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ABSTRACT

Gas inflow processes in the vicinity of galactic nuclei play a crucial role in galaxy evolution and supermassive black hole growth.
Exploring the central kiloparsec of galaxies is essential to shed more light on this subject. We present near-infrared H- and
K-band results of the nuclear region of the nearby galaxy NGC 1326, observed with the integral-field spectrograph SINFONI mounted
on the Very Large Telescope. The field of view covers 9” x 9” (650 x 650 pc?). Our work is concentrated on excitation conditions,
morphology, and stellar content. The nucleus of NGC 1326 was classified as a LINER, however in our data we observed an absence
of ionised gas emission in the central r ~ 3”. We studied the morphology by analysing the distribution of ionised and molecular gas,
and thereby detected an elliptically shaped, circum-nuclear star-forming ring at a mean radius of 300 pc. We estimate the starburst
regions in the ring to be young with dominating ages of <10 Myr. The molecular gas distribution also reveals an elongated east to west
central structure about 3” in radius, where gas is excited by slow or mild shock mechanisms. We calculate the ionised gas mass of
8 X 10° M, completely concentrated in the nuclear ring and the warm molecular gas mass of 187 M, from which half is concentrated
in the ring and the other half in the elongated central structure. The stellar velocity fields show pure rotation in the plane of the galaxy.
The gas velocity fields show similar rotation in the ring, but in the central elongated H, structure they show much higher amplitudes
and indications of further deviation from the stellar rotation in the central 1” aperture. We suggest that the central 6” elongated H,
structure might be a fast-rotating central disc. The CO(3-2) emission observations with the Atacama Large Millimeter/submillimeter
Array reveal a central 1” torus. In the central 1" of the H, velocity field and residual maps, we find indications for a further decoupled

structure closer to a nuclear disc, which could be identified with the torus surrounding the supermassive black hole.

Key words. Galaxy: nucleus — galaxies: kinematics and dynamics — galaxies: individual: NGC 1326 — infrared: galaxies

1. Introduction

We know today that most massive galaxies in the local uni-
verse accommodate a supermassive black hole (SMBH) in their
centres. The growth of the SMBH is associated with accre-
tion of mass (i.e. “feeding”) through the active galactic nucleus
(AGN) phenomenon, leading to powerful non-stellar radiation.
The AGN is in turn able to influence the surrounding interstellar
medium through jets and winds, thereby possibly self-regulating
the SMBH growth and influencing the host galaxy growth (i.e.
“feedback’; review of Fabian 2012, and references therein).

Feeding and feedback processes are identified to be mani-
fested in the Mgy—host relations, which are observationally well
established (Kormendy & Ho 2013; Heckman & Best 2014).
However, mechanisms through which this co-evolution takes
place are not yet fully understood. Further complications arise
as a consequence of the different timescales of star forma-
tion and AGN events (10’—10° yr for star formation but only
10° yr for AGN; e.g. Hickox et al. 2014; Schawinski et al. 2015;
Garcia-Burillo 2016).

Large molecular gas reservoirs, which are fuel for star forma-
tion as well as black hole (BH) feeding, are found in most local
galaxies. But only around 10%, that is Seyfert or quasi-stellar

* Based on observations with ESO-VLT, STS-Cologne GTO proposal
ID 094.B-0009(A).

Article published by EDP Sciences

objects (QSOs), show strong activity and around 43% of galactic
nuclei show signs of low-luminosity activity (Ho 2008). There-
fore understanding the mechanisms that are involved in transfer-
ring the gas from kiloparsec to sub-parsec scales is crucial (e.g.
recent review of Storchi-Bergmann & Schnorr-Miiller 2019).
For the case of high-mass BHs (Mgypy > 108 M) at
high redshifts (z > 2), major mergers and galaxy interactions
are proposed to be the dominating mechanisms responsible for
the angular momentum transfer that leads to AGN fuelling and
SMBH growth (e.g. Sanders et al. 1988; Hopkins et al. 2008;
Treister et al. 2012). Low-luminosity AGN in the nearby Universe
on the other hand seem to be dominated by secular evolution
(e.g. Hopkins & Quataert 2010; Kormendy et al. 2011). Exter-
nally or internally triggered bars, are effective in removing angu-
lar momentum on kiloparsec scales. Gas is then often stalled in
an inner Lindblad resonance (ILR) where nuclear rings, often
star forming, can build up. On hundreds of parsec scales, other
mechanisms such as “bars within bars”, m = 1 instabilities,
warps, or nuclear spirals can take over to bring the gas closer
to the nucleus (e.g. Buta & Combes 1996; Combes et al. 2004;
Garcia-Burillo et al. 2005; Garcia-Burillo & Combes 2012).
Secondary bars in the central few 100pcs of galaxies and
within the ILR are now established as an often occurring
feature (e.g. Erwin 2011), especially among weakly barred
(AB) galaxies. Since the 1970s several theoretical simulations
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NGC 1326

Fig. 1. Optical image of the galaxy NGC 1326. The field-of-view of our
SINFONI observations is indicated. Image courtesy: Carnegie-Irvine
Galaxy Survey (Ho et al. 2011).

(e.g. Shlosmanetal. 1989) and observational studies (e.g.
de Vaucouleurs 1975; Kormendy 1982) have investigated these
features.

In many cases the inner bars are nested feeding mecha-
nisms within the central kiloparsec of the galaxies, leading
inflows towards the central ~10pc and ultimately trigger-
ing AGN activities. Recent hydrodynamical simulations (e.g.
Kim & Elmegreen 2017) show that in low-luminosity AGN
(Lagy < 10" ergs™!) with weak bars, the amplitude of spirals
increases towards the centre and develops into shocks. This can
result in mass inflows or a circum-nuclear disc (lower rate accre-
tions). These inflows provide a gas reservoir for nuclear star for-
mation and/or nuclear activity.

Nearby galaxies have been observed in various wavelength
regions from X-ray to radio in order to understand feeding and
feedback mechanisms. Near-infrared (NIR) integral-field spec-
troscopy (IFS) is of particular interest: In the NIR, the distri-
bution and kinematics of the warm outer skins of molecular
gas clouds have been revealed. Together with the analysis of
the ionised gas, the underlying gas excitation mechanisms have
been studied (e.g. Rodriguez-Ardila et al. 2005; Zuther et al.
2007; Mazzalay et al. 2013; Colina et al. 2015). Near-infrared
emission lines allow for an analysis of recent star formation
events (e.g. Davies et al. 2007; Boker et al. 2008; Bedregal et al.
2009; Falcon-Barroso et al. 2014; Busch et al. 2015; Fazeli et al.
2019). Furthermore kinematics of the old, mass dominating
stellar populations have been mapped which trace the stellar
potential. Since the NIR wavelength region is less effected by
extinction, this allows us to study the AGN and its surround-
ing region even in the presence of highly obscuring dust (e.g.
Smaji¢ et al. 2012; Valencia-S. et al. 2014).

In this paper, we present NIR IFS of the nearby galaxy
NGC 1326 (Fig. 1), which is an early-type lenticular barred
galaxy (R)SBO(r) (Bureau et al. 1996) in the Fornax cluster.

The presence of a low-ionization nuclear emission-line
region (LINER) in the centre of this galaxy has been mentioned
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Fig. 2. Composite image from HST of the central region of NGC 1326
(red: F814W, green: F555W, blue: F336W). The box indicates the
FOV of our SINFONI observations. The image was taken with the
Wide Field and Planetary Camera 2 of the Hubble Space Telescope
and retrieved from the Hubble Legacy Archive (http://hla.stsci.
edu). Observations took place in January 1999 (proposal ID 6496, PI:
R. Buta).

by Maia et al. (1987); however, as we mention in Sect. 3.1, no
ionised gas is detected in the centre.

A particularly interesting nuclear star-forming ring with a
mean radius r = 300 pc is found at the ILR of the galaxy, visible
in the Hubble Space Telescope (HST) composite image of the
galaxy (Fig. 2). Garcia-Barreto et al. (1991) detected the ring in
20, 6, and 2 cm radio continuum emission and concluded that
most of the emission is thermal.

The B — I colour index maps reveal that the ring is very blue
and that there are complex dust patterns in the bar. Crocker et al.
(1996) found that the inner ring is emitting 83% of the He lumi-
nosity. Buta et al. (2000) detected an asymmetric Ho emission in
the ring with less emission on the west side, which Combes et al.
(2019) do not see from CO(3-2) emission and thereby conclude
that it is an extinction effect. Also the Buta et al. (2000) anal-
ysis of two-colour plots revealed that about 80% of the stel-
lar clusters in the ring are <50 Myr in age. Velocity fields sug-
gest that the nuclear ring lies near the turn-over radius of the
rotation curves (Storchi-Bergmann et al. 1996; Buta et al. 1998).
The CO and Ha emission suggest the orientation of the ring to
be roughly PA ~ 90°, which is roughly perpendicular to the pri-
mary bar of the galaxy with PA ~ 30° (Garcia-Barreto et al.
1991). Therefore Combes et al. (2019) indicate that the gas is
either in x2 orbits or the nuclear ring is decoupled and has a
higher pattern speed compared to the bar. Inside the nuclear
ring Buta & Crocker (1993) detected strong dust lanes. The
presence of a nuclear bar with position angle PA ~ 90° (see
Fig. 3) within the ring is discussed in, for example Erwin (2004),
Laurikainen et al. (2006, 2011). However, these studies are only
based on photometry (see a discussion on the kinematics in
Sect. 3.8).

Throughout this paper, we adopt a luminosity distance of
Dy, = 149Mpc which is the median value of the redshift-
independent distances in NED (Steer et al. 2017). This corre-
sponds to a scale of 72.2 pc arcsec™ .
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Fig. 3. K-band continuum extracted from the SINFONI data cube, by
taking the median of the spectrum around A ~ 2.15um. The dashed
line indicates the orientation of the large-scale bar (PA ~30°, from
Garcia-Barreto et al. 1991). The elongated isophote shape is due to the
inclination of i = 53° of the large-scale disk of the galaxy.

This paper is structured as follows: in Sect. 2 we present the
observation and data reduction. In Sect. 3 we explain our analy-
sis methods, show the results of our study, discuss the results,
and compare these results with the literature. In Sect. 4 we
present a summary of the results and the conclusions we draw
from our study.

2. Observations and data reduction

The galaxy NGC 1326 was observed on October 6, 2014 with
the NIR IFS SINFONI at the Very Large Telescope (VLT; e.g.
Eisenhauer et al. 2003; Bonnet et al. 2004). We used the 8" x 8”
field of view (FOV) in seeing-limited mode with H + K-band
and K-band gratings for our observations. Using a jitter pattern
we minimised the effect of bad pixels and increased the FOV to
9" x9"”. The K-band grating was chosen for its high spectral res-
olution of 4000 (~75kms~"). While the H + K-band grating has
a lower spectral resolution of only 1500 (~200kms™"), it offers
a big spectral coverage and covers the region between H and
K band, including the strong Paa line at 1.86 um which cannot
be observed with comparable instruments such as NIFS at the
GEMINI telescope. The integration times spent on the target are
1500 s and 3000 s and on the sky are 750 s and 1500, for H + K
band and K band, respectively.

The observed data were corrected for some detector pattern
features using the model developed by Smaji¢ et al. (2014) and
were reduced to single exposure cubes using the ESO pipeline.
For alignment, final coaddition, and telluric correction, we used
our own PYTHON and IDL routines.

The G2V star Hip026810 was observed in between the sci-
ence target observations to correct the data for atmospheric tel-
luric absorption and for flux calibration. Two object-sky pairs
for each band were taken, with an integration time of 1s each.
The intrinsic spectral features of the spectrum of the standard

star were eliminated using a high-resolution solar spectrum
(Maiolino et al. 1996), which was convolved with a Gaussian to
match the spectral resolution of SINFONI.

The full width at half maximum (FWHM) of the point-
spread function (PSF) is 0”5 and was measured by fitting a
two-dimensional Gaussian profile to the combined images of
the standard star. More information on the specifics of the data
reduction and calibration can be found in Fazeli et al. (2019).

3. Results and discussion

We resolve the central ~700 pc of NGC 1326. In the data cube
we identify many emission lines: the hydrogen recombination
lines Paa, Bry, and Brd; several ro-vibrational molecular hydro-
gen lines (Hy(1-0)S(3) 21.96 um, H,(1-0)S(2) A2.03 um, H,
(1-0)S(1) A2.122 um, H,(1-0)S(0) A2.22 yum and H,(2-1)S(1)
12.248 um); the forbidden iron-line [Fe m]41.644 um; HeT; and
stellar absorption features. These lines trace the physical condi-
tions of different phases of the inter interstellar medium (ISM).
In the following we discuss their brightness distributions and
origins.

3.1. Emission-line flux distribution

The line fluxes were modelled by fitting single Gaussian func-
tions to the line profiles. The continuum was subtracted by
fitting a linear function to the continuum emission in two
spectral windows, left and right from the emission line. For
all fits we used the Levenberg-Marquardt algorithm included
in the PYTHON implementation of LMFIT (Markwardt 2009;
Newville et al. 2014). The emission line maps are clipped to
have uncertainties less than 40%.

The emission flux maps of Bry, H»A2.122 um, [Fe1]
1.644 um, and Hel are shown in Fig. 4. In all the maps we
denote the position of the nucleus, where the continuum emis-
sion around 2.2 um peaks, with an N. A few examples of the
emission line fits are presented in Fig. 5.

3.1.1. lonised gas

The most striking feature in all the line flux maps is strong
emission from a circum-nuclear ring structure; however, there
are differences in the emission peaks and strengths amongst the
maps. lonised gas, traced by the hydrogen recombination line
Bry, is only concentrated in the ring which has a radius of
~4" ~ 300pc. We do not detect emission within the ring and
near the nucleus (central r = 3” region). With our data, we con-
firm the asymmetry of the ring reported by Buta et al. (2000)
from the HST image of the Ha flux; our data is less affected by
extinction than their optical data.

The patches on the east side show higher flux levels com-
pared to the west side. Furthermore, there seem to be several
gaps in the ring in the south and north-west. However we should
stress that in our FOV we miss parts of the circum-nuclear ring
in the east and west side.

The forbidden iron-transition [FeII] 1.644 um in the H band
is slightly blended by the stellar absorption feature CO(7-4)
at 1.641 um. Therefore, prior to fitting this line, we used the
PYTHON implementation of the penalized pixel-fitting method'
(PPXF; Cappellari & Emsellem 2004; Cappellari 2017) with
default parameters to subtract the stellar absorption features. We

I www-astro.physics.ox.ac.uk/~mxc/software/

PPXEF version (V6.7.8).
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Fig. 4. Flux maps of the Bry 12.166 um, H, 42.12 um, [Fe 11] 11.644 um, and He I emission lines. In all of the maps the flux units are 1072 W m™2.
The white pixels show the clipped regions with low S/N, where line fit uncertainties are above 40%. North is up and east is to the left.
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Fig. 5. Examples of the emission-line fits applied to apertures in the cubes (position of these apertures are illustrated in Fig. 4).

employed a set of synthetic model spectra from Langon et al.
(2007), convolved with a Gaussian kernel to match the spectral
resolution of our observation. We generate a spatially smoothed
cube by applying a three-pixel boxcar filter to reach the neces-
sary signal-to-noise ratio on the absorption features of the stellar
continuum.

The flux distribution of [Fe1I] looks very similar to that of
Bry, that is prominent in the circum-nuclear ring. However few
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differences are striking. While in the Bry map the flux level
varies amongst the patches, the emission of [Fe IT] remains with
similar strength on the east side of the ring. Also, on the west
side of the ring the emission peaks of the patches are slightly
shifted.

The emission from helium, which has an ionisation poten-
tial of ~24.6¢€V, is known as a tracer of regions with very hot
and massive young stars. The flux distribution map of this line


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936451&pdf_id=4
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936451&pdf_id=5

N. Fazeli et al.: Central kiloparsec of NGC 1326 observed with SINFONI

Av colour

=
N

T
=
o

Extinction (mag)

T
o
©

T
o
o

T
o
~

T
©
()

|
o
(=]

ARA [arcsec]

Fig. 6. Map of the extinction, derived from the H — K colour map. North
is up and east is to the left.

shows strong emissions in the north and south-east of the circum-
nuclear ring. While the flux level of He T is lower than that of Bry
and therefore noisier, its distribution still resembles a very simi-
lar trend in the sense that ionised gas emission is much stronger
in the east side of the ring, suggesting a higher excitation, possi-
bly by star formation, on this side of the ring.

3.1.2. Molecular gas

The most prominent molecular hydrogen emission lines detected
in the K band are H,(1-0)S(1) 42.122 um and H,(1-0)S(3)
A1.96 um. We also detected H,(1-0)S(2) 12.03 um, H,(1-0)S(0)
A2.22 ym and H,(2-1)S(1) 12.248 um.

All these emission lines, tracing hot molecular gas, show
similar flux distributions. We show the strongest line H,(1—
0)S(1) in Fig. 4. The flux map shows a very different spatial
distribution in comparison to Bry. This line shows very strong
flux levels in the centre. The emission is extended and reveals
an elongated nuclear structure extended from east to west. In the
circum-nuclear ring the emission of this gas is less prominent
and less concentrated in comparison to Bry and [Fe11].

3.2. Extinction

The dust reddening effect is significantly lower in the NIR com-
pared to the optical, however it is not negligible. For a quan-
titative inspection of this effect, we present the extinction map
(Ay in mag) in Fig. 6, obtained from the H — K colour map. A
derivation of the extinction map from emission line ratios was
not feasible in this case owing to low and/or absent line emis-
sion in large portions of the FOV. The conversion of H — K
values to Ay are estimated using the following relation from
Teixeira & Emerson (1999):

A, =kEH - K) = k[(H - K) - (H - K)o]. 1

We employed the Calzetti et al. (2000) attenuation law for
Galactic diffuse ISM (R, = 3.12), which corresponds to a fac-
tor of k = 14.6 and an unreddened intrinsic colour of a typical
quiescent galaxy of (H — K)o = 0.22 (Glass 1984).

3.3. Emission line regions

The flux distribution maps show that there are several differ-
ences amongst the various regions in our FOV. Particularly the
maps reveal structures in which ionised gas emits strongly in a
circum-nuclear ring and molecular hydrogen emits strongly in
an elongated nuclear structure.

To analyse the excitation properties in the nucleus (N), ring
(R1 to R9), and within the ring (I1 and 12), we chose 11 apertures
that are added to the maps in Fig. 4. We extracted spectra from
these circular apertures with radii r = 07625. The spectra are
shown in Fig. 7.

Before proceeding with fitting the gas emission lines in
these spectra, we modelled the stellar continuum with the PPXF
method (shown in Fig. 7 in red). We then subtracted these models
from the original spectra and used the residuals for the emission
line fits. The measured line fluxes together with their 1o stan-
dard errors, which are derived from the covariance matrix, are
presented in Tables 1 and 2. All the line fluxes are corrected for
extinction (see Sect. 3.2).

3.3.1. Near-infrared diagnostic diagrams

Diagnostic diagrams apply emission line flux ratios to differen-
tiate between dominating excitation mechanisms. At NIR wave-
lengths the HT recombination lines are known as star formation
tracers, and [Fe1I] and H, are prone to be stronger in regions
excited by shocks or X-ray emission (e.g. from supernova rem-
nants, outflows, or AGN).

In our study we wused the HpA2.12um/Bry and
[Fe1]A1.644 um/Bry line ratios to investigate the apertures
in the circum-nuclear ring (Fig. 8). The central apertures near
the nucleus are excluded since they show no sign of Bry nor
[Fer] emissions. The diagram has been divided into young
star-forming, older supernova-dominated and compact AGN-
dominated regions using the previous studies from Riffel et al.
(2013) and Colina et al. (2015). The line ratios from apertures
along the ring fall into regions of pure ionisation radiation
(young starbursts), pure supernova-driven shock excitation,
and in between. These are typical line ratios for clusters in
circum-nuclear star-forming rings (e.g. Falc6n-Barroso et al.
2014, Riffel et al. 2016; Busch et al. 2017; Fazeli et al. 2019).

We note that most of the spots in the circum-nuclear ring (R)
are located in the young star formation regions. Particularly the
apertures R2 and R7 show low ratios of [Fe IT]/Bry and also have
high flux emissions in He (Fig. 4), all of which are indications
of young starburst regions. The apertures R1, RS, R6, and R8 lie
in the supernova remnant-dominated region; however, very close
to the lower limits. This means there are contributions from both
shocks and photo-ionisation in these apertures and this hints at
the fact that these parts of the ring have more intermediate-age
stellar populations.

3.3.2. Hs excitation

The central kiloparsec of NGC 1326 is rich with a vari-
ety of H, rotational vibrational transitions in the K band
(Table 1). In general, molecular hydrogen can be excited by
different mechanisms: (a) Thermal processes, in which shocks
(Hollenbach & McKee 1989) induced by (e.g. radio jets) col-
lisionally excite the gas or X-ray (Maloney et al. 1996) radi-
ation from (e.g. the AGN) heats up the gas. (b) Non-thermal
processes such as UV fluorescence mechanisms in which UV
photons from (e.g. OB stars or strong AGN continuum) excite
the H, molecules (Black & van Dishoeck 1987).
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Fig. 7. Normalised spectra of the nuclear region and nine apertures in the circum-nuclear ring (R1-9) and two in the inside-the-ring regions (I1-2).
The positions at which the apertures are extracted are indicated in Fig. 4. Several emission and absorption lines are indicated with green vertical

lines. The stellar continuum fit is shown in red.

In the H; diagnostic diagram (Fig. 9) we indicate the regions
in which each of the above-mentioned processes are the pure
excitation source according to the models. However, in reality,
the observed H, spectra are produced by a mixture of these pro-
cesses. But even so, the line ratio diagram can still be helpful in
diagnosing which mechanism is the dominant excitation source.

AS3, page 6 of 14

The line ratios of the analysed apertures are shown in Fig. 9.
All the spots are located beneath the thermal Boltzmann distri-
bution, meaning X-ray emission has less influence in exciting
the molecular gas. We notice a clear gap between the apertures
in the circum-nuclear ring (R1-9) and the apertures within the
ring (I1-2, N). The central apertures have lower H,(2-1)S(1)/H,
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of hot and cold molecular gas mass.

Aperture  Hy(1-0)S(3) Ho(1-0)S(2) H(1-0)S(1) Hy(1-0)S(0) H,(2-1)S(1) Hot H, mass Cold gas mass
A1.958um  A2.034um  A2.122um  A2.223um  A2.248 um [Mo] [10° Mo]
N @ 11.81£240 8.13+1.50 1296+239 200+122 1.03+091 15 4-23
1@ 497+0.68 2.62+044 545+0.63 124+031 0.63+025 6 2-10
@ 1.96£0.66 1.86+038 232+061 049+032 027+025 3 1-4
RI - - 1.86+£0.29  0.64 +0.26 - 2 1-3
R2 - - 2.10+£030 0.81+026 1.25+0.25 2 1-4
R3 - 1L12£021  1.92+022 096+0.17 0.68+0.15 2 1-3
R4 - 095+021 125+023 031+0.17 0.36=0.17 1 0-2
RS 0.88+027 0.88+022 142+0.18 1.06+0.14 049+0.15 2 0-3
R6 1.13£027 0.83+022 1.66+022 061+0.17 0.43+0.18 2 1-3
R7 1.84+034 074+048 274+025 098+0.19 0.63+0.20 3 1-5
RS 093+£029 0.61+020 1.84+0.18 073+0.15 0.79+0.16 2 1-3
R9 - - 1.15+0.28 - - 1 0-2

Notes. Flux units are 10~ Wm™2. @Extinction values for the apertures N, I1, and I2 are: 1.3, 0.7, and 0.7 mag. Values for the other apertures are

found in Table 2.

Table 2. Emission line fluxes in the apertures in the circum-nuclear ring and derived quantities, visual extinction, ionised gas mass, and SFR.

Aperture [Fe] Paa Bro He1 Bry Ay H 11 mass SFR
A1.644 um A1.876um  A1.945um  A2.059um  A2.166um  [mag] [10*My] [1073 Myyr']
R1 10.27 £0.71 4246+0.82 2.19+0.34 2.24+0.32 4.54+0.35 0.8 2.9 8
R2 9.78 +0.99 0.00+11.75 4.57+043 4.89+0.51 10.68+0.38 1.5 6.9 18
R3 8.01+0.55 2632+0.75 3.85+0.29 335+021 590+0.26 1.1 3.8 10
R4 7.30+0.58 5.63+071 3.62+035 1.68+021 4.18+0.23 0.6 2.7 7
RS 8.11+0.60 2476+0.82 2.27+0.36 1.18+0.26 3.60+0.27 0.8 2.3 6
R6 541+054 937+£092 1.08+025 1.64+024 2.61+0.29 0.7 1.7 4
R7 856 +0.76 22.84+096 3.29+0.39 5.04+039 6.50+0.36 0.9 4.2 11
R8 895+0.58 28.18+0.58 193+0.30 199+0.28 4.03+0.26 0.5 2.6 7
R9 729+0.69 36.18+0.71 2.04+036 137+025 433+0.28 0.5 2.8 7
Notes. The flux units are 1071° Wm™2.
T The patchy hot spots in the ring show higher H,(2-1)S(1)/H,
2.5 —4— ring region (1=0)S(1) ratios (0.23—0.43) and are more inclined towards the
2.0 non-thermal UV excitation mechanism. The latter ratios are sim-
R AGN-compact ilar to those in other circum-nuclear rings that show star forma-
> 1.59 tion activity (e.g. Falcon-Barroso et al. 2014; Riffel et al. 2016;
Q 410 - Busch et al. 2017; Fazeli et al. 2019) and therefore strongly sug-
T | gest star formation as the dominating H, excitation mecha-
w 0.51 ! nism. On the other hand, the behaviour for the other aper-
gw 0.0 i tures is different, suggesting that these apertures are excited
= i by a different mechanism and not by star formation. This is
—0.51 i also consistent with the absence of hydrogen recombination
101 i lines in the centre, which would be expected in star formation
' . | . . P regions.
-1.0 -0.5 0.0 0.5 1.0 The deficit Bry emission in contrast to high H, emission
log(H,/Bry) in the central 3”, especially in the nucleus aperture, suggests

Fig. 8. Near-infrared diagnostic diagram with the line ratios
log(H,42.12 um/Bry) vs. log([Fe1]11.644 um/Bry). The contours
show the regions where young star formation, supernovae, and compact
AGN are dominant and the solid lines denote the upper limits for young
star-forming regions and AGN (from Colina et al. 2015). The dashed
lines show the upper limits from another study by Riffel et al. (2013).

(1-0)S(1) ratios (0.08—0.12), which suggests that shocks are the
thermal excitation mechanism that dominates in these regions.

there is no AGN activity or recent star formation at the centre.
Similar behaviour has been reported in other galaxies such as:
NGC 4536, NGC 3351 and NGC 613 by Mazzalay et al. (2013)
and Falcén-Barroso et al. (2014).

3.4. Star formation

One of the most striking structures in the central kiloparsec of
NGC 1326 is the contrasted circum-nuclear ring. As revealed by
the NIR diagnostic diagram (Fig. 8) the hotspots in the ring all
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Fig. 9. Molecular hydrogen line ratio diagram of H,(1-0)S(3)/H,(1-0)
S(1) vs. Hy(2-1)S(1)/H,(1-0)S(1) (Mouri 1994; Rodriguez-Ardila et al.
2005). The grey curve shows the thermal emission at 1000—-3000 K.
The gray ellipse on the right represents the region in which models
by Black & van Dishoeck (1987) predict non-thermal UV excitation.
The grey ellipse on the left represents thermal UV excitation models
by Sternberg & Dalgarno (1989). The yellow triangle represents the X-
ray heating model by Draine & Woods (1990). The red star indicates
the shock heating model by Brand et al. (1989).

show low H,/Bry and [Felr]/Bry line ratios, indicate that the
gas in these apertures is photo-ionised mainly by star formation.
Also in the H; excitation diagram (Fig. 9) the spots are more
inclined towards the non-thermal excitation model, indicating a
significant contribution of UV fluorescence to the gas excitation,
which is consistent with star-forming regions. Furthermore, the
stellar velocity dispersion (Fig. 10) shows lower values in the
ring which is often associated to dynamically cold structures of
young star-forming regions (see Sect. 3.6.1).

3.4.1. Star formation rates

The luminosity of the hydrogen recombination lines is propor-
tional to the Lyman continuum which is proportional to the
recent star formation rate (SFR). In this section we use the lumi-
nosity of the Bry emission line (Panuzzo et al. 2003) to estimate
the SFR in different apertures as follows:

_ LBry
T 1.585x 102 W

In the apertures located in the star-forming ring the
SFRs range from (4—17) x 1073 M, yr~!. These measurements
are listed in Table 2. The total Bry emission flux, in the
part of the ring that we observe in our FOV, is Fg;, =
1.2 x 107" ergs™! cm™2, which leads to an SFR ~ 0.2 M, yr~'.
Buta et al. (2000) estimated the SFR in the nuclear ring of
NGC 1326 using the extinction corrected Ha line (Fy, =
1.04 x 107%ergs™") and UV emission. For an area of
0.91kpc? these authors find SFR ~ 1.1 Mg, yr~! kpc=2. For a bet-
ter comparison we divide by the area that the ring covers
in our FOV (x0.26kpc?) and get a star formation density of
~0.8 My, yr~' kpc™2. These values are consistent, given uncer-
tainties in the amount and patchiness of the extinction and in the
assumed distances to the galaxy. We also look for the SFR per
unit area in the apertures. They have a radius of 07625 ~ 45 pc,
which leads to 1-3 Mg yr~! kpc~2. This value is at the lower end
of typical SFR densities that are found on hundreds of parsec
scales (1-50 M, yr‘1 kpc‘l; Valencia-S. et al. 2012, and refer-
ences therein).

SFR Mgyyr ! )
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Fig. 10. Stellar velocity dispersion derived from a fit of stellar tem-
plates to the region around the CO(2-0) band head at a wavelength
of ~2.29 um. White regions are clipped. North is up and east is to the
left.

3.4.2. Cluster ages

Finding the sequence in which the star formation proceeds in the
ring can provide key information on the dynamics of the ILR.
However, the existing methods to estimate cluster ages along the
ring are very inaccurate.

Following the method from Boker et al. (2008) we approach
this problem qualitatively. This method is far less affected by the
underlying continuum emission from old stellar population in
the disc and only compares the age of clusters qualitatively with
each other and not the absolute age of the clusters. The method
compares the fluxes of the emission lines He I, Bry, and [Fe1I]
and thereby the different environments that lead to production
of these emission lines. As mentioned in Sect. 3.3.1, Bry and
He 1 are photo-ionised in the Stromgren-spheres around O- and
B-type stars. He I needs a higher ionisation energy and can there-
fore only be ionised by very massive stars that have a short life-
time of only a few million years. Therefore regions with younger
clusters (few Myr) with hotter stars show higher He I/Bry ratios.
The assumptions are that the clusters have similar initial mass
functions and are sufficiently massive that statistical variations
in stellar inventory are insignificant. After around 10 Myr the
supernova rate for an instantaneous burst reaches its maximum
(see e.g. models of Leitherer et al. 1999). These supernovae cre-
ate shocks that can produce partially ionised regions in which
[Fe 11] emission lines can be excited. This emission line is more
dominant in clusters of >10 Myr in age.

In Fig. 11 we plot the flux of the [Fe11], Bry, and He T emis-
sion lines for the nine ring apertures. It can be seen that in regions
R1, RS, and RS the emission line fluxes of Bry and Hel drop
but for [FeII] the emission line flux rises, which can mean that
these regions are older compared to their neighbours. On the
other hand in region R2 we see the opposite, meaning this region
shows a younger starburst event. With this in mind, we cannot
confirm a systematic gradient in cluster ages in the ring, as it is
predicted for a “pearls-on-a-string” scenario in which starbursts
happen through over-densities in particular spots in the ring
and clusters then age while moving along this ring (Boker et al.
2008). Instead, the distribution of (relative) cluster ages looks
rather stochastic.
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Fig. 11. Integrated flux of [Felr] (red), Bry (green), and Hel (blue)
emission lines in the circum-nuclear star-forming ring apertures.

The apertures in the ring have Bry equivalent widths in
the range Wg,, = 3-10 A. Comparing these values with the
STARBURST99 (Leitherer et al. 2014, and the references therein)
model predictions suggests ages of range 5—6Myr (see e.g.
Fig. 19 in Buschetal. 2017). However, owing to the contri-
bution of underlying old stellar populations in the disc, the
equivalent width is most probably underestimated, this means
the estimated ages are an upper limit only. Buta et al. (2000)
analysed the two-colour plots of the ring using HST data and
suggested that the ring clusters have a wide range of ages. How-
ever, they reported that a significant population of the clusters
are in age ranges of 1-10Myr and more than 80% of the clus-
ters have ages <50 Myr. These results are in agreement with our
findings.

3.5. Gas masses

The extinction-corrected flux of the H, 1-0S(1) molecular
hydrogen emission line can be used to estimate the mass of warm
molecular gas (Scoville et al. 1982; Wolniewicz et al. 1998) as
follows:

DL\ (F
My, = 5.0776 x 1016 | =X M 1705 )y 3)
2 Mpc W m™2 ©

In this equation Dy, is the luminosity distance of the galaxy
in Mpc and we assume that the gas is in local equilibrium and
has a typical vibrational temperature of Ty, = 2000K. As
shown in the H; excitation diagram (Fig. 9) this assumption
is valid only for the central and inside the ring regions (I1-2),
which however are the most significant contribution in our FOV.
On the other hand, apertures in the ring show temperatures
Tyib = 3000—5000K and we might overestimate the molecular
gas mass by a factor of ~2 in these regions (Busch et al. 2017).
Even so, for better comparison with the literature values we fol-
low the assumption.

The warm H; (traced in NIR) is only emitted by the sur-
face of a larger cold H, gas reservoir. Studies show an empiri-
cal relation between the NIR warm H, luminosities and the CO
luminosities that trace the total molecular gas mass, suggest-
ing the NIR H, emission lines can be used to estimate the total
molecular gas reservoir mass. We employ the conversion fac-
tor My, cold)/Mp,(warm) = (0.3—1.6) x 10° from Mazzalay et al.
(2013).

We estimate the mass of ionised hydrogen gas using the
extinction corrected flux of the hydrogen recombination line

Bry, Fg, as follows:

oo ) (DL (e
Wm2/) \Mpc/ \cm™3 ©

In this equation D is the distance to the galaxy in Mpc,
assuming a temperature of 7 = 10* K, and an electron density
of n, = 10%> cm™>. We measure the gas masses in the apertures
applying Eqgs. (3) and (4); the values are listed in Tables 1 and 2.

We further estimate the gas masses by summing up the emis-
sion line fluxes (corrected for an average extinction of ~1.5 mag)
over the whole FOV. We find a total flux of Fp, ~ 1.2 X
1077 W m™2, which leads to a gas mass of 8 X 10° M,, for the
ionised gas. Almost all of this gas is concentrated in the star for-
mation ring, as shown in the flux map of Bry emission line in
Fig. 4.

For the molecular gas we measure the total flux to be 1.6 x
10" W m~2, which means there is a total warm molecular gas
mass of 187 M, in our FOV that corresponds to a cold gas mass
of (0.6—-3)x 108 M. Garcia-Barreto et al. (1991) reported a cold
molecular H, gas mass of 2.2 x 103 My, for an aperture of 44"
from CO emission observed with the SEST 15 m telescope.

In order to find the portion of the gas in the elongated struc-
ture in the centre and the ring we sum the H, emission line flux
in a central » = 3" aperture, and in an annular aperture with
a size of r = 3”-5". Our measurements show warm molecu-
lar gas masses of 83 M, in the elongated structure in the cen-
tre and 85 My in the ring, corresponding to cold gas masses
of about ~(0.2—1) x 10% in each. In the CO(3-2) emission
Combes et al. (2019, in their Fig. 2) detect the ring and the E-W
structure although more clumpy, and they find a cold H, mass of
1.3 x 108 M in a 9” x 9” aperture, from which 52% is in the
E-W structure and 48% is in the ring (F. Combes, priv. comm.).
This is consistent with our results.

The AGNIFS group reported in Riffel etal. (2015), for
nearby galaxies, warm molecular gas masses in the range
10 < M(Hy) < 10° My and ionised gas masses in the range
10* < M(H1) < 107 M. Moser et al. (2012) using CO emis-
sion flux of nearby galaxies from the NUGA project, find cold
molecular gas masses in the range 108-10° M,. We find the
ratio of M(H1)/M(H,) ~ 4300 in our FOV. As we show in
Fazeli et al. (2019, and references therein) the ratio of ionised
to warm molecular gas masses in nearby galaxies is in the
range 2000—10 000 and for nearby QSOs this ratio is higher and
can reach up to 20 000. The amounts of gas masses and ratios
in NGC 1326 that we find therefore seem to be typical values
observed in nearby galaxies.

My ~ 2.9 x 107 (

3.6. Kinematics
3.6.1. Stellar kinematics

In this section, we analyse the motions of the stars in the cen-
tral kiloparsec of NGC 1326. As a tracer for the stellar kinemat-
ics, we use the CO absorption lines in the K band, in particular
the CO(2-0) absorption band head at a rest-frame wavelength of
2.29 um.

The PPXF (Cappellari & Emsellem 2004; Cappellari 2017)
is used with default parameters to fit stellar templates to the
observed spectra in the spectral region from around 2.28 um to
2.42 ym. We apply the Gemini library of late spectral templates
(Winge et al. 2009), which contains NIR spectra of 29 late-type
stars with spectral classes of F7 to M5 and was designed for
velocity dispersion measurements like this. The stellar templates
were convolved with a Gaussian kernel to match the spectral
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Fig. 12. Left: stellar LOSV map derived from fitting the spectral region around the CO(2-0) band head at ~2.29 um. Middle: model of the LOSV,
assuming circular motions in a Plummer gravitational potential. Right: residuals after subtracting the model from the observed LOSV field. The
systemic velocity derived in the model fit is subtracted from the maps. North is up and east is to the left.

resolution of our observations. To reach the necessary signal to
noise on the absorption features of the stellar continuum emis-
sion, we decided to smooth the data by applying a three-pixel
boxcar filter.

In Fig. 10, we show a map of the fitted stellar veloc-
ity dispersion. We find a central velocity dispersion of about
110-120kms~!, which is consistent with previous measure-
ments, in particular the central velocity dispersion of (111 +
14)kms™' from HyperLeda’ (based on measurements by
Dalle Ore et al. 1991). The velocity dispersion drops to values
of ~80km s~ where the star-forming ring is located. Star for-
mation regions are known to show lower velocity dispersions,
still resembling the dynamically cold gas reservoir from which
they were formed (e.g. Riffel et al. 2011; Mazzalay et al. 2014;
Busch et al. 2017).

In Fig. 12 (left), we show the stellar line-of-sight velocity
(LOSV) map. White pixels were masked as a result of insuffi-
cient signal to noise on the absorption features. We find a clear
rotation pattern with blue-shifted emission towards the north-
east-east direction and red-shifted emission in the south-west-
west. According to Buta et al. (2000) the south side is the near
side of the galaxy. The velocity field appears very symmetric and
has a maximum amplitude of about 100 km s~! within the FOV.

In order to quantify our findings, we fit a disc model to the
radial velocity field. We assume that the stars follow Kepler
orbits in the gravitational potential of the bulge which we
describe with a Plummer function. The radial velocity field is
then given by

N R:GM sin(i) cos(¥ — ¥y)

VV' = VS ]

\ &+ a2 ; 374
( )[mﬂwnm+£ﬂﬂ2

®

cos2(i)

where vy is the systemic velocity of the disc, R and ¥ are cylin-
drical coordinates of each point in the projected plane of the sky,
G is the gravitational constant, A is the scale length of the bulge,
and M is the bulge mass (e.g. Barbosa et al. 2006; Smaji¢ et al.
2015). The inclination i was fixed to 53° (from HyperLeda;
Makarov et al. 2014) and the centre to the peak position of the
continuum emission.

The resulting systemic velocity is (1399 + 3)kms™! (after
heliocentric correction). For the PA of the line of nodes we find
(74 + 4)°, which is consistent with the photometric PA (75.6 +
1.1)° (Laurikainen et al. 2006).

2 http://leda.univ-1lyonl. fr, Makarov et al. (2014).
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Storchi-Bergmann et al. (1996) analysed spectra from three
long slits through the galaxy and fitted a rotating disc model to
the data. These authors find a slightly lower systemic velocity of
(1374 + 11) kms~!. For the PA of the line of nodes, they find a
value of (81+3)°, which differs slightly from our results; this can
be due to difference in the data and the FOV of the observations.
However, since our new data set is based on an integral-field unit,
we deem the new values to be more reliable.

In the middle panel of Fig. 12, we show a map of the model.
The right panel shows the residuals after subtracting the model
data from the observed LOSV map. Stochastic residuals with an
amplitude of <20kms~! indicate a good match.

3.6.2. BH mass

To estimate the mass of the central SMBH, we fit the stellar
velocity dispersion in a central aperture with radius » = 3”. This
aperture size was chosen to exclude the nuclear star-forming
ring.

Using PPXF with the same settings as described above, we
derive a value of o = (119 + 5)kms~!, which is consistent with
the former reported values in Hyperleda. We now apply the rela-
tion between BH mass Mgy and stellar velocity dispersion o of
Kormendy & Ho (2013),

Mgn
] —85+441x1 (
og( L ) og

(0]

o
200km s~! ) ’ ©
and find the mass of the BH to be log(Mpy /M) = 7.5. Because
of the intrinsic scatter of the Mgy—o relations, we refrain from
stating formal errors on the estimates. We conclude that the BH
mass is of the order of a few 107 M.

This is consistent with the value reported by
Mutlu-Pakdil et al. (2016) of log(Mpu/Ms) = 7.47. These
authors first fit a Spitzer 3.6 um image, resulting in a Sersic-
index of n = 2.21 and then applied the Mpy—n relation of
Graham & Driver (2007). A further consistent BH-mass esti-
mate is reached, when we use the R-band bulge magnitude
of mp = 11.2 that Gao & Ho (2017) derive from a detailed
multi-component fit (taking into account bulge, disc, bar, and
nuclear ring). We then apply the Mgy—Mp relation of Graham
(2007) to get the BH mass of log(Mgy/My) = 7.6.

In contrast, Combes et al. (2019) find a significantly lower
BH mass of log(Mpy/My) = 6.8, which they derive by mod-
elling the gas velocities within the sphere of influence of the
central BH. They argue that the deviation from previous esti-
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Fig. 13. Gas LOSVs for Bry, [Fe11]41.644 um, and H,(1-0)S(1)42.122 um. The black cross in the centre indicate the continuum flux peak. The
white pixels show the clipped regions with low S/N, where line fit uncertainties are above 40%. All velocities are given relative to the systemic

velocity of 1399 km s™". North is up and east is to the left.

mates based on Mpp—0 and Mpp—Lpuge Telations reflects the
pseudo-bulge nature of this galaxy.

3.7. Gas velocity fields

In this section, we analyse the motion of molecular and ionised
gas in the central kiloparsec of NGC 1326. Next to the emis-
sion line flux, the fit routine that was explained in Sect. 3.1
also delivers the central position and width of the emission lines
for every spatial position. From the line centres, we derive the
LOSV. Maps of the LOSV for Bry, [Fel1], and H(1-0)S(1)
are shown in Fig. 13. White regions in the maps correspond
to clipped areas, using the same criteria as for the emission
line maps. The velocities are shown relative to the systemic
velocity 1399 kms~!, as derived from the stellar velocity model
(Sect. 3.6.1).

As already seen in the flux maps, emission of ionised (here
Bry) and partially ionised gas ([FeII]) is only detected in the
circum-nuclear ring. Therefore, we can only study the velocity
field in the ring region. The velocity fields of all the emitting
gas show rotation in the plane of the galaxy, red-shifted in the
west and blue-shifted in the east, in accordance with the stellar
kinematics, and a LOSV amplitude of 100kms~'. The veloc-
ity field of [Fe1] seems slightly red-shifted with respect to the
systemic velocity. However, the exact offset is difficult to esti-
mate because of the lack of emission in the central region. The
H,(1-0)S(1) line is detected in the centre, especially strong in
a elongated nuclear structure spanning in east-west direction.
While the overall velocity field follows a disc pattern similar to
the stellar velocity field, velocities at the centre show deviations.
We discuss this in further detail in the next section.

To cover the flux distribution of the H, emission line at all
velocities, including the asymmetric wings, we construct chan-
nel maps, shown in Fig. 14. Each panel shows the normalised
emission line flux distribution integrated within velocity bins of
140kms~! (corresponding to two spectral pixels). We subtract
the continuum emission by fitting a line to the spectra on the left
and right side of the emission line. The centre of each velocity
bin is shown on the top-right corner of the panels.

The channel maps reveal a spiral distribution from the north-
east and east to the nuclear region, with blueshifts around
-261kms~!. At velocities about —120km s~ the flux distribu-
tion gets stronger on the east side of the nuclear elongated struc-
ture. At zero velocities the emission is mainly concentrated at
the nucleus and in the 6" elongated structure extending from the
east to the west sides of the nucleus. As the velocities increase
to positive values, at redshifts within 160 to 305 km s7!, the west

side of the elongated nuclear structure appears stronger. In the
centre, emission is present in almost all channels, indicating a
high line width. This indicates a higher kinematical complexity,
in particular compared to the star-forming ring region that shows
rather confined lines.

3.8. Another bar-inside-a-bar or an inclined nuclear disc

Comparison of stellar and warm molecular gas kinematics (by
subtracting the stellar velocity field from the gas velocity field) is
a known method that can help find deviations of the gas motions
from the regular motions in the stellar potential and reveal pos-
sible streaming motions in the central kiloparsec of galaxies. In
many galaxies the rotation velocity of gas has a higher ampli-
tude than that of the stars. This is because a significant part of
the kinetic energy of the stars can go into random motion, while
the molecular gas has lower velocity dispersion and is more con-
fined to the galaxy plane.

When subtracting the stellar velocity field from the H;
velocity field of NGC 1326 (Fig. 15, left), it becomes apparent
that we have to differentiate between two regions. In the star-
forming ring, the residuals seem stochastic and of the order of
+20kms~!. This indicates that the molecular gas in the ring
follows the rotational motion in the stellar potential, similar to
the ionised gas and the stellar velocity field. However within the
ring, in the central 6” elongated H, structure, a clear deviation
from the stellar velocity field is observed. On the one hand the
velocity amplitudes appear higher than those in the ring region.
On the other hand, the zero-velocity line in the H, LOSV map
(Fig. 13, right) appears to be twisted and has a shifted rotation
PA in comparison to the star-forming ring and stellar velocity
fields.

This is in accordance with our previous findings that the star-
forming ring and the central 6” elongated H, structure have dif-
ferent excitation mechanisms. While the gas is excited by UV
photons from young star formation in the ring, the gas in the cen-
tre is thermally excited, most likely by shocks. The ring shows
strong emission in ionised gas and the supernova-tracer [Fe11],
which we associate with recent starbursts, while the centre shows
none of those.

The most prominent feature inside the ring is the elongated
H, emission feature. Laurikainen et al. (2006, 2011) suggested
that this feature, found in their H—K colour map, is a secondary
bar inside the nuclear ring of NGC 1326. In this work, we use
the advantage of having molecular H, emission and CO absorp-
tion lines kinematics to look deeper into this elongated nuclear
structure and try to understand its nature.
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Fig. 14. Channel maps along the H, emission line profile. Velocity bins are 140km s~

! and centred on the velocities shown in the top left of the

panels. The cross denotes the position of the nucleus. North is up and east is to the left.

The stellar velocity field map and its residual from the model
show no signs of perturbations, but rather a pure rotation in the
plane of the galaxy (Fig. 12), this rules out the existence of a stel-
lar bar. On the contrary, the residual map of the molecular gas
and stellar LOSV (Fig. 15, left) reveals that the molecular gas
in this structure has a much higher amplitude of the LOSV. One
explanation for this deviation could be a higher inclination of the
H; structure in comparison to the disc of the galaxy. However the
galaxy disc itself already has an inclination of i = 53° (Hyper-
leda inclination of the large-scale disc), which has a sin(i) = 0.8
(20% less than an edge-on disc rotation velocity). Therefore
a simpler explanation would be that the stars (following the
kinematics of the bulge) within the same radius as the elongated
H, structure do not rotate as fast, which is because most of their
kinetic energy is going into random motion, which is evident
in the stellar velocity dispersion map (Fig. 10). For an inclined
object, it is difficult to say whether we see a nuclear bar or a gas
disc.
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Since the stellar LOSV map (Fig. 12) follows a pure rotation
(no S-shaped or twisted zero-line velocity), we therefore sug-
gest that there is no stellar bar. Bars that are purely gaseous,
which means they occur without a stellar bar counterpart and
are usually short-lived, therefore we suggest that the structure is
more likely a central disc. The structure that Laurikainen et al.
(2011) identified in the H — K colour map as a nuclear bar can be
explained by the combination of the underlying continuum disc
inclined with i = 53° (Hyperleda inclination of the large-scale
disc) and the H; emission which is elongated in E-W direction.

Going further to the centre, we see twisted zero-velocity lines
that deviate in shape and angle from the zero-velocity lines of
the stellar velocity field (compare Fig. 12 middle and Fig. 13
right). This can be interpreted as indication for another nuclear
decoupled disc at the extremity of the gas structure in the cen-
tral 1”. The position of this possible decoupled disc is indi-
cated by a black box in the residual map (Fig. 15). While cer-
tainly higher resolution data is needed to investigate this fea-
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ture in more detail, it is worth mentioning that this is the region
for which Combes et al. (2019) report a torus with a radius of
21pc ~ 0.3” in the centre using the CO(3-2) emission; this
report would be consistent with our hypothesis.

In the case of NGC 1326, the amount of gas within the ring
(in a central aperture of radius 3”) is about ~(0.2—1) x 108 Mo;
that is similar to the amount of gas found in the centre of some
active galaxies (e.g. Mazzalay et al. 2013). In the optical contin-
uum map (Fig. 15, right) there are dust lanes apparently con-
necting the elongated structure to the ring, This is indicated
with a white ellipse. In many galaxies these dust features coin-
cide with molecular gas streaming motions such as inflows (e.g.
Davies et al. 2014; Busch et al. 2017; Fazeli et al. 2019).

We suspect the presence of other decoupled motions (Fig. 15,
black box) from our kinematics maps, at the end of the nuclear
disc (H, extended structure). These decoupled structures can be
drivers of gas inflows which provide fuel for the nucleus. How-
ever, currently there is no evidence for nuclear starburst or AGN
activity in the centre. Combes et al. (2019) state that the torus
in this galaxy is inclined on the sky plane in such a way that it
could obscure the nucleus, leading to type 2 characteristics. Even
in our NIR data, which is not as sensitive to extinction, we found
no evidence of starburst or nuclear activity. This suggests that
either NGC 1326 has no AGN at the centre or a “nascent” AGN
is buried deeply in the dust, which can be a source of molecular
hydrogen emission at the centre.

Storchi-Bergmann (2014) suggested that in LINERs gas is
first accumulated in rings in the central few 100 pcs and then
consumed by episodes of star formation, which are then followed
by nuclear activity. This is in accordance with observations
and simulations (e.g. Davies et al. 2007; Schawinski et al. 2009;
Wild et al. 2010; Busch et al. 2015; Blank & Duschl 2016) that
show a time delay between the onset of star formation in the cen-
tral bulge and AGN activity of ~100 Myr. Given that star forma-
tion and nuclear activity are considered to appear episodic, we
might be observing the replenishment of molecular gas in the
centre, which will lead to an episode of nuclear starburst and/or
nuclear AGN activity in the centre in the future.

4. Summary and conclusions

We have analysed the NIR IFS data of the central kiloparsec
of the galaxy NGC 1326 obtained with VLT- SINFONI and we
found the following results:

— We detect an elliptically shaped, circum-nuclear star-
forming ring in our FOV. The ring is located at a radius
of about 4 ~ 300 pc from the centre and contains patchy
starburst regions with ages around <10Myr. The starburst
regions show stochastic age distributions along the ring.

— Furthermore we detect ionised gas traced by Paa and
Bry as well as the supernova-tracer [Fell] only in the
circum-nuclear ring and not in the nuclear region, which
means there is no sign of starburst or nuclear activity in the
direct vicinity of the SMBH but only in the star-forming ring.

— We estimate the BH mass, based on BH mass scaling rela-
tions to be Mpy ~ 3 x 107 M.

— We find the warm molecular gas mass, using the
H; 42.122 um emission line flux, to be ~187 M, which cor-
responds to (0.6—3) x 108 M, of cold molecular gas mass.
This value corresponds to the 9”7 x9” FOV of the SIN-
FONI data cube, from which half is concentrated in the
star-forming ring and the other half in the central elongated
feature extended from east to west side of the nucleus.

— We also estimate the ionised gas mass, using flux of the hydro-
gen recombination emission line Bry, to be ~8 x 10° M.
The ionised gas is mostly concentrated in the circum-
nuclear ring and is absent in the central 3”. The ratio of
ionised to molecular gas is around ~4300 in the FOV, which
is within the typical range observed in nearby galaxies.

— The fits of CO band head absorption lines are used to study
the stellar kinematics. The LOSV maps show a rotation in a
disc in the plane of the galaxy, which is blue-shifted in the
north-east and red-shifted in the west of the FOV.

— Gas kinematics also show a rotation pattern with blueshift in
the north-east and redshift in the south-west side, in agree-
ment with the stellar kinematics. However, in the central
r =~ 3” =220 pc, the molecular gas shows higher amplitudes
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in the LOSV maps compared to the stellar velocity field. We
suggest that since the stellar velocity fields show no sign of
irregularities the H, structure is not accompanied by a stel-
lar bar component. We suggest that the H, gas structure is
probably a central disc within the ILR. The apertures in this
structure are shock excited and the optical continuum map
reveals dust lanes along this extended east to west 6" H;
nuclear structure. The CO(3-2) emission observed with the
Atacama Large Millimeter/submillimeter Array with higher
resolution reveals a torus at the central r ~ 073 nucleus
region. In the velocity residual (H,—stellar losv) map of our
SINFONI data, in the centre, we detect a hint of a further
decoupled disc that has a slightly different PA from the elon-
gated 6” H, structure as well. Higher resolution data are
required to understand the complex kinematics at the centre
of NGC 1326.
Near-infrared IFS allowed us to spatially resolve tracers of var-
ious gas phases and their kinematics with an unprecedented
spatial resolution. With these means, we were able to resolve
further features close to the nuclear centre on tens of parsec
scales. It will be exciting to discover what new features next gen-
eration telescopes such as the Extremely Large Telescope will
reveal on even smaller scales.
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