 1448 is a late-type galaxy, classified as SAcd (de Vau-
couleurs et al. 1991). The distance of this object that will be
considered throughout this paper, corresponding to the mean
of the redshift-independent distances provided by the NASA
Extragalactic Database (NED), is 16.4 Mpc. However, it is
worth mentioning that, assuming Ho = 67.8 km s~! Mpc ™!,
Q= 0.308 and Q24 = 0.692, the redshift provided by NED
corrected to the reference frame defined by the 3K cosmic
microwave background (CMB; z = 0.003676) results in a lu-
minosity distance of 16.3 Mpc, which is very close to the
(redshift-independent) distance assumed in this work. NGC
1448 is part of the sample of the Deep IFS View of Nuclei
of Galaxies (DIVING3”) survey (Steiner et al., in prepara-
tion), which is being conducted by our research group. The
goal of this survey is to study, using optical 3D spectroscopy,
the central regions of all galaxies in the Southern hemisphere
with B < 12.0 and |b] < 15°.

There is not much information in the literature about NGC
1448. Condon et al. (1996), using Very Large Array observa-
tions, obtained a flux density of 95.5 mJy at 1.49 GHz. The
nuclear emission-line spectrum of this galaxy was originally
classified as characteristic of an H II region, based on the
Ha /[N 11] ratio, by Veron-Cetty & Veron (1986). However,
the detection of the [Ne v]A14.32, A24.32 pm and [O 1v]A25.89
pm mid-infrared (MIR) emission lines (Goulding & Alexan-
der 2009; Pereira-Santaella et al. 2010) revealed the presence
of an AGN, as such high-ionization MIR lines cannot be pro-
duced by photoionization by young stars. The mass of the
central SMBH in NGC 1448 was estimated using two differ-
ent techniques. The first involved a relation between the bulge
luminosity of the galaxy in the K band and the SMBH mass,
which resulted in log(Mpr) = 5.9970 13 M, (Goulding et al.
2010). The second technique involved a relation between the
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pitch angle of the galaxy and the SMBH mass, resulting in
log(Mpr) = 7.70 £ 0.20 Mg, (Davis et al. 2014). Tsai &
Hwang (2015) estimated the star formation rate density in
the central kiloparsec of this galaxy, using the luminosity at
8 pum, and obtained a value of -0.89 Mg yr~" kpc™2.

The only detailed study of the central region of NGC 1448,
so far, was performed by Annuar et al. (2017), using X-ray
data obtained with the Nuclear Spectroscopic Array (NuS-
TAR) and with the Chandra Space Telescope. The authors
also analysed optical spectra obtained with the New Tech-
nology Telescope (NTT) of the European Southern Obser-
vatory (ESO) and high spatial resolution MIR images ob-
tained with the Thermal-Region Camera Spectrograph (T-
ReCS) at the Gemini-South telescope. The X-ray spectra
modelling revealed that the AGN in this galaxy is actually
Compton thick, with a column density along the line of sight
of Ny > 2.5 x 10**e¢m™2. The models indicated the pres-
ence of a highly inclined torus causing the obscuration. The
authors observed that the position of the AGN, determined
from the Chandra data, does not coincide with the peak of
the stellar emission, which was interpreted as the result of
the extinction caused by a dust lane along the line of sight
of the AGN (corresponding to the true nucleus), similarly to
the cases observed by Prieto et al. (2014). An emission-line
diagnostic diagram analysis (Baldwin et al. 1981; Veilleux
& Osterbrock 1987) from the optical spectroscopic data re-
vealed that the nuclear emission-line spectrum of NGC 1448
is characteristic of a type 2 Seyfert galaxy.

In this work, we present the analysis of an optical data cube
of the central region of NGC 1448, obtained with the Multi
Unit Spectroscopic Explorer (MUSE; Bacon et al. 2010). We
focus our analysis on scientific aspects different from the ones
addressed by Annuar et al. (2017). In particular, we analyse
the spatial morphology of the line-emitting regions and also
the stellar and gas kinematics. The paper is organized as fol-
lows. In Section 2, we describe the data and also the data
treatment procedures we applied. In Section 3, we present
the results from the analysis of the line-emitting regions. In
Section 4, we perform stellar archaeology based on the results
from a spectral synthesis. In sections 5 and 6, we analyse the
stellar and gas kinematics, respectively. Finally, we discuss
our results in Section 7 and present our conclusions in Sec-
tion 8.

2 OBSERVATIONS AND DATA TREATMENT

An optical data cube of the central region of NGC 1448
was originally obtained, for the DIVING3*P survey, with
the SOAR Integral Field Spectrograph (SIFS), as part of a
science verification program. However, considering that the
MUSE data cube of this galaxy has a higher spatial resolution
and also spectra with higher signal-to-noise ratio (S/N), we
opted to analyse the later in this work. The reduced MUSE
data cube of NGC 1448 was retrieved from the ESO data
archive. The observations were made on 2017 July 24. The
program of the observations is 097.D-0408 (PI: Anderson,
Joseph), which is part of the All-weather MUSE Supernova
Integral field Nearby Galaxies (AMUSING) Survey III (Gal-
bany et al. 2016). A single 2164 s exposure was taken. The
data cube has a spectral coverage of 4750 - 9350 A, with a
spectral resolution of R ~ 3027, and is sampled by spatial pix-
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Figure 1. Top left: image of the data cube of NGC 1448, retrieved from the MUSE data archive, collapsed along its spectral axis. Top
middle: the same as on the top left, but with the reduced FOV that is analysed in this work. The blue circle represents the apparent
stellar nucleus of the galaxy and the cyan circle corresponds to a second bright spot detected in the data cube with the reduced FOV.
Top right: average spectrum of the MUSE data cube with the reduced FOV. Bottom: magnifications of the average spectrum are shown
on the top right.
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Figure 2. Integrated flux images of the [O 111]A5007, Hey, [N 11]A6583 and [S 11](A6717 + A6731) emission lines obtained from the gas data
cube of NGC 1448. The isocontours are shown in green and the AGN position, provided by the hard X-ray emission (in the range of 2 -
10 keV) detected in the Chandra data of this galaxy, is marked with a white cross in each image.

els (spaxels) of 0.2 arcsec. The full width at half-maximum
(FWHM) effective spatial resolution is 1.18 arcsec and the
field of view (FOV) of the data cube has 1.08 x 1.11 arcmin?.

Since we are using the MUSE data cube of NGC 1448 with
the specific purpose of analysing the central region of this
galaxy, we resized the data cube. The final FOV, around
the observed stellar nucleus of the galaxy, has 17.2 x 15.8
arcsec? (which is equivalent to 1.37 x 1.26 kpc?, considering
a distance of ~ 16.4 Mpc). We applied a Butterworth spatial
filtering (Gonzalez & Woods 2002) to each image of the data
cube, in order to remove high spatial frequency noise. This
procedure is part of the treatment methodology discussed in
Menezes et al. (2014, 2015, 2019).

Fig. 1 shows images of the data cube of NGC 1448, col-
lapsed along the spectral axis, with its original FOV and also
with the reduced FOV that is analysed in this work. The av-
erage spectrum of the data cube with the reduced FOV is also
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shown. The bright spot corresponding to the apparent stellar
nucleus can be seen very close to a darker area with a mor-
phology similar to a “stripe” crossing the region. The image
also shows, northwest of the apparent stellar nucleus, a second
bright spot, in the area corresponding to the “dark stripe”.
This peculiar spatial morphology is probably a consequence
of the interstellar extinction caused by a dust lane in this re-
gion (as established by Annuar et al. 2017). This topic will be
discussed in further detail throughout the paper. The average
spectrum is relatively noisy, but the H3, [O 111]A4959; A5007,
[N 11]A6548; A6583, Ha and [S 11JA6717; A6731 emission lines
can be easily detected.

In order to perform a multiwavelength analysis of the
central region of NGC 1448, we retrieved X-ray data of
this galaxy, taken with the Chandra Space Telescope, from
the Chandra public data archive. One 52.6 s exposure
was taken with the Advanced CCD Imaging Spectrometer-



Spectroscopic (ACIS-S) instrument, on 2014 March 9, as part
of the program 15332 (PI: Murray). Based on the event file
of the data, we obtained images of NGC 1448 in different
wavelengths (energies), in units of counts s™' and with pix-
els of 0.49 arcsec. These images were combined in a data
set with two spatial dimensions and one spectral dimension,
analogous to a “data cube”. Such a data cube was spatially
resampled, in order to obtain pixels with a quarter of the
original size (~ 0.12 arcsec). We also applied a Butterworth
spatial filtering to each image of the resulting data cube, to
remove high spatial frequency components, some of which
were probably introduced by the spatial resampling proce-
dure. These same Chandra data were previously analysed by
Annuar et al. (2017), who detected a point-like source cor-
responding to the AGN and also two other compact sources,
within a radius of 20 arcsec from the AGN, which are proba-
bly X-ray binaries. Our main motivations to reanalyse these
data are to determine the correct position of the AGN in the
MUSE FOV and also to evaluate the presence of possible ex-
tended emission around the source representing the AGN. We
spatially resized the Chandra data to match the same FOV
of the MUSE data cube (for further detail, see Section 3).

3 LINE-EMITTING REGIONS

The stellar continuum subtraction of the spectra in the
MUSE data cube of NGC 1448, which is a necessary step
for a reliable analysis of the line-emitting regions, was per-
formed with a spectral synthesis. Such a procedure corre-
sponds to a fit of the stellar spectrum of an object with a
combination of template spectra from a base. We applied the
spectral synthesis to all the spectra of the MUSE data cube
of NGC 1448 with the STARLIGHT software (Cid Fernandes
et al. 2005), which, besides combining the template spectra,
also convolves them with a Gaussian function, in order to
reproduce the widths of the observed absorption lines. Be-
fore this procedure, all the spectra of the data cube were
corrected for the Galactic extinction, assuming Ay = 0.039
mag (NED) and the extinction law of Cardelli et al. (1989),
passed to the rest frame, assuming z = 0.00390 (NED), and
spectrally resampled with AX = 1A. The base of stellar pop-
ulation spectra used for the spectral synthesis was obtained
from the Medium-resolution Isaac Newton Telescope Library
of Empirical Spectra (MILES; Sanchez-Blazquez et al. 2006),
with ages between 1.0 Myr and 13 Gyr and metallicities be-
tween Z = 0.0001 and 0.05 (Z, = 0.02 being the solar metal-
licity), and is known as CB2007. The spectral synthesis pro-
vides, among other things, a synthetic stellar spectrum corre-
sponding to the fit obtained by the procedure. Such synthetic
spectra were subtracted from the observed ones, resulting in
a data cube (from now on, the “gas data cube”) containing,
essentially, emission lines.

Fig. 2 shows integrated flux images of the [O 111]A5007, He,
[N 11]A6583 and [S 11](A6717 + A6731) emission lines of the
gas data cube. The AGN position, as revealed by the com-
pact hard X-ray (in the range of 2 - 10 keV) source detected
in the Chandra data, was marked with a cross in each image
in Fig. 2. The [O 111]A5007 image shows a triangular-shaped
structure south-east of the AGN. This feature is also seen
in the [N 11]A6583, [S 11](A6717 + A6731), and Ha images,
although it is not so well defined in the last one. The Ha
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image shows a number of H II regions around the nucleus.
The brightest line-emitting region, west of the AGN, with-
out taking into account the H II regions, is compact and not
coincident with either the AGN or the apparent stellar nu-
cleus. From now on, we will refer to such region simply as
the brightest line-emitting region. The separation between
the apparent stellar and the brightest line-emitting region is
consistent with the findings of Annuar et al. (2017). How-
ever, the fact that the AGN position does not coincide with
the brightest line-emitting region will be discussed in further
detail in Section 7. Based on the spatial morphology of the
triangular-shaped feature in the images in Fig. 2, we propose
that it is part of the ionization cone of the AGN in NGC
1448. The brightest line-emitting region, west of the AGN,
on the opposite side is probably part of a second ionization
cone, as discussed below.

In order to obtain representative emission-line spectra of
the AGN and of circumnuclear regions, and also to show the
quality of the stellar continuum subtraction, we extracted
the spectra from three circular regions, centred at the AGN
(Region 1) and at two positions in the probable ionization
cones on both sides of the AGN (regions 2 and 3). The radius
of each extraction region was taken as half of the FWHM of
the point spread function (PSF). Fig. 3 shows the positions of
the three extraction regions. The centre of Region 2 coincides
with the brightest line-emitting region (defined before), west
of the AGN, while the centre of Region 3 coincides with the
apparent stellar nucleus. The spectra extracted from regions
1, 2 and 3 are shown in Fig. 4, together with the fits obtained
with the spectral synthesis and also the fit residuals, which
correspond to the emission-line spectra of these three areas.
Table 1 shows the projected distances and also the position
angles of the lines connecting the centres of these regions.

The [N 11] and Ha emission lines in the gas data cube
of NGC 1448 are not significantly blended (as can be seen
in the extracted spectra shown in Fig. 4). Therefore, in or-
der to perform a diagnostic diagram analysis of the spec-
tra of regions 1, 2, and 3, the integrated fluxes of the [N
11]A6583 and Ha emission lines, and also of the HZ and [O
1] A5007 emission lines, were determined via direct integra-
tion. First, the emission-line spectra of regions 1, 2 and 3
were corrected for the interstellar extinction, using the ob-
tained values of the Balmer decrement (Ha/HfS) and assum-
ing an intrinsic Balmer decrement of 3.10 (appropriate for
AGNSs; Osterbrock & Ferland 2006) and an extinction law
of Cardelli et al. (1989). Then we calculated the integrated
fluxes of the HB, [O 111]A5007, Hey, and [N 11]A6583 emission
lines, and the [O 111]A5007/H/ and [N 11]A\6583/Ha emission
line ratios. The uncertainties of the integrated fluxes were
calculated taking into account the spectral noise and also
the fit residuals of the spectral synthesis. The uncertainties
of the emission-line ratios were calculated by propagation of
the uncertainties of the integrated fluxes. Fig. 3 shows the di-
agnostic diagram of [O 111]A5007/HB x [N 11]A6583 /Ha with
the points corresponding to regions 1, 2, and 3. The three
points fall in the Seyfert galaxies branch, which is consistent
with the previous results obtained by Annuar et al. (2017),
using optical long-slit spectra. Since no broad component was
detected in the observed emission lines, the most appropri-
ate classification for the AGN in NGC 1448 is Seyfert 2. The
results also show that Region 2 has a relatively higher ioniza-
tion degree than the other two and the point corresponding

MNRAS 000, 1-19 (2021)
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Figure 3. Left: RG composite image with the red and green colours representing the stellar data cube of NGC 1448, provided by the
spectral synthesis, collapsed along its spectral axis and the integrated flux image of the [O 111]A5007 emission line, respectively. The circular
regions from which the spectra in Fig. 5 were extracted are shown with white circles. Right: diagnostic diagram of [O 111]A5007/HS3 x [N
11]A6583 /Ha with the points representing regions 1, 2 and 3. The blue curve represents the maximum limit for the ionization by a starburst
obtained by Kewley et al. (2001), the green curve corresponds to the empirical division between H II regions and AGNs determined by
Kauffmann et al. (2003) and the red line corresponds to the division between low ionization nuclear emission-line regions (LINERs) and
Seyferts determined by Schawinski et al. (2007).

Table 1. Projected distances and position angles of the lines connecting the centres of regions 1, 2 and 3. The projected distances in pc
were determined assuming a distance of 16.4 Mpc for NGC 1448.

Regions  Projected distance between the regions  Position angle of the line connecting the regions (°)
1 and 2 1.70 + 0.22 arcsec or 135+ 17 pc 867

2 and 3 2.95 + 0.14 arcsec or 235 + 11 pc —61+5

1 and 3 1.75 + 0.22 arcsec or 139 + 17 pc —-32+7

Table 2. Emission-line ratios, extinction values (Ay ), and luminosities of the Ha emission line (Lg,) obtained for the spectra of the
three line-emitting regions in the data cube of NGC 1448. The values of Ly, were calculated, after the correction for the interstellar
extinction, assuming a distance of 16.4 Mpc for NGC 1448 and its uncertainties were estimated taking into account only the uncertainties
of the integrated fluxes of the Ha emission lines.

[Om]A5007 [N1JA6583 [S1](A6716+A6731) [O1]A6300 [SUA6717

Region HA Ho Hor Ho [STIA6731 Ay (mag)  Lpa (10°% ergs™)
Region 1 (AGN) 4.63+0.24 1.50+0.04 0.84 +0.04 0.165 4 0.025 1.23 £0.04 2.68 +£0.18 1.64 +£0.03
Region 2 8.17+0.09 1.214+0.03 0.62 £ 0.03 0.084 +0.020 1.212+0.019 2.40 4+ 0.06 3.48 £ 0.05
Region 3 4.28+£0.12 1.024+0.03 0.52 £ 0.04 0.081 4+ 0.021 1.35 £ 0.08 0.70 £ 0.10 0.572 + 0.010

to Region 1 is actually very close to the dividing line be-
tween the Seyferts and low ionisation nuclear emission-line
regions (LINERs) in the diagnostic diagram. Table 2 shows
the emission-line ratios obtained for the spectra of regions
1, 2, and 3 (the values of the [Si1](A6716 + A6731)/Ha, [O
1]A6300/He, and [S 11]A6717/[S 11]A6731 emission-line ratios
were also included), together with the Ay values determined
from the Balmer decrements and the luminosities of the Ha
emission line (Lya). The Ay values determined for regions
1 and 2 are compatible, at the 20 level, and are significantly
higher and not compatible, even at the 30 level, with the
Ay value obtained for Region 3, indicating the presence of
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a higher interstellar extinction, probably due to a dust lane,
along the lines of sight of regions 1 and 2.

One of the main advantages of good-quality 3D spec-
troscopy, in comparison with long-slit spectroscopy, is the
possibility to analyse the emission-line spectra of different
spatial regions, with a high spatial resolution. Therefore, we
repeated the diagnostic diagram analysis described before for
all the emission-line spectra in the gas data cube of NGC
1448. First, we constructed an Ay map, based on the values
of the Balmer decrement of each spectrum of the data cube
and assuming an extinction law of Cardelli et al. (1989). We
also assumed an intrinsic Balmer decrement of 2.86 for the
spectra characteristic of H II regions and of 3.10 for the other
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Figure 4. Spectra extracted from regions 1, 2 and 3 (see Fig. 3) of the data cube of NGC 1448 before the starlight subtraction. The fits
provided by the spectral synthesis are shown in red and the fit residuals are shown in green.
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Figure 5. Top left: Ay map obtained from the values of the Balmer decrement (Ha/HS) in the gas data cube of NGC 1448. Top right:
map of the [O 111]A5007/Hp ratio obtained from the gas data cube of NGC 1448, after the correction for the interstellar extinction. Bottom
left: map of the [N 11]A6583/Ha ratio obtained from the gas data cube of NGC 1448, after the correction for the interstellar extinction.
The green lines represent the walls of the probable ionization cones of the AGN and the cyan line represents the axis of the ionization
cones. Bottom right: map showing the classification of the emission-line spectra of the different spatial regions along the FOV of the data
cube. The red, magenta, green, and blue colours represent regions with emission-line spectra typical of H II regions, transition objects,
LINERs, and Seyfert galaxies, respectively. The white cross in the maps represents the AGN position provided by the hard X-ray emission
detected in the Chandra data of this galaxy. The white areas in the maps were masked because the amplitude-to-noise (A/N) ratio of one
or more emission lines used for the analysis in such regions was lower than 3.

spectra (Osterbrock & Ferland 2006). Using the obtained Ay
values, we corrected all the spectra of the gas data cube for
the interstellar extinction. Then, we obtained, via direct inte-
gration, the integrated fluxes of the HS, [O 111]A\5007, Her, and
[N 11]A6583 emission lines for each spectrum and constructed
the maps of the [O 111]A5007/HS and [N 11]A\6583 /Ha emission
line ratios. Using such maps, based on the [O 111]A5007/Hf
x [N 11]A6583/Ha diagnostic diagram, we could classify the
spectrum of each spaxel of the gas data cube as being charac-
teristic of an H II region, a transition object, a Seyfert galaxy,
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or a LINER. Fig. 5 shows the maps of Ay, [O 111]A5007/H3,
[N 11]A6583 /Hay, and the classification of the line-emitting re-
gions.

The Ay map in Fig. 5 is considerably noisy but reveals
areas with higher interstellar extinction northwest of the ap-
parent stellar nucleus, which is consistent with the hypothesis
of a dust lane in such region. The spatial morphologies of the
[O 11]A5007/HS and [N 11]A6583/Ha maps are compatible
with the presence of two ionization cones around the central
AGN (one towards south-east and the other towards north-
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Figure 6. Left: RGB composite image with the blue and red colours representing the hard and soft (with energies below 2 keV) X-ray
emission from the Chandra data, respectively, and the green colour representing the map of the [N 11]A6583/Ha ratio from the MUSE gas
data cube. Right: RGB composite image with the blue and red colours representing the hard and soft X-ray emission from the Chandra
data, respectively, and the green colour representing the integrated flux map of the MUSE gas data cube.

west of the AGN). Actually, the [N 11]A6583/Ha map shows
in more detail the walls of the two ionization cones. This is
expected, as the values of the [N 11]A6583/Ha ratio should
be, in principle, higher in the partially ionized region, which
is more significant at the borders of an ionization cone. Based
on the [N 11]A6583/Ha map, we estimated a position angle of
PAcones = —50° £ 7° for the axis of the ionization cones of
the AGN in NGC 1448.

The map showing the classification of the line-emitting
regions in Fig. 5 reveals that the areas along the probable
ionization cones have emission-line spectra characteristic of
Seyfert galaxies, which is consistent with the results provided
by the diagnostic diagram in Fig. 3. Regions located perpen-
dicularly to the ionization cones show emission-line spectra
typical of LINERs. Farther from the AGN we can see a num-
ber of H II regions, as already inferred from the integrated
flux map of Ha in Fig. 2, and also areas with spectra char-
acteristic of transition objects.

The RGB composite images in Fig. 6 show comparisons be-
tween the hard X-ray emission, the soft X-ray emission (with
energies below 2 keV), and the maps of the [N 11]\6583/Ha
ratio and of the integrated flux of the entire emission-line
spectra. Due to the low S/N ratio of the Chandra data, one
must be cautious about these results. Nevertheless, while the
hard X-ray emission is apparently point-like, the soft X-ray
emission is not. The soft X-ray emission is also not centred at
the position of the AGN and may even be extended, towards
northwest, coinciding with the region corresponding to one
of the probable ionization cones of the AGN. The area with
soft X-ray emission is nearly coincident with the brightest
line-emitting region (Region 2). Considering that, we believe
that such a soft X-ray emission may be associated with one
of the ionization cones of the AGN in NGC 1448.

4 STELLAR ARCHAEOLOGY

The spectral synthesis performed with the STARLIGHT soft-
ware provides, in addition to a synthetic stellar spectrum,
different parameters, such as the flux fraction associated with
each stellar population taken into account in the fit and the
interstellar extinction in the observed galaxy. Since this pro-
cedure was applied to the spectrum corresponding to each
spaxel of the MUSE data cube of NGC 1448 (with reduced
FOV), we could construct maps of these parameters. Fig. 7
shows flux maps of stellar populations with ages of 10%, 107,
108, 10°, and 10'° yr. We evaluated that a minimum S/N
ratio of 10 for the stellar continuum is required, in order to
obtain reliable results from the spectral synthesis. Since the
S/N ratio values in the wavelength range of 6600—6700A were
higher than 10 along the reduced FOV of the MUSE data
cube, all the results provided by the spectral synthesis were
sufficiently reliable to be included in this work. We also con-
structed a histogram (Fig. 8) showing the flux fractions asso-
ciated with all the stellar populations taken into account in
the spectral synthesis.

The maps in Fig. 7 and the histogram in Fig. 8 reveal that
the stellar populations scattered across the reduced MUSE
FOV have mainly intermediate (Z = 0.004 and 0.008) and
high (Z = 0.02 and 0.05) metallicities. Most of the stellar flux
(~ 58.2%) is due to old stellar populations, with 1.2 x 10*°
yr and intermediate metallicity. Another significant fraction
of the stellar flux (~ 18.3%) comes from an also old stellar
population, with 6.9 x 10° yr and high metallicity. Besides
that, an intermediate age (7.1x 108 yr) stellar population with
high metallicity and a young stellar population (3.1 x 10° yr)
with low metallicity (Z = 0.0001 and 0.0004) contribute with
lower, but still significant, flux fractions (~ 7.3% and ~ 4.2%,
respectively). One interesting point to be mentioned is that
the integrated flux image of stellar populations with 107 yr
shows an apparent compact cluster around the AGN position
(provided by the hard X-ray image from the Chandra data).
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Although the structure also shows relatively older stars (the
cluster is visible in the integrated flux image of the stellar
populations with 108 yT), it may be interpreted as a young
nuclear stellar cluster in this galaxy.

Fig. 9 shows the map of the values of Ay provided by
the spectral synthesis. It is easy to see that the interstellar
extinction is higher along a region located northwest of the
apparent stellar nucleus, which suggests the presence of a
dust lane. Although the Ay map in Fig. 5 (obtained from
the values of the Balmer decrement) is noisier than the one
obtained from the spectral synthesis, both show higher values
northwest of the AGN. Therefore, the obscuration caused by
the dust lane in this region is affecting the stellar and gas
emission.

It is well known that the spectral synthesis has certain
problems that must be taken into account, such as differ-
ent sources of uncertainties and also degeneracies in the re-
sults. Although it is very difficult to determine the actual
uncertainties of the results, we applied the procedure de-
scribed below to the spectra extracted from regions 1, 2,
and 3 to, at least, obtain an estimate of these uncertain-
ties. First, for each of these three spectra, we constructed a
graph of the cumulative flux fraction as a function of the
ages of the stellar populations taken into account for the
spectral synthesis and also a graph of the cumulative flux
fraction as a function of the metallicities of the stellar pop-
ulations. Then we determined the age and the metallicity
of the stellar populations at which the cumulative flux frac-
tions were equal to 50%. We named these parameters as
the median age (Tmeq) and the median metallicity (Zmed)-
We used these same parameters in the analysis of the spec-
tral synthesis in Menezes & Steiner (2018). The values ob-
tained for regions 1, 2, and 3 were Tpneq(1) = 1.27 x 10 yr,
Zmeda(1) = 0.0066, Trnea(2) = 1.3x10'% yr, Zpmea(2) = 0.0061,
and Trnea(3) = 1.21 x 10'° yr, Z,0a(3) = 0.0070. After that,
we constructed histograms of the spectral noise in the resid-
ual spectra of regions 1, 2, and 3 (obtained after the sub-
traction of the synthetic stellar spectra), taking into account
only spectral regions without emission lines. We fitted Gaus-
sian functions to the obtained histograms and then generated
Gaussian distributions of random noise, with the same widths
of the Gaussians fitted to the histograms. Finally, these dis-
tributions of random noise were added to the synthetic stellar
spectra of regions 1, 2, and 3, the spectral synthesis was ap-
plied to the resulting “noisy” spectra and the corresponding
values of Thneq and Z,eq were determined. The uncertainties
of Tined and Z,,eq obtained for the original spectra of regions
1, 2, and 3 were taken as the standard deviations of all the
values calculated for the “noisy” spectra. The results were
0.05 and 0.14 dex for Tyheq and Zieq, respectively, in Re-
gion 1, 0.08 and 0.04 dex for Tyyeq and Zy,eq in Region 2 and
0.020 and 0.021 dex for Tineq and Z,,eq in Region 3. The same
approach was used to estimate the uncertainties of the Ay
values obtained from the spectral synthesis. The results were
Av (1) = 2.31 mag, Av(2) = 1.41 mag, and Ay (3) = 0.821
mag for the spectra of regions 1, 2, and 3 and the correspond-
ing uncertainties were 0.22, 0.29, and 0.014 mag, respectively.
Taking all that into account, we can say that the uncertain-
ties of Tineq and Zpeq in the data cube of NGC 1448 are in
the ranges of 0.02 - 0.10 dex and 0.02 - 0.15 dex, respectively,
and the uncertainties of Ay are in the range of 0.01 - 0.3
mag.
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The uncertainties estimated in the previous analysis, how-
ever, do not take into account the degeneracies in the results
provided by the spectral synthesis. Therefore, one must be
cautious with all the ages and metallicities obtained with a
spectral synthesis. A possible effect of the degeneracies in this
methodology is related to the featureless continuum emitted
by AGNs. In certain circumstances (and specific interstel-
lar extinction values), the spectral synthesis may interpret
the featureless continuum of an AGN as a stellar emission
from young stars and vice versa. In order to evaluate the
significance of this effect in the analysis presented in this
work, we reapplied the spectral synthesis to the MUSE data
cube of NGC 1448, including a power law (representing the
AGN featureless continuum), with a spectral index of 1.5,
in the base of stellar population spectra. Fig. 10 shows the
map of the flux fractions associated with the AGN feature-
less continuum detected by the spectral synthesis. We can see
that a significant contribution from the featureless continuum
to the observed spectra was detected in the surroundings of
the AGN, where the previous analysis revealed the presence
of 107 yr stellar populations with intermediate metallicity
(Fig. 7). However, the featureless continuum was also de-
tected at larger distances from the AGN (where significant
contributions from young stellar populations were detected in
the previous analysis). Although a collimation and scattering
of an AGN featureless continuum may result in the detection
of this emission farther from the AGN (e.g. Menezes et al.
2013), we believe that it is very unlikely that all the feature-
less continuum identified in Fig. 10 is real, part of it probably
corresponding to the emission from young stars. The result
in Fig. 10 shows why the parameters provided by the spec-
tral synthesis should be analysed with caution. We opted to
take into account in the discussion of this work (see Sec-
tion 7) the ages and metallicities provided by spectral syn-
thesis without considering the AGN featureless continuum.
Nevertheless, the possible presence of this spectral feature is
relevant for the scenario presented here. We also argue that,
although the exact values of ages and metallicities shown in
Figs. 7 and 8 may not be precise, since the same proce-
dure (subject to the same degeneracies) was applied to all
the spectra (without considering an AGN featureless contin-
uum), differences between the stellar populations detected by
the spectral synthesis in different spatial regions of the data
cube are probably correct. In addition, it is very unlikely that
the procedure cannot differentiate between very young and
very old stellar populations (as the corresponding spectral
properties are considerably different). In summary, we be-
lieve that the spectral synthesis we applied in this work can
detect differences between the stellar populations (especially
between very young and very old populations) in different
spatial regions of the data cube, even if the exact values of
the ages and metallicities provided by the procedure are not
precise.

5 STELLAR KINEMATICS

One of the advantages of using 3D spectroscopy is the possi-
bility of obtaining information about the spatial morphology
of the stellar or gas kinematics along a given FOV. In order to
obtain the stellar kinematic parameters of the central region
of NGC 1448, we applied the Penalized Pixel Fitting (pPXF)
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Figure 7. Integrated flux maps of the stellar populations detected by the spectral synthesis applied to the MUSE data cube of NGC
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Figure 8. Histogram of the flux fractions associated with all stellar
populations taken into account in the spectral synthesis applied to
the MUSE data cube of NGC 1448, with reduced FOV.
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Figure 9. Map of the values of Ay provided by the spectral syn-
thesis of the data cube of NGC 1448. The black cross represents
the AGN position provided by the hard X-ray emission detected
in the Chandra data of this galaxy.

procedure (Cappellari & Emsellem 2004) to the spectrum
corresponding to each spaxel of the MUSE data cube. Sim-
ilarly to the spectral synthesis performed by the STARLIGHT
software, the pPXF method fits the stellar spectrum of an
object with a combination of stellar population spectra from
a given base; however, in this case, such template spectra
are convolved with a Gauss-Hermite expansion. This tech-
nique provides the values of: the stellar radial velocity (Vi),
the stellar velocity dispersion (o), and the Gauss-Hermite
coefficient hg, which reveals asymmetries in the absorption
lines in relation to Gaussian profiles. The pPXF method was
applied to the MUSE data cube with the same base of stel-
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Figure 10. Map of the flux fractions (%) associated with the
power law, representing the AGN featureless continuum with a
spectral index of 1.5, taken into account in the spectral synthe-
sis of the data cube of NGC 1448. The cyan cross represents the
AGN position provided by the hard X-ray emission detected in the
Chandra data of this galaxy.

lar population spectra used to perform the spectral synthesis
with the STARLIGHT software. Although this work is focused
on the study of the central region of NGC 1448, we noticed
that more accurate results of the analysis of the stellar kine-
matics (such as the position angle of the kinematic axis and
the coordinates of the kinematic centre) are obtained by ap-
plying the pPXF method to a data cube with a somewhat
larger FOV than that of the data cube used for the anal-
ysis of the line-emitting regions (Section 3). Therefore, the
results discussed in this section were obtained with a data
cube with such a larger FOV (32.2 x 31.0 arcsec?). Fig. 11
shows the maps of Vi, 0., and hs provided by the pPXF tech-
nique applied to the MUSE data cube of NGC 1448 (with a
larger FOV), together with the curves extracted along the
axis corresponding to the line of nodes of the Vi map. It is
worth mentioning that the line of nodes represents the in-
tersection between the plane of the observed stellar rotating
disc (around the nucleus of NGC 1448) and the plane of the
sky. In the Vi map, the line of nodes connects the points with
the maximum and minimum observed radial velocity values.
We evaluated that, similarly to the case of the spectral syn-
thesis performed with the STARLIGHT software, a minimum
S/N ratio of 10 is necessary in order to obtain reliable kine-
matic parameters from the pPXF technique. We calculated
the S/N ratio in the wavelength range of 6600 — 6700A and
all the areas with S/N ratio in this spectral region lower than
10 were masked in the maps in Fig. 11.

We can see that the Vi map and the V. curve, extracted
along the line of nodes, in Fig. 11 show a pattern consistent
with a stellar rotating disc around the nucleus. The kinematic
centre in the V., map was taken as the point, along the line
of nodes, where the V. value was equal to the average be-
tween the maximum and minimum values. Such average Vi
was actually subtracted from the corresponding map. There-
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fore, the Vi map in Fig. 11 shows the V. values relative to the
kinematic centre, whose positional uncertainty (1o) was es-
timated as ~ 0.6 arcsec. The kinematic centre is not exactly
coincident with the AGN position, provided by the hard X-
ray emission detected in the Chandra data, but these two
positions are compatible, at the 1o level. The amplitude of
the Vi curve is ~ 125 km s~ ! and the position angle of the
axis corresponding to the line of nodes is PAy, = 45° + 7°.
The 0. map is noisier than the Vi map, but it shows that the
o« values in the inner 10 arcsec of the rotating stellar disc
are in the range of 80 — 90 km s~ '. In the surroundings of
the kinematic centre and of the AGN position, one can see
an apparent reduction of the o, values, which could be char-
acterized as a possible o-drop in this galaxy. The o, curve
reveals that the values in the o-drop region are actually com-
patible with the values outside this region, at the 20 or 3o
level. As a consequence, we cannot confirm the presence of
this o-drop, but the fact that it is located in the same region
of the AGN and also in the same region where a possible AGN
featureless continuum was detected by the spectral synthesis
(see Fig. 10) suggests that this o-drop may be real and asso-
ciated with the AGN (this topic will be discussed in further
detail in Section 7). The hs map is certainly the noisiest in
Fig. 11, with certain regions showing no recognizable pattern;
however, we can see an apparent anticorrelation with the Vi
map, although the values in the hz curve are not symmetric
relative to the kinematic centre.

The uncertainties of the stellar kinematic parameters were
estimated using a Monte Carlo procedure. First, for each
spectrum of the data cube, the synthetic stellar spectrum
provided by the pPXF technique was subtracted from the
original one. Then a histogram of the spectral noise was con-
structed, based on a spectral region of the residual spectrum
without emission lines, and a Gaussian function was fitted
to the histogram. After that, Gaussian random noise was
created, following a distribution with the same width of the
Gaussian fitted to the histogram, and added to the original
synthetic stellar spectrum, resulting in “noisy” spectra. Fi-
nally, the pPXF method was applied to such noisy spectra
and the uncertainties of the kinematic parameters were taken
as the standard deviations of all the obtained values.

6 GAS KINEMATICS

The gas kinematic parameters of the central region of NGC
1448 can be obtained by performing a Gaussian fitting of any
of the emission lines detected along the FOV of the MUSE
data cube, after the subtraction of the stellar continuum.
However, considering that the amplitude-to-noise (A/N) ra-
tios of the [N 11]+Ha emission lines are considerably high
along the entire FOV (and also in order to reduce the uncer-
tainties of the kinematic parameters), we opted to fit the [N
11]+Hea emission lines in each spectrum of the data cube with
a sum of three Gaussian functions with the same radial veloc-
ity (V4as) and the same velocity dispersion (ogqs). Using this
procedure, we verified that a minimum A/N ratio of 3 was
necessary for the [N 11]A\6548 emission line to obtain reliable
kinematic parameters. In order to reduce the uncertainties
of the position angle of the kinematic axis and also of the
coordinates of the kinematic centre, we applied this Gaus-
sian fitting procedure to the same MUSE data cube (with a

MNRAS 000, 1-19 (2021)

larger FOV) used for the analysis of the stellar kinematics. No
spectrum of the data cube with this larger FOV showed a [N
11| A6548 emission line with A/N ratio lower than 3. Fig. 12
shows the obtained Vyqs and og4qs maps, together with the
Vyas and ogqs curves extracted along the axis corresponding
to the line of nodes of the Vyqs map.

A pattern consistent with a gas rotating disc can be eas-
ily seen in the Vyqs map in Fig. 12. We determined its kine-
matic centre with the same approach adopted for the Vi map:
the point, along the line of nodes, where the Vyqs value was
equal to the average between the maximum and minimum
values. This average Vjqs was subtracted from the Vs map
in Fig. 12, which shows then the velocity values relative to
the kinematic centre. The positional uncertainty (lo) esti-
mated for this kinematic centre is 0.6 arcsec. Similarly to the
case of the Vi map, the kinematic centre of the Vyqs map is
not coincident with the AGN position, provided by the hard
X-ray emission, but such positions are compatible, at the 1o
level. The amplitude of the Vgqs curve is the same of the Vi
curve (~ 125 km s™') and the position angle of the axis cor-
responding to the line of nodes is also the same of the V, map
(PAvy,,. = 45° £7°). One interesting aspect of the V,.; map
is that, besides the gas rotation pattern, there appears to be
a second kinematic phenomenon, with a compact area, north-
west of the AGN, showing gas with redshifted emission and
another compact area, south-east of the AGN, showing gas
with blueshifted emission. The Vgqs curve extracted along the
axis connecting these two compact regions (secondary axis)
is shown in Fig. 12. The values, in the range of -105 - 55 km
s~!, are not symmetric relative to the intersection between
the line of nodes and the secondary axis. The 044 map shows
that the dispersion values in the inner 10 arcsec of the gas
rotating disc are ~ 50 km s~'. However, in the vicinity of
the AGN position, one can note two areas (one northwest
of the AGN and the other south-east of the AGN), at the
same locations where the compact regions with blueshifted
and redshifted emissions were detected, with higher o445 val-
ues. The 0445 curve extracted along the secondary axis shows
that the o445 values in the areas north-west and south-east
of the AGN are ~ 140 km s™* and ~ 80 km s~ !, respectively.
We believe that the second kinematic phenomenon detected
in these two compact regions is associated with possible out-
flows from the AGN. The position angle of the secondary
axis is PAoutfiows = —32° £5°. We did not detect significant
asymmetries in the [O 11JA5007 emission line, usually asso-
ciated with outflows. On the other hand, the radial velocity
map of the [O 111]A5007 emission line revealed essentially the
same spatial morphology of the Vyqs map in Fig. 12. Con-
sidering that, we opted to include in this work only the Vs
map obtained by fitting the [N 11]+Ha emission lines with a
sum of three Gaussian functions. The second gas kinematic
phenomenon detected in the maps in Fig. 12 will be discussed
in further detail in Section 7.

The uncertainties of the gas kinematic parameters of each
spectrum of the data cube were estimated with a Monte Carlo
procedure similar to that used to estimate the uncertainties of
the stellar kinematic parameters and consisted of: construct-
ing a histogram of the spectral noise; fitting a Gaussian func-
tion to the histogram; generating Gaussian random noise,
following a distribution with the same width of the Gaus-
sian fitted to the histogram; generating ‘“noisy spectra” cor-
responding to the sum of the original Gaussians fitted to the
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of this galaxy.
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emission lines with the random noise; fitting the [N 11]+Ha
emission lines (with a sum of three Gaussian functions) of
the noisy spectra; and calculating the standard deviation of
all the obtained kinematic parameters.

7 DISCUSSION AND COMPARISON WITH
PREVIOUS STUDIES

The analysis of the MUSE data cube of the central region
of NGC 1448 revealed a variety of physical phenomena. The
spatial morphology and classification (based on emission-line
ratios) of the line-emitting regions (Figs. 2 and 5) are con-
sistent with the presence of two ionization cones around the
central AGN (one south-east and the other northwest of the
AGN). The emission-line spectrum of the AGN is character-
istic of a Seyfert 2. The north-west ionization cone is not so
clearly visible, probably due to the high interstellar extinc-
tion in the corresponding region. An adequate scenario to be
proposed is that these two ionization cones (with an axis with
a position angle of PAcones = —50° £7°) are the result of the
ionizing radiation emitted by the AGN being collimated by a
nearly edge-on obscuring torus, around the BLR, according to
the unified model (Antonucci 1993; Urry & Padovani 1995).
This is consistent with the findings of AnnuaI et al. (2017),

who obtained an inclination angle of 78° 6'*'6 5 for the obscur-

ing torus by modelling NuSTAR and Chandra X-ray spectra
of NGC 1448 with the MYTorus model (Murphy & Yaqoob
2009). The high obscuration of the BLR emission caused by
a nearly edge-on torus explains (again, according to the uni-
fied model) why no broad components of emission lines were
detected. This scenario is also consistent with the map show-
ing the classification of the line-emitting regions in Fig. 5,
which reveals that, along a direction nearly perpendicular to
the axis of the ionization cones and, therefore, less exposed
to the ionizing radiation collimated by the torus, most of the
regions show emission-line spectra with a lower ionization de-
gree, typical of LINERs. At larger projected distances of the
AGN, most of the areas have emission-line spectra charac-
teristic of transition objects. This type of emission-line spec-
trum, although somewhat controversial, is usually interpreted
as being the result of a LINER-like emission contaminated by
the emission from surrounding H II regions (Ho et al. 1993).
In the case of NGC 1448, the transition emission-line spectra
may be the result of LINER-like emission from areas farther
from the AGN being observed with H II regions along the line
of sight. Another possibility is that the gas in such regions
is being ionized both by hot young stars and by the ionizing
radiation from the AGN.

Despite the low S/N ratio of the Chandra X-ray data, the
nearly spatial correspondence between the soft X-ray emis-
sion and Region 2 suggests that the X-ray emitting gas is
associated with one of the ionization cones. Previous stud-
ies detected extended soft X-ray emission around AGNs (e.g.
Young et al. 2001; Hardcastle & Croston 2005; Bianchi et al.
2006; Balmaverde et al. 2012; Greene et al. 2014; da Silva
et al. 2020) and, in certain cases, with a spatial correspon-
dence between the extended X-ray emission and the ioniza-
tion cone, usually revealed by the [O 111]A\5007 emission. The
most likely hypothesis to explain the X-ray emission assumes
that it is originated in the narrow line region (NLR; e.g.
Young et al. 2001; Bianchi et al. 2006; Balmaverde et al.
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2012; da Silva et al. 2020) and, therefore, it is also the result
of the ionization by the central AGN.

The stellar and gas kinematics results indicate a stellar and
gas rotating disc around the nucleus, with a position angle
of the line of nodes of PAy, = PAy,,, = 45° £7° and ve-
locity curves showing an amplitude of 125 km s~!. The fact
that the positions of the kinematic centres obtained for the
Vi and Vgqs maps (Figs. 11 and 12) are compatible, at the
1o level, with the AGN position provided by the hard X-ray
emission detected in the Chandra data supports the idea that
such position corresponds to the actual obscured nucleus of
the galaxy. Another result consistent with this scenario is the
apparent o-drop detected around the AGN position in the o.
map (Fig. 11). As mentioned in Section 5, due to the uncer-
tainties of the o, values, we cannot confirm the existence of
this o-drop; even so, the featureless continuum emitted by
an AGN can result in an obfuscation of the absorption-line
spectrum and in lower measured o, values around the AGN,
which can be the case in the central region of NGC 1448.
In fact, the map of the flux fractions due to the power law
(representing the AGN featureless continuum) provided by
the spectral synthesis (Fig. 10) shows a significant featureless
continuum emission in the area of the possible o-drop, which
is consistent with the proposed scenario. However, such flux
fractions are also not totally reliable, due to the degenera-
cies of the spectral synthesis technique (which, in this case,
resulted in featureless continuum being detected in regions
farther from the AGN). The results provided by the spectral
synthesis without taking into account a power law represent-
ing the AGN featureless continuum (Fig. 7) suggest the pres-
ence of a young stellar cluster in the vicinity of the AGN.
The presence of such a young nuclear stellar cluster, instead
of a featureless continuum emission, could also explain the
possible o-drop, as these young stars may have formed from
kinematically cold gas and may also have kept the low veloc-
ity dispersion values. The emission from luminous hot young
stars dominates the stellar spectrum, resulting in measured
low values for o, (Allard et al. 2005, 2006). Although the hs
values in Fig. 11 are not symmetric relative to the kinematic
centre, the apparent anticorrelation between the hs and Vi
maps is usually caused by a stellar rotating disc superposed
to a background of stars (the bulge of the galaxy) with radial
velocities close to 0.

The most peculiar aspect of the Vyqs map in Fig. 12 is
the presence of a second kinematic phenomenon, with one
compact region (north-west of the AGN) showing redshifted
emission and another one (south-east of the AGN) showing
blueshifted emission. The o4qs map in Fig. 12 shows an in-
crease of the values at the positions of the two compact re-
gions, which is probably a consequence of the superposition
of the two kinematic phenomena, with distinct radial veloci-
ties, along the line of sight resulting in broader emission lines.
The position angle of the axis connecting these two compact
regions (PAoutfiows = —32° £ 5°) is compatible, at the 20
level, with the position angle of the axis of the ionization
cones (PAcones = —50° £ 7°), suggesting that the second
kinematic phenomenon is associated with the AGN emission.
A natural explanation then is that the second gas kinematic
phenomenon corresponds to outflows from the AGN.

The spectral synthesis applied by Annuar et al. (2017) to
long-slit spectra of the central region of NGC 1448, consid-
ering only stellar populations with solar metallicity, showed



that most of the stellar flux (~ 75 — 84%) is due to stellar
populations with 5 Gyr, but young stellar populations (with
ages of 5 Myr) were also detected. Such results are relatively
similar to the ones provided by the spectral synthesis ap-
plied in this work, using a base of stellar population spectra
with a larger range of metallicity values, which revealed that
~ 58.2% of the stellar flux of the MUSE data cube is due
to stellar populations with ~ 1.2 x 10'® yr and intermediate
metallicity, and ~ 18.3% of the stellar flux is due to stellar
populations with 6.9 x 10° yr and high metallicity. A young
stellar population (with ~ 3.1 x 10° yr and low metallicity,
associated with ~ 4.2% of the total stellar flux) was also
detected in this work. As mentioned in Section 5, these spec-
tral synthesis results must be taken with caution, due to the
presence of degeneracies and different sources of uncertain-
ties. However, based on the results obtained in this work and
also by Annuar et al. (2017), we can establish that the stellar
flux in the central region of NGC 1448 is mostly due to old
stellar populations.

The analysis of the Chandra X-ray data indicates that the
AGN position (Region 1) is not coincident with the apparent
stellar nucleus (Region 3 - Fig. 3). Actually, the AGN seems to
be located at a point with a deficit of optical emission. These
results suggest that the position of the true nucleus of the
galaxy also corresponds to Region 1. This is consistent with
the findings of Annuar et al. (2017), who called the brightest
apparent stellar nucleus the “optical peak” and estimated a
projected distance of ~ 3 arcsec between the AGN and the
optical peak. In this work, however, using higher spatial reso-
lution data and based on the AGN position given by the hard
X-ray data, we obtain a projected distance of 1.75 £+ 0.14 arc-
sec (139 £ 17 pc) between the AGN and the apparent stellar
nucleus. The Ay maps provided by the Ha/HS ratio (Fig. 5)
and by the spectral synthesis (Fig. 9) indicate high inter-
stellar extinction in the vicinity and northwest of the AGN,
probably due to the presence of a dust lane, which causes the
obscuration, making the stellar emission from other regions
look brighter than that in the region of the true nucleus of the
galaxy. Annuar et al. (2017) proposed the same scenario to
explain the spatial morphology in the central region of NGC
1448.

One important point to be discussed is the fact that the
brightest line-emitting region in the MUSE data cube of NGC
1448 (Region 2) is not located at the AGN position (Region
1). A natural explanation is related to the Compton-thick
nature of the AGN, according to the modelling of the NuS-
TAR and Chandra X-ray spectra performed by Annuar et al.
(2017). In that case, there is a strong obscuration from the
AGN towards the observer, but probably not from the AGN
towards Region 2. That could explain, in principle, why the
line emission is weaker at the AGN position than at Re-
gion 2. The Ay values provided by the Balmer decrement
of the spectra extracted from regions 1 and 2 are very similar
(Av (1) = 2.68 £0.18 mag and Ay (2) = 2.40 £ 0.06 mag), so
the higher obscuration towards the AGN position is not due
to dust located in the NLR, but due to dust much closer to
the AGN, possibly associated with the nearly edge-on torus
proposed by Annuar et al. (2017). On the other hand, a larger
covering factor than that of a classical torus may be necessary
in order to result in the observed scenario, with little optical
emission coming from the AGN position, in comparison to
Region 2.

The highly obscured nucleus in NGC 1448 17

An additional scenario (not mutually exclusive to the one
presented above) can be proposed to help to explain the ob-
served emission line properties in the central region of NGC
1448. The deficit of emission at the nucleus may also be a con-
sequence of a recent decrease of the AGN luminosity. In that
case, Region 2 is a light “echo” or a fossil line-emitting region
that is receiving ionizing radiation emitted by the AGN in the
past, when it was brighter. Annuar et al. (2017) obtained an
intrinsic X-ray luminosity of La_1okev = (3.5—7.6) X 1040 erg
s~ ! for the AGN in NGC 1448, based on their simulations of
NuSTAR and Chandra X-ray spectra. In addition, using the
measured intrinsic [O 1] luminosity (Ljon; = (6.89 & 0.08)
x 108 erg s7') and the X-ray:[O 111] intrinsic luminosity re-
lationship of Panessa et al. (2006), the authors determined
an intrinsic X-ray luminosity of Lao_1okey = (0.2 — 4.5) X
109 erg s™!, which is compatible with the result provided by
the modelling of the X-ray spectra, indicating the reliability
of the analysis. However, our finding that the AGN position
does not coincide with the brightest line-emitting region rep-
resents a relevant new information that must be taken into
account in this analysis and may be consistent with the fos-
sil line-emitting region hypothesis. Although this work is not
focused on the modelling of the emission-line spectrum, we
tried to evaluate this new hypothesis by performing a sim-
ple simulation with version 13.03 of the cLoOUDY software,
last described by Ferland et al. (2013), in order to try to re-
produce the emission-line ratios of the spectrum extracted
from the brightest line-emitting region (Region 2). For this
simulation, we assumed a central ionizing source emitting a
featureless continuum in the form of a power law, with a spec-
tral index of 1.5. We also assumed that the emitting gas is
located at a distance from the AGN equal to the observed
projected distance between Region 2 and the AGN (135 pc).
The electron density of the emitting gas was taken as 215
em™? (as determined from the [S 1]A6717/[S 1]A6731 ratio
of the spectrum of Region 2, assuming a temperature of 10000
K) and the filling factor was taken as 0.01. We considered a
low cut-off energy (taken as a free parameter) for the incident
radiation on the emitting gas, to account for the interstellar
extinction suffered by the radiation emitted by the AGN,
before reaching the line-emitting gas. We repeated the simu-
lation with different values for the bolometric luminosity of
the AGN, for the metallicity of the gas and for the cut-off
energy of the incident radiation to reproduce the observed
emission-line ratios (Table 2). At the end, with a bolomet-
ric luminosity of Lyo; = 1.1 x 10*? erg s™!, a metallicity of
Z = 0.04 (Zx = 0.02 being the solar metallicity) and a cut-
off energy of 30 eV, the resulting emission-line ratios were [O
11]A5007/HB = 8.06 (compatible, at the lo level, with the
value corresponding to Region 2 in Table 2), [N 11]A6583/Ha
= 1.15 and [S 1|(A6717 + A6731)/Ha = 0.68 (compatible,
at the 20 level, with the values corresponding to Region 2 in
Table 2) and [O 1]A6300/Ha = 0.14 (compatible, at the 3o
level, with the value corresponding to Region 2 in Table 2).
Using the relation Lyo; = 16 X La_10kev (Ho 2008) and the
intrinsic X-ray luminosity determined by Annuar et al. (2017)
with the modelling of the NuSTAR and Chandra X-ray spec-
tra (L2_10kev = (3.5 — 7.6) x 10*° erg s™'), we obtain a
current bolometric luminosity for the AGN in NGC 1448 of
Lot (current) = (5.6 —12.2) x 10*' erg s™'. The upper limit
of this luminosity range is consistent with the value provided
by our simulation; however the lower limit is equal to 51% of
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the value obtained by us. Therefore, if the fossil line-emitting
region hypothesis is correct, then the AGN must have reduced
its luminosity by nearly half from the epoch when the radi-
ation, now reaching Region 2, was emitted. That was prob-
ably the epoch of the origin of the two observed outflows.
If we assume that the distance between Region 2 and the
AGN is equal to the observed projected distance (135 pc),
then any reduction of the AGN luminosity must have oc-
curred during the last ~ 440 yr. It is worth mentioning that,
since we detected a possible outflow in the surroundings of
Region 2, we evaluated the possibility of shock heating be-
ing the mechanism resulting in the observed emission-line
spectrum. We checked the Mappings III shock model library
(http://cdsweb.u-strasbg.fr/~allen /mappings pagel.html -
Allen et al. 2008). However, considering the obtained ogqs
values, we concluded that this mechanism is not significant
at the central region of NGC 1448. The current bolometric
luminosity range of Lyoi(current) = (5.6 — 12.2) x 10*! erg
s~ ! is consistent with the luminosities of a significant number
of LINERs (Ho 2008). On the other hand, considering that
the nuclear emission-line spectrum of NGC 1448 is charac-
teristic of Seyfert galaxies, we may be observing a transition
of AGN types.

A behaviour similar to the one observed in the central re-
gion of NGC 1448 was detected in Menezes et al. (2016) in
the Gemini Multi-Object Spectrograph/Integral Field Unit
data cube of the central region of NGC 3621, which revealed,
after a subtraction of the stellar continuum, a deficit of emis-
sion at the AGN position and a Seyfert-like compact emis-
sion at a projected distance 2.14 £+ 0.08 arcsec (70.1 £ 2.6
pc) from the AGN. The two hypotheses described above
were also proposed to explain these properties. Besides that,
such hypotheses were proposed to explain, on a larger scale,
the observed emission from the irregular gas cloud SDSS
J094103.80+344334.2, known as “Hanny’s Voorwerp”, which
is located ~ 25 kpc south-east from the galaxy IC 2497 (Jozsa
et al. 2009; Lintott et al. 2009). The absence of a hard X-ray
source at the nucleus of IC 2497, together with the Seyfert-
like emission from Hanny’s Voorwerp, led to the scenario in-
volving a reduction of the luminosity of the AGN at the nu-
cleus of IC 2497 during the last 10° yr. In this case, Hanny’s
Voorwerp is still being illuminated by the ionizing radiation
emitted by the AGN in the past (Lintott et al. 2009; Keel
et al. 2012). The alternative scenario, involving no reduction
of the AGN luminosity but instead a high obscuration to-
wards the AGN in IC 2497, was also discussed (Jozsa et al.
2009; Lintott et al. 2009; Rampadarath et al. 2010). In the
specific case of NGC 1448, we believe that an analysis of an
X-ray spectrum of the nucleus with a higher S/N ratio would
help to support or rule out the fossil line-emitting region hy-
pothesis.

8 SUMMARY AND CONCLUSIONS

We analysed an optical data cube, obtained with MUSE, of
the central region of the late-type galaxy NGC 1448. Our
work was focused on the line-emitting regions, on the stellar
populations and also on the gas and stellar kinematics around
the nucleus of this galaxy. Our main findings are listed below.

e The position of the compact hard X-ray source provided
by Chandra data indicates that the AGN in NGC 1448 is not
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located at the apparent stellar nucleus of the galaxy, but at
a projected distance of 1.75 £ 0.22 arcsec (139 4+ 17 pc) from
it. As proposed by previous studies, this is probably a conse-
quence of the high interstellar extinction in the surroundings
of the AGN (which corresponds to the true nucleus of the
galaxy) that makes the stellar emission from other regions
look brighter than that in the true nucleus.

e The spatial morphology and the classification of the line-
emitting regions indicate the presence of a double ionization
cone, with an axis with a position angle of PAcones = —50° +
7°. This morphology is probably the result of the ionizing
radiation from the AGN being collimated by a nearly edge-
on torus (identified by previous studies), according to the
unified model. The emission-line spectra in the areas inside
these ionization cones are compatible with those of Seyfert 2
galaxies. Along a direction perpendicular to the axis of the
ionization cones (and, therefore, in areas less exposed to the
ionizing radiation from the AGN), the spectra show a lower
ionization degree, being characteristic of LINERs.

e The stellar and gas kinematics are consistent with a stel-
lar and gas rotating disc around the nucleus, with a position
angle of the line of nodes of PAy, = PAv,,, =45°+7° and
with a velocity amplitude of 125 km s~1. The kinematic cen-
tres of the Vi and Vs maps are compatible, at the 1o level,
with the AGN position, which supports the idea that such a
position is the actual nucleus of the galaxy.

e The 0. map reveals an apparent o-drop in the surround-
ings of the AGN. Due to the uncertainties of the o, values, it
is not possible to confirm the presence of such a o-drop, which
could be the result of an obfuscation of the absorption-line
spectrum by the featureless continuum emitted by the AGN
or of hot young stars around the AGN that formed from kine-
matically cold gas and kept the low velocity dispersion values.
Both hypotheses are consistent with the results provided by
the spectral synthesis.

e The gas kinematics results indicate a second kinematic
phenomenon (in addition to the gas rotating disc), with one
compact region, northwest of the AGN, showing redshifted
emission and another compact region, south-east of the AGN,
showing blueshifted emission. These two regions show larger
0gas values (which is probably a consequence of the superpo-
sition of kinematic phenomena with distinct velocities along
the line of sight) and the line connecting them has a posi-
tion angle of PAoutfiows = —32° = 5°. We propose that this
kinematic phenomenon is associated with outflows from the
AGN.

e The spectral synthesis results show that most of the stel-
lar flux in the central region of NGC 1448 is due to old stellar
populations (with ages of ~ 1.2 x 10'° and ~ 6.9 x 10° yr)
with intermediate and high metallicity. Lower flux fractions
associated with intermediate age (~ 6.9 x 10° yr) and young
(~ 3.1 x 10° yr) stellar populations were also detected. This
is consistent with results obtained by previous studies.

e The fact that the AGN position does not coincide with
the brightest line-emitting region at the centre of NGC 1448
could be explained by the high obscuration from the AGN
towards the observer. The AGN is Compton thick towards
the observer, but not towards the brightest line-emitting re-
gion. Most of this obscuration is probably caused by a nearly
edge-on torus, as determined by previous studies. There is
also the additional possibility that the AGN reduced its lu-
minosity and the brightest line-emitting region is actually a



fossil or a light echo from the AGN in the past (when it was
brighter). Although we cannot confirm this hypothesis, our
simulations with the cLOUDY software indicate that, if the
AGN reduced its luminosity, then such a reduction was to
51% of the luminosity in the past and occurred during the
last ~ 440 yr.
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