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A B S T R A C T 

We have used Hubble Space Telescope ( HST ) images, SAURON Integral Field Spectroscopy (IFS), and adaptative optics assisted 

Gemini NIFS near-infrared K-band IFS to map the stellar and gas distribution, excitation and kinematics of the inner few kpc 
of the nearby edge-on S0 galaxy NGC 4111. The HST images map its ≈450 pc diameter dusty polar ring, with an estimated gas 
mass ≥10 

7 M �. The NIFS data cube maps the inner 110 pc radius at ≈7 pc spatial resolution, revealing a ≈220 pc diameter 
polar ring in hot (2267 ± 166 K) molecular H 2 1–0 S(1) gas embedded in the polar ring. The stellar velocity field shows 
disc-dominated kinematics along the galaxy plane both in the SAURON large scale and in the NIFS nuclear-scale data. The 
large-scale [O III ] λ5007 Å velocity field shows a superposition of two disc kinematics: one similar to that of the stars and 

another along the polar ring, showing non-circular motions that seem to connect with the velocity field of the nuclear H 2 ring, 
whose kinematics indicate accelerated inflow to the nucleus. The estimated mass inflow rate is enough not only to feed an active 
galactic nucleus (AGN) but also to trigger circumnuclear star formation in the near future. We propose a scenario in which gas 
from the polar ring, which probably originated from the capture of a dwarf galaxy, is moving inwards and triggering an AGN, as 
supported by the local X-ray emission, which seems to be the source of the H 2 1–0 S(1) excitation. The fact that we see neither 
near-UV nor Br γ emission suggests that the nascent AGN is still deeply buried under the optically thick dust of the polar ring. 

K ey words: galaxies: acti ve – galaxies: individual: NGC 4111 – galaxies: kinematics and dynamics – galaxies: nuclei. 
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 I N T RO D U C T I O N  

nteractions between galaxies impact their evolution and that of their
entral supermassive black holes (SMBHs), triggering episodes of
tar formation and nuclear activity. Major mergers seem to be the
ominant process of SMBH growth at large SMBH masses ( ≥10 8 

 �), triggering luminous active galactic nuclei (AGNs), while at
ower AGN luminosities ( ≤10 44 erg s −1 ), the most probable triggers
re minor mergers and secular processes dri ving inflo ws to wards
he nucleus such as gravitational torques in nuclear spirals and bars
Storchi-Bergmann & Schnorr-M ̈uller 2019 , and references therein).

inor mergers are frequent in dense galactic environments, when
assive early-type galaxies capture gas-rich dwarf galaxies that
 E-mail: gabriel.roier@ufrgs.br (GRHR); thaisa@ufrgs.br (TSB) 1

Pub
eplenish the inner region of the galaxy with gas, leading to episodes
f renewed star formation and/or the triggering of nuclear activity
e.g. Neistein & Netzer 2014 ). 

Such a minor merger may have recently happened in the nearby SO
dge-on galaxy NGC 4111, known to host an extended H I envelope
Wolfinger et al. 2013 ). A member of the Ursa Major galaxy group,
his galaxy lies at a distance of 15.1 Mpc [according to the NASA
xtragalactic Database (NED), 1 using a Lambda cold dark matter
 � CDM) cosmology with H 0 = 67.8 km s −1 Mpc −1 , �m 

= 0.308, and
� 

= 0 . 692] – for which 1 arcsec corresponds to 73.1 pc. NGC 4111
as at least four companion galaxies located within 250 kpc from it,
ith the nearest only 30–40 kpc a way (Karachentsev, Nasono va &
ourtois 2013 ; Pak et al. 2014 ; Kasparova et al. 2016 ). NGC 4111 has
 https:// ned.ipac.caltech.edu/ 
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Figur e 1. HST lar ge-scale image of NGC 4111 in the F475W filter, co v ering a 
4.8 kpc ×4.8 kpc region. The white dashed-line rectangle shows the 31 arcsec 
× 41 arcsec SAURON FoV and the smaller white dashed-line square delimits 
a 6 arcsec × 6 arcsec region containing the dusty polar ring shown in the 
colour map of Fig. 2 . North is up and east is left. 
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 dust structure crossing the nucleus perpendicular to the galaxy disc 
Barth et al. 1998 ) associated with H I filaments, which suggest an
rigin from tidal stripping of gas from a nearby or recently captured
alaxy (Verheijen & Zwaan 2001 ; Verheijen 2004 ; Pak et al. 2014 ). 

Kasparova et al. ( 2016 ) showed that NGC 4111 has a flat stellar
ge distribution of ∼5 Gyr across most of its disc. In the inner region,
o we ver, with galaxy mid-plane distance of ∼700 pc, single stellar
opulation modelling reveals a more metal-rich and younger stellar 
opulation with a characteristic 4 Gyr age. This very flattened young 
tellar component could be due to a previous gas-rich minor merger. 

NGC 4111 was identified as an AGN by Gonz ́alez-Mart ́ın et al.
 2009 ), using Chandra X-ray data. In that work, the column density
f H I and H 2 were calculated to be 4.67 × 10 22 cm 

−2 and
7.71 × 10 22 cm 

−2 , respectively. NGC 4111 images from Chandra 
how extended soft X-ray emission and nuclear-only hard emission, 
ith luminosities measured as log ( L soft ) = 40.9 erg s −1 (0.5–2.0 keV)

nd log ( L hard ) = 40.4 erg s −1 (2.0–10.0 keV). This suggests that the
ource of high-energy X-rays is a fairly obscured AGN which is
mbedded in the dense dust ring, while the soft emission is spread
cross the galaxy plane and has a maximum in the central region. This
s also supported by the fact that near-UV emission from the nucleus
s not detected in HST images (Barth et al. 1998 ). NGC 4111 shows
 GHz radio emission extended by 110.4 pc × 72.2 pc and position
ngle of 29 ± 11 ◦ according to Nyland et al. ( 2016 ); ho we ver, the
rigin of the radio emission is unclear and the nucleus of the galaxy
s classified as a LINER (Ho, Filippenko & Sargent 1997 ). 

NGC 4111 was observed with the Gemini Near-Infrared Spec- 
rograph (NIFS) as part of the project ‘Addressing a Bias in the
elation Between Galaxies and Their Central Black Holes’ (P.I. 

onelle Walsh). While the main goal of the project is to determine
MBH masses from the stellar kinematics in nearby galaxies, the 
IFS K -band observations of NGC 4111 rev ealed man y lines of hot
olecular H 2 gas emission in the spectra. These lines reveal peculiar 

xcitation and kinematics that deserve a study of its own. The goal of
his paper is to investigate the nature of the excitation and kinematics
f the hot H 2 gas emission of the inner ≈100 pc of the galaxy. In
rder to do this, we also employed Hubble Space Telescope ( HST )
mages and large-scale integral field data from the Spectrographic 
real Unit for Research on Optical Nebulae surv e y (SAURON). 
This paper is organized as follows. In Section 2 , we present

he observations and data reduction. In Section 3 , we present the
easurements for the HST (regarding the photometry), SAURON, 

nd NIFS data (regarding the emission lines fitting and kinematics, 
nd the stellar kinematics). In Section 4 , we present our results and
iscussion for all three instruments, so that in Section 5 we compare
hese results and propose a scenario for the observational evidences 
f NGC 4111. Finally, in Section 6 we present our conclusions. 

 OBSERVATIONS  

s a part of GO-15323 (PI: Jonelle Walsh), we obtained HST Wide
ield Camera 3 (WFC3) imaging in the F475W (see Fig. 1 ) and
160W filters. The F160W data were obtained using the RAPID 

equence in a two-point WFC3-IR-DITHER-LINE pattern, with a 
otal 53 s exposure time. The F475W data were obtained in an ideal
our-point dither pattern using only the UVIS2-2K2C-SUB aperture, 
ith a total 920 s exposure time. The WFC3 data were combined

nto separate F475W and F160W mosaics with the same origin and 
ixel scale using AstroDrizzle (Gonzaga et al. 2012 ). 
K -band spectroscopy of the nuclear region of NGC 4111 was 

btained using the instrument NIFS – Near-Infrared Integral Field 
pectrograph (McGregor et al. 2003 ), with the adaptive optics 
odule Altair (Herriot et al. 2000 ; Boccas et al. 2006 ) at the Gemini
orth Telescope on 2019 May 9. We acquired 600 s exposures

ollowing an object-sky-object sequence, with a total on-source time 
f 1 hr via the program GN-2019A-LP-8 (P.I. Jonelle W alsh). W e
sed the H + K filter and K grating centred on 2 . 20 μm, which
ro vided co v erage of 1.99 μm–2.40 μm with R ∼ 5290. NIFS is
n image slicer with a Field-of-View (FoV) of 3 arcsec × 3 arcsec –
orresponding to 219 × 219 pc 2 at the galaxy, sampled with pixels
f 0.04 arcsec × 0.1 arcsec; the observations with the adaptative 
ptics module Altair delivered data with a point spread function 
PSF) – as determined from the spatial profiles of standard stars 

FWHM of 0.1 arcsec corresponding to a spatial resolution of 
7 pc at NGC 4111. We reduced the NIFS data using IRAF tasks

Tody 1986 , 1993 ) within the Gemini package v1.14, in combination
ith PYTHON scripts we developed 2 based on the example NIFS 

rocessing scripts. 3 The main steps included sky subtraction, flat- 
elding, cosmic ray cleaning and bad pix el remo val, wav elength
alibration, and spatial rectification. The galaxy spectra were telluric 
orrected using an A0 V star (HD95126 or HD116405), after removal
f the Br γ absorption line and the blackbody continuum. We 
onstructed a temporary data cube for each galaxy exposure and 
ollapsed the cubes to determine the spatial offsets by means of a
wo-dimensional cross-correlation. Then all six of the galaxy frames 
ere interpolated on to a single data cube with 0.05 arcsec versus
.05 arcsec spaxels and wavelength sampling of 2.13 Å. Finally, a
ough flux calibration was carried out using the telluric-corrected 
D116405 spectrum and comparing the flux density at the isophotal 
avelength of the Two Micron All Sky Survey (2MASS) Ks filter to

he 2MASS magnitude reported in the SIMBAD astronomical data 
ase (Wenger et al. 2000 ). This conversion was applied to the final
MNRAS 512, 2556–2572 (2022) 
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Figure 2. HST F475W – F160W colour map within the inner 6 arcsec ×
6 arcsec (440 × 440 pc 2 at NGC 4111). Overplotted in white are the contours 
from the H 2 λ2 . 1218 μm emission line flux distribution (see Section 3.3 ), 
and in black a cross shows the location of the peak of the stellar K -band 
continuum from NIFS, adopted as corresponding to the galaxy nucleus. The 
white dashed lines demarcate the NIFS FoV. 
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GC 4111 data cube, resulting in calibrated units of erg s −1 cm 

−2 

−1 . We reduced the sky frames in a similar manner, but subtracted
 600 s master dark frame. We applied the same spatial offsets as the
nes used for the galaxy frames to produce a single sky cube and
easured the line spread function o v er the NIFS F oV from 13 strong,

solated sky lines. The sky lines spectral resolution varies over the
IFS FoV, ranging from an FWHM of 3.5 to 5.9 Å, with an FWHM
edian resolution of 3.9 Å. 
Optical integral field spectroscopy (IFS) data were obtained with

he SAURON instrument (Bacon et al. 2001 ) on the William Herschel
elescope, La Palma as part of the ATLAS 

3D Surv e y (Cappellari
t al. 2011 ). SAURON pro vides a 31 arcsec × 41 arcsec F oV –
orresponding to 2.3 kpc × 3.0 kpc at the galaxy, sampled with
.94 arcsec square lenslets, and with a spectral resolution of 4.2 Å
WHM ( σ inst = 105 km s −1 ), co v ering the wav elength range of
800–5380 Å. The observations comprised the combination of two
xposures of 30 minutes, obtained on UT 2007 April 20, together
ith associated calibrations. The data were reduced via standard
rocedures using the dedicated XSAURON software package (Bacon
t al. 2001 ; Emsellem et al. 2004 ). The approximate seeing FWHM
as 1.2 arcsec, corresponding to a spatial resolution of ≈88 pc at

he galaxy. These reduced spectral data cubes are publicly available
t www.purl.org/atlas3d . 

The aforementioned data were astrometrically matched using the
CS data in the headers, followed by a visual inspection to assure

he correct relative position of the images. 

 ME A SUREM ENTS  

.1 HST 

ig. 1 shows the HST F475W continuum image with the 31 arcsec ×
1 arcsec SAURON FoV delineated by a white dashed-line rectangle.
his image shows the edge-on orientation of the galaxy and the dusty
olar ring crossing the nucleus approximately perpendicular to the
isc of the galaxy. The 6 arcsec × 6 arcsec white dashed-line square
ncloses the region where the dusty polar ring is observed. 

Using the F475W and the F160W images, we built the F475W–
160W colour map, with the inner 6 arcsec × 6 arcsec region shown

n Fig. 2 . This map shows that the dusty ring has a diameter of
450 pc (6.3 arcsec) and a width of ≈130 pc (1.8 arcsec). The
 arcsec × 3 arcsec dashed white square in this figure shows the
IFS FoV, while the white contours delineates the flux distribution

n the H 2 (1–0) S(1) λ 2.1218 μm emission line that has the shape of
n off-centred inclined ring, as shown and discussed in the following
ection (see Fig. 5 ). 

.2 SAURON 

he SAURON optical spectra were analysed first by using Voronoi
inning (Cappellari & Copin 2003 ) to increase the SNR of the
pectra. We adopted a lower threshold of SNR = 40 and ran the
PXF code (Cappellari & Emsellem 2004 ) on the binned spaxels to
easure the stellar kinematics. PPXF uses a stellar spectral base to
t the absorption lines in the galaxy spectrum in order to measure

he kinematics (v elocity, v elocity dispersion, and the h 3 and h 4 
auss–Hermite polynomials coefficients) in these lines. In this work,
e used the MILES stellar templates (Falc ́on-Barroso et al. 2011 )

s a base for PPXF . Emission line properties were extracted using
n implementation of the GANDALF (Gas AND Absorption Line
itting) software (Sarzi et al. 2017 ). In this implementation, the
re viously deri ved PPXF stellar kinematics are fixed, and MILES SSP
NRAS 512, 2556–2572 (2022) 
odel templates are broadened by the corresponding LOSVD. The
emplate weights are permitted to vary, together with the parameters
f single Gaussian emission-line components. The [O III ] λλ4959,
007 doublet is initially fitted, as this is generally the most easily
etected line without strong coincident absorption features. This
xes the emission-line kinematics for a second pass, where an H β

mission component is also included. The fitted emission line is
onsidered a secure detection if it has an amplitude four times higher
han the local noise level, otherwise it is ignored. 

.3 NIFS 

ample spectra from NIFS are shown in Fig. 3 , integrated within
.1 arcsec × 01 arcsec windows, corresponding to the nucleus
labelled X in Fig. 5 ) and two extranuclear regions: one from a
osition o v er the H 2 off-centred ring (labelled B in Fig. 5 ) and from
 re gion be yond this ring at 1.25 arcsec (91 pc) from the nucleus
labelled C in Fig. 5 ), comprising mostly light from the stellar
omponent of the galaxy. The spectra show absorption lines from
he stellar population, and H 2 emission lines from hot molecular gas.
ig. 3 identifies the wavelengths of the H 2 emission lines as well as

hat of the Br γ line, which is not present in the spectra. We note that
he H 2 emission is observed only along the off-centred ring abo v e
nd that the Br γ line is absent o v er the whole area co v ered by the
IFS FoV (see Section 4.3.2 ). 
In order to measure the properties of the emitting H 2 gas in the

IFS data cube, we used the latest version (v1.1) of the software
FSCube (Ruschel-Dutra & Oliveira 2020 ) to fit the emission
ines profiles with Gauss–Hermite polynomials, within the 21180–
1280 Å spectral window (in observed wavelengths), which encom-
asses the H 2 λ2 . 1218 μm emission line and a continuum region.
FSCube fits a polynomial component to the continuum adjacent to
he line, whose degree can be chosen during the fit. We opted by
he use of a linear function, that fitted well the continuum in all
paxels. In Fig. 4 , we present example fits from IFSCube for two
pectra extracted in windows of 0.1 arcsec × 0.1 arcsec, one from
he nucleus and the other from a position along the molecular H 2 ring

https://www.purl.org/atlas3d
art/stac634_f2.eps
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Figure 3. NIFS spectra in observed wavelength from three representative regions of the galaxy, integrated within apertures of 0.1 arcsec × 0.1 arcsec: nuclear 
spectrum in black; H 2 ring region spectrum in red, extracted from position B in Fig. 5 ; spectrum from the disc of the galaxy in blue, extracted from position C 

in Fig. 5 . The wavelengths of the H 2 emission lines are marked with dashed grey lines, along with that of the absent Br γ line. 

Figure 4. The fit of the H 2 λ2 . 1218 μm emission-line profile at the nucleus 
and position B in the ring (see Fig. 5 ). The rest profile is shown in black lines 
and the IFSCube Gauss–Hermite polynomial fit in blue dashed lines, while 
the residuals are shown in red dashed lines. 
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Figure 5. Left: Integrated flux distribution in the molecular H 2 (1–0) 
S(1) λ2 . 1218 μm emission line. Right: Stellar continuum flux distribution 
from the NIFS data cube, obtained by integrating the spectra within the 
2.175–2.200 μm wavelength range. The cross shows the spaxel with the 
highest integrated continuum flux – identified with the galaxy nucleus; the 
letters B and C identify the locations from where the spectra identified in 
Fig. 3 were extracted. 
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position B in Fig. 5 ), showing in black lines the spectra, in dashed
lue lines the fit and in dashed red lines the residuals. We imposed a
ower threshold for the signal-to-noise ratio (SNR) as obtained from 

he ratio between the peak of the line and the noise in the continuum
djacent to the line (standard deviation of the continuum). Spaxels 
ith a SNR less than 2 are regarded as noise and excluded from the
t. This same noise was used to apply the Monte Carlo technique

n order to e v aluate the errors in the parameters resulting from the
t. The left-hand panel of Fig. 5 shows the resulting flux map of
he H 2 λ2 . 1218 μm emission line, resembling a tilted ring oriented
pproximately perpendicular to the galaxy plane. The right-hand 
anel shows the flux distribution of the stellar continuum, integrated 
n a window co v ering the 2.175–2.200 μm wavelength range. In
ig. 5 , we also identify the nucleus and the other locations where the
pectra from Fig. 3 were extracted. 

We also obtained the stellar kinematics using a similar approach 
o that used for the SAURON data (see Section 3.2 ): first we used
oronoi binning to increase the SNR of the spectra until it reached
 lower threshold of SNR = 50 in the stellar continuum and then
 x ecuted pPXF with the Winge stellar templates (Winge, Riffel &
torchi-Bergmann 2009 ) as a base. The stellar kinematics fits at
ositions X , B, and C of Fig. 5 , are shown, from top to bottom, in
ig. 6 , where the normalized spectra are shown in black, the fit in
lue and the residuals in red. 

 RESULTS  A N D  DI SCUSSI ON  

.1 Galactic scale – HST 

he F475W-F160W colour map of Fig. 2 traces the obscuring 
tructure crossing the nuclear region seen in Fig. 1 , mapping its
eddening and revealing the polar ring dust distribution which 
MNRAS 512, 2556–2572 (2022) 
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M

Figure 6. The fit of the stellar kinematics with pPXF was performed in the 
spectral range of 22950–23700 Å (in observed wavelengths). The figure shows 
three representative Voronoi-binned spectra in black, from the nucleus and 
positions B and C in Fig. 5 , together with the fits in blue and residuals in red. 
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s extended perpendicular to the galaxy plane by approximately
450 pc and shows the reddest colours in an off-centred ring with
 major axis of ≈200 pc. The NIFS FoV is identified via the dashed
hite square. We hav e o v erplotted on Fig. 2 , contours from the
IFS H 2 λ2 . 1218 μm flux map of Fig. 5 shown in white, while

he location of the peak flux of the stellar continuum (adopted as
he galaxy nucleus) is shown as a black cross. This figure shows
hat the H 2 ring is spatially associated with the off-centred ring
ith the reddest colours in the polar ring that can be attributed

o increased reddening by dust. This colour map reveals that the
olecular hydrogen emission is de facto related to the dust, with

oth presenting similar off-centred ring-like structure. 

.1.1 Cold gas mass 

e have used the colour map of Fig. 2 to obtain the extinction
f the region under the assumption that the intrinsic colour of the
tellar population is that of the galaxy disc, adopted as F475W–
160W = 1.5, according to Fig. 2 , and considering the dust
bscuration as due to a foreground obscuring screen. Fig. A1 of
he Appendix shows the resulting A F475W 

−A F160W 

extinction map
NRAS 512, 2556–2572 (2022) 
f the inner 6.0 arcsec × 6.0 arcsec that has an excess extinction
t ≈4750 Å relative to ≈ 1 . 6 μm of up to ∼ 0.8 mag in the ring
elative to the stellar population. This extinction is consistent with
he relatively high column density measured by Gonz ́alez-Mart ́ın
t al. ( 2009 ) in the Chandra observations. 

In our calculation, we have assumed that the dust is a foreground
creen obscuring the light from the galaxy, and we have used the
 xtinction la w from Savage & Mathis ( 1979 ) in order to derive the
xtinction values E ( B − V ) from the A F475W 

−A F160W 

extinction map,
ith A λ/ E ( B − V ) values obtained from the last column of table 2 of
avage & Mathis ( 1979 ). Also following Savage & Mathis ( 1979 ),
e used the E ( B − V ) values derived from the extinction map of
ig. A1 and a gas-to-colour excess of 〈 N ( H I + H 2 ) /E( B − V ) 〉 =
 . 8 × 10 21 atoms cm 

−2 mag −1 in order to obtain a lower limit for
he gas mass in each spaxel. Multiplying by the mass of the proton
nd dividing by the area of each spaxel in units of pc 2 , we obtain
he surface gas mass distribution shown in Fig. A2 of the Appendix.
dding the mass values of all spaxels, the resulting lower limit for

he cold gas mass in the 450 pc polar ring is M gas = 9.8 × 10 6 M �. 

.2 Galactic scale – SAURON 

.2.1 Stellar and ionized gas flux distributions 

lux distributions in the optical continuum, [O III ] λ5007 and H β gas
mission lines o v er the inner ≈20 arcsec of the galaxy obtained from
he SAURON observations are shown in Fig. 7 . In the continuum
mapping the optical stellar component), the flux distribution is
rightest at the nucleus decreasing almost uniformly in all directions
xcept for a slightly more abrupt decrease to the NW than to the
E. At faint levels there is some extension along the galaxy plane.
he flux distributions in the emission lines are similar to that in the
ontinuum for the highest flux levels around the nucleus but show
lso more emission outwards, in particular to the SW towards the
order of the FoV. 
The rightmost panel of Fig. 7 shows that the line flux maps of

he [O III ] λ5007 and H β lines from the SAURON data produce
 line ratio map with values in the range 1 ≤ F [O III ]/ F (H β) ≤
, increasing towards the borders of the FoV. As the SAURON
ata does not co v er the H α spectral re gion, we use a spectrum
rom this region from Ho, Filippenko & Sargent ( 1995 ) who find
F([N II ] λ6584)/F(H α) ≈1, which puts NGC 4111 in the LINER
egion of the BPT diagram (Baldwin, Phillips & Terlevich 1981 ;
 e wley et al. 2001 ; Kauffmann et al. 2003 ; Cid Fernandes et al.
010 ), in agreement with the classification from Nyland et al. ( 2016 ).

.2.2 Stellar kinematics 

he SAURON data kinematics is shown in Fig. 8 . The right-hand
anels show the stellar kinematics on kpc scales. The top panel shows
 rotation pattern with redshifts to the SE and blueshifts to the NW. 

The large-scale stellar velocity field obtained from the SAURON
ata was previously analysed by Krajnovic et al. ( 2011 ), who
oncluded that it presents ordered and disc-like rotation, with a
inematic position angle of 149 . 5 deg ±2 . 2. The stellar velocity
ispersion σ � shown in the bottom right-hand panel, presents a
mall decrease in a linear structure, extended by ≈800 pc crossing
he galaxy bulge along the major axis of the galaxy. This feature
uggests the presence of a colder structure – as compared to the
alaxy bulge, such as a disc of stars rotating in the galaxy plane
hat may have formed from recently acquired gas. Indeed, stellar
opulation properties measured via line-strength indices and spectral
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Figure 7. From left to right: Flux surface density distributions in the optical continuum, [O III ] λ5007, and the line ratio map [O III ]/H β obtained from the 
SAURON data. 

Figure 8. Kinematics from SAURON data. Top: Ionized gas and stellar 
velocity field (centroid velocity v), with contour lines from the SAURON 

continuum flux from Fig. 7 . Bottom: gas and stellar velocity dispersion σ . 
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tting of this data by McDermid et al. ( 2015 ) reveal the presence
f younger stars than that of the surrounding bulge in this region,
hat is also consistent with the stellar age of the region obtained by
asparova et al. ( 2016 ). 

.2.3 Ionized gas kinematics 

he [O III ] ionized gas kinematics probed by SAURON on kpc scales
s shown in the left-hand panels of Fig. 8 . The ionized gas velocity
eld v[O III ] shown in the top panel presents a different orientation
rom that of the stellar component, with redshifts to the S-SW and
lueshifts to the N-NE. As compared with the stellar velocity field, 
t presents a ≈50 ◦ shift in the orientation of the apparent kinematic
ajor axis from the ≈150 ◦ (PA east of North of the redshifted side)

f the stellar kinematics, bringing the PA of the gas velocity field to
200 ◦. 
Furthermore, the ionized gas velocity dispersion map shows the 

ighest values at various non-central locations. In particular, they 
eem to be observed mostly along the minor-axis, although not 
xactly and with a bend towards N on both the E and W sides of
he galaxy. 

.2.4 Kinemetric analysis 

n order to try to quantify the kinematic properties described abo v e,
e analyse the SAURON stellar and gaseous velocity maps using 
inemetry (Krajnovic et al. 2006 ). This method searches for the
est-fitting ellipses (specified by the position angle PA and the ellipse
attening Q) along that the velocities can be described as a function
f a cosine change in the eccentric anomaly. Kinemetry is built on the
ssumption that the velocities along the ellipses can be parametrized 
y V = V rot cos ( θ ), where V rot is the amplitude of rotation and θ is
he eccentric anomaly. 

Kinemetry performs an harmonic decomposition of velocities 
long ellipses and determines the properties of the best-fitting 
llipse by minimizing the Fourier coefficients in a truncated 
 ourier Series, summing o v er the odd values of n : V ( r, θ ) =
 0 + 

∑ 3 
n = 1 [ a n ( r) sin ( nθ ) + b n ( r) cos ( nθ )], except for b 1 (from here

n called V rot ). V 0 is the systemic velocity, θ is the eccentric anomaly,
nd a n ( r ) and b n ( r ) are the amplitudes at a given radial distance r .
herefore, the products of the kinemetry analysis are the kinematic 
A and flattening (Q) of the best-fitting ellipses along a set of radii,
 rot , and higher harmonic terms that describe the variation of the
elocities along the ellipse. 

The assumption behind kinemetry is that the motion of gas clouds
ollow circular orbits in a thin (inclined) disc (e.g. Schoenmakers, 
ranx & de Zeeuw 1997 ; Wong, Blitz & Bosma 2004 ; van de Ven &
athi 2010 ). Therefore, the dominant kinemetry term, the one next to

he cos ( θ ) harmonics, is V rot = V circ , which characterizes the circular
otions in the disc. In case gas clouds are not moving on circular

rbits (i.e. due to turbulence or non-settled nature of the disc), the PA
nd Q describing the ellipse will vary with radius. The variation of
A and Q can be related to the structural changes of the disc, which
omprises rings of different orientations and inclinations. A further 
ffect is the non-negligible higher harmonic coefficients beyond b 1 . 
 similar principle applies for the stellar orbits in thin discs, but

he majority of early-type galaxies actually show regular disc-like 
inematics (Krajnovic et al. 2008 , 2011 ). 
As pointed out previously, the SAURON stellar velocity map of 

GC 4111 was already analysed by Krajnovic et al. ( 2011 ), who
oncluded that the stellar rotation is indeed ordered and disc like.
MNRAS 512, 2556–2572 (2022) 
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M

Figure 9. Position angle (top) and rotational velocity (bottom) of the 
SAURON and NIFS stellar and gas velocity maps as derived with kinemetry. 
Results for the SAURON kinematics are shown with light-blue and blue 
squares (stars and gas, respectively), and for the NIFS kinematics with green 
an lime circles (stars and gas, respectively). 
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Figure 10. Analysis of the polar motions of the SAURON ionized gas. Panel 
(a): The SAURON gas velocity field as in Fig. 8 , with o v erplotted ellipses 
used to extract the gas motions in the equatorial plane of the galaxy. Panel 
(b): Resulting velocity field of the gas in the equatorial plane of the galaxy. 
Panel (c): The velocity field representing ‘polar’ motions of the ionized gas, 
obtained by subtracting velocity field in panel b) (ordered rotation of the gas 
in the equatorial plane of the galaxy) from the SAURON gas velocity field 
in panel a). Panel (d): Ordered motion of the gas in the polar disc, obtained 
using kinemetry. Panel (e): SAURON gas velocity dispersion map as in Fig. 8 , 
but limited to the same region as in panel (d), where there are data from the 
polar motions. Panel (f): Absolute difference between the ordered motions 
in the equatorial and the polar planes (panels b and d). Note that panels (e) 
and (f) hav e high-v elocity values in the same re gions, pro viding a qualitative 
explanation for the unusual structure of the SAURON gas velocity dispersion 
map. Note also that the colour bars on these panels are not the same, but 
adjusted to highlight the kinematic features. On all panels, grey lines present 
the isophotes of the stellar light. 
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ere, we repeat this analysis to extend it to the SAURON gas to
uantify how regular gas motions are. In Fig. 9 , we show the variation
f the position angles of best-fitting ellipses, as well as the variation of
 rot . While running kinemetry on the gas velocity maps, the flattening
f the ellipses was poorly constrained. Therefore, we imposed a limit
n the range of possible Q > 0.98, making ellipses close to circles.
n this way, we were still able to reco v er robust estimates for the PA
nd V rot . Also shown in this figure are the kinemetry results from the
IFS data to be discussed in Section 4.3.6 . 
As pointed out abo v e, the visual inspection of the SAURON gas

elocity map already shows (see Fig. 8 ), a significant difference in
he orientation of gas and stellar kinematics. This difference is now
uantified by kinemetry to be about 55 ◦ beyond the inner ≈3 arcsec.
his angle for the gas kinematics does not coincide with any of the
rincipal axes in NGC 4111 (the kinematic and photometric major
x es hav e the same orientation within errors), and, therefore, the
O III ] emission line gas is in an unstable configuration. Not only
s the gas kinematics misaligned with respect to that of the stars,
ut there seems to be a continuous twisting of the kinematic position
ngle towards the nucleus. This change of the gas kinematics position
ngle suggests the presence of non-circular motions of gas clouds. 

The pattern in the gas velocity dispersion (the bottom panel of
ig. 8 ) with increased values in a twisted configuration could be

ndication of kinematic disturbance in the gas due to the non-circular
otions. Alternatively, it could be the result of the superposition of

wo kinematic components in the gas: the first due to rotation of the
as in the galaxy disc, as for the stars, and the second due to rotation
f the gas in the polar ring. 
We now investigate the possibility that the SAURON ionized-gas

elocity field is indeed due to the superposition of two components,
ne rotating in the main galaxy (equatorial) plane and the other in the
olar ring. Our goal is to check if the features on the SAURON map
f the ionized-gas velocity dispersions are consistent with originating
rom a superposition of gas motions in these two planes. Assuming
hat we have two gas disks, both characterized by ordered motions,
nd as the location of high velocities in each of them will be spatially
NRAS 512, 2556–2572 (2022) 
ffset, the expectation is that their superposition will effectively
e transposed into high velocity dispersion v alues, of fset from the
entre, and approximately (but not exactly) along the minor axis of
he galaxy. 

We used kinemetry to investigate this possibility. The first step
as to extract the ordered motions belonging to the gas disc in

he equatorial plane. To do this we used the set of best-fitting
llipses from the kinemetric analysis of the stellar velocity field.
s the stellar velocity field is very regular, and consistent with

xisymmetry (Krajnovic et al. 2011 ), these ellipses trace circular
rbits in the equatorial plane. As Fig. 9 shows the orientation of these
llipses is on average 55 ◦ offset from the gas motions, as mentioned
bo v e. We show the ellipses o v erplotted on the gas velocity field in
ig. 10 (a). The velocity component that is obtained in this way we
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all V rot gas , and show it in panel (b). Under kinemetry assumptions
his component contains the motions of gas clouds in the equatorial 
lane and on circular orbits. 
The gas component that is not within the equatorial plane can 

e derived by subtraction, V polar = V gas − V rot gas , and we show it in
anel (c). We tentatively call it a ‘polar’ component, as the velocity
eld is aligned with the minor axis of the galaxy and the observed
olar ring. The next step is to run kinemetry on this V polar field.
n Fig. 10 (d), we show the ordered motions belonging to this gas
omponent, and call it V rot polar . This component, under assumptions 
f the kinemetric analysis, represents the part of the gas that is on
ircular orbits in the polar disc/ring. 

As mentioned abo v e, our goal is to check if the main features of the
as velocity dispersion field can be reproduced by the superposition 
f motions in the equatorial and polar planes. We do this by looking
t the absolute differences between the velocity fields in panels (b)
nd (d), or the difference between the ordered motions in the two
lanes. The result is shown in panel (f) and should be compared with
he map in panel (e). The two maps are qualitatively similar, showing
igh and low velocity values at the same locations: nearly along the
inor and major ax es, respectiv ely. The model velocity dispersion
ap of panel f) is only good as a simplistic approximation of the

bserved gas velocity dispersion in the SAURON velocity field of 
GC 4111 (Fig. 8 ), but it highlights its consistency with the presence
f two main components in the gas. Therefore, we can conclude 
hat the SAURON gas kinematics is consistent with originating 
rom two components which are located at different planes of the 
alaxy. 

.3 Nuclear scale – NIFS 

ere, we discuss the results from the NIFS data, co v ering the inner
110 pc radius, at a spatial resolution of ≈7 pc. 

.3.1 Stellar and molecular (H 2 ) gas flux distributions 

he NIFS flux distribution in the continuum is shown in the 
ight panel of Fig. 5 integrated within the 2.175–2.200 μm wave- 
ength range, revealing a smooth distribution along the galaxy 
lane from the south-east (SE) to the north-west (NW) of the 
ucleus. 
The H 2 (1–0) S(1) line flux map, shown in the left-hand panel

f Fig. 5 , presents an elongated structure running from the north-
ast (NE) to the south-west (SW) resembling an inclined ring 
erpendicular to the galaxy plane and that seems not to be centred at
he galaxy nucleus (shown as a cross in the figure). The diameter of
he ring is ≈3 arcsec (210 pc), oriented perpendicular to the galaxy
lane with a projected width of ≈0.5 arcsec (37 pc) encircling the
ucleus. The H 2 flux distribution – stronger to the NW than to the
E of the nucleus – suggests that the NW portion corresponds to the
ear side of the ring. 

.3.2 Molecular H 2 gas mass and excitation 

n order to investigate the origin of the H 2 emission, we first
alculate its temperature. We have looked for other emission lines 
nd found that in some regions of the ring, and in particular at the
rightest spot to the SW, at 1.3 arcsec (95 pc) from the nucleus,
wo other H 2 emission lines could be measured: H 2 λ2 . 0338 μm and
 2 λ2 . 4066 μm. 
The H 2 gas temperature was obtained using the relation from 

ilman et al. ( 2005 ) applied to the three emission lines abo v e: 

og 

(
F i λi 

A i g i 

)
= constant − T i 

T exc 
, (1) 

here F i is the flux from the i th H 2 emission line, λi is its wavelength,
 i is the spontaneous emission coefficient, g i is the statistical weight
f the upper level of the transition, and T i is the level energy expressed
s temperature. The e xpression abo v e is valid for thermal excitation,
ssuming an ortho : para abundance ratio of 3:1. From this expression,
e obtain T exc = 2267 ± 166 K for the gas as the inverse of the
radient of the linear fit to the data, as shown in Fig. 11 , adopting the
ncertainty from the correlation matrix of the linear regression. T exc 

s the kinetic temperature if the H 2 gas is in thermal equilibrium. 
We use the flux distribution in the H 2 λ2 . 1218 μm line to calculate

he hot H 2 gas mass according to the e xpression (Sco ville et al. 1982 ;
iffel et al. 2008 ): 

 hot H 2 = 

2 m p F H 2 λ2 . 1218 4 πD 

2 

f ν= 1 ,J= 3 A S(1) hν
, (2) 

here m p is the proton mass, F H 2 λ2 . 1218 is the line flux, D is the
istance to the galaxy, f ν = 1, J = 3 is the population fraction and A S (1) 

s the transition probability. The gas mass is obtained in solar masses.
sing T = 2267 ± 166 K (obtained abo v e), the population fraction

s f ν = 1, J = 3 = 1.22 × 10 −2 , and the transition probability is A S (1) =
.47 × 10 −7 s −1 (Turner, Kirby-Docken & Dalgarno 1977 ; Scoville 
t al. 1982 ; Riffel et al. 2008 ). Using these parameters, we obtain a
ass for the hot molecular gas M hot H 2 = 139 . 48 ± 4 . 38 M �. 
This mass is very small but is only be the ‘hot skin’ of the H 2 

otal mass, which should be dominated by cold gas. A number
f studies have compared H 2 masses obtained using the cold CO
olecular lines (observed at mm wavelengths) with that of hot H 2 

bserved in the near-IR for the nuclear regions of active galaxies.
 or e xample, Dale et al. ( 2005 ) obtained ratios in the range 10 5 

M cold H 2 / M hot H 2 ≤ 10 7 , M ̈uller S ́anchez et al. ( 2006 ) in the range
0 6 ≤ ( M cold H 2 / M hot H 2 ) ≤ 5 × 10 6 , while Mazzalay et al. ( 2013 ),
ompiling more data, co v ering a wider range of luminosities than the
revious studies have derived the following relation: 

 cold H 2 ≈ 1174 

(
L H 2 λ2 . 1218 

L �

)
, (3) 

here L H 2 λ2 . 1218 is the luminosity of this H 2 line and the standard
eviation of the scatter about the factor β = 1174 is ≈35 per cent.
sing the abo v e e xpression, we obtain M cold H 2 ≈ (1 . 01 ± 0 . 36) ×
0 8 M �, an order of magnitude larger than the lower limit for the cold
as mass we have obtained from the HST colour map (Section 4.1 ). 
MNRAS 512, 2556–2572 (2022) 
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Figure 12. Molecular hydrogen line ratio diagram H 2 (1–0)S(2)/H 2 (1–0)S(0) 
versus H 2 (2–1)S(1)/H 2 (1–0)S(1) (Mouri 1994 ). The grey squares are spaxels 
from the H 2 ring of NGC 4111. The black curve represents thermal emission 
models with temperatures in the range of 1000–3000 K. The red circles are 
the thermal UV excitation models from Sternberg & Dalgarno ( 1989 ), the 
blue star is the shock heating model from Brand et al. ( 1989 ), and the green 
triangles are X-ray heating models by Draine & Woods ( 1990 ). 
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This cold gas mass is comparable to those recently obtained by
ch ̈onell et al. ( 2019 ), using the same instrument and methodology
or a sample of six nearby active galaxies, which are in the range of
 × 10 7 M � ≤ M cold H 2 ≤ 6 × 10 8 M �. 
What physical processes heat the gas to the calculated temperature

f ≈2200 K? In order to investigate the nature of the gas excitation,
e calculated the H 2 (2–1)S(1)/H 2 (1–0)S(1) line ratio, as its value

an be used to distinguish the excitation mechanism: values of the
rder of 0.15 ± 0.15 are consistent with thermal processes and values
f the order of 0.55 and larger are caused by UV fluorescence (Mouri
994 ; Reunanen, Kotilainen & Prieto 2002 ; Rodr ́ıguez-Ardila et al.
004 ; Storchi-Bergmann et al. 2009 ). For NGC 4111, we find a
ean value of 0.2 along the H 2 ring, suggesting primarily thermal

xcitation. The heating mechanism is believed to be the nuclear hard
-ray photons, whose source is apparently embedded in the dusty

ing (Gonz ́alez-Mart ́ın et al. 2009 ). The lack of fluorescence – that
equires the presence of UV photons – is consistent with the absence
f the Br γ recombination line in the NIFS spectra, with the UV
hotons likely being extinguished by the dust surrounding the nucleus
nd thus not available to ionize the neutral hydrogen. Ho we ver, the
bsence of Br γ may also be explained by a lack of stellar formation
n the nuclear region – maybe due to heating of the gas by the
bscured AGN, despite the existence of available molecular gas in the
egion. 

To further constrain the excitation mechanism, we have used the
olecular hydrogen line-ratio diagram from Mouri ( 1994 ), shown

n Fig. 12 , where we have plotted the ratios H 2 (1–0)S(2)/H 2 (1–
)S(0) versus H 2 (2–1)S(1)/H 2 (1–0)S(1) from the NIFS data as grey
quares for the spaxels presenting these lines. This diagram compares
ine ratios that only take place in ortho H 2 molecules [the (2–
)S(1) λ2 . 2477 μm and (1–0)S(1) λ2 . 1218 μm transitions] with
hose in para H 2 molecules [the (1–0)S(2) λ2 . 0338 μm and (1–0)S(0)
2.2235 μm transitions]. We included only SNR > 2 spaxels in the
lot to reduce the scattering caused by noisy spaxels. In the figure,
e also include a sequence of the thermal models for temperatures

anging from 1000 K to 3000 K as a black curve. In addition, we
NRAS 512, 2556–2572 (2022) 
nclude predictions by models according to other possible excitation
echanisms: (1) UV excitation due to fluorescence, shown as red

ircles (Sternberg & Dalgarno 1989 ); (2) shock excitation due to
utflowing material, e.g. from supernova remnants and/or gas winds,
hown as a blue star (Brand et al. 1989 ); (3) X-ray heating from
GN, shown as green triangles (Draine & Woods 1990 ). The model
ata used in Fig. 12 follows Mouri ( 1994 ). 
The comparison between our data and the models clearly indicates

hermal excitation of H 2 with temperatures of about 2000 K and
igher (but lower than 3000 K), including heating by X-rays and/or
hocks. 

.3.3 Stellar kinematics in the inner 110 pc 

he top panels of Fig. 13 show maps of the stellar kinematics,
ith errors obtained using a Monte Carlo technique, with the

orresponding maps shown in Fig. B1 of the Appendix. These
rrors decrease outwards, with mean error values for the centroid
 elocity, v elocity dispersion, Gauss–Hermite moments h 3 and h 4 of
.9 km s −1 , 6.8 km s −1 , 0.03, and 0.06, respectively. 
The stellar kinematics of Fig. 13 reveal a rotation pattern with

lueshifts to the NW and redshifts to the SE. A comparison of the
op left-hand panel of Fig. 13 with the top right-hand panel of Fig. 8
hows that the NIFS stellar velocity field within the inner 110 pc
s similar to that of the SAURON kinematics at larger scales. The

map shows a partial ring with radius of about 1 arcsec (73.1 pc)
ith velocity dispersion values in the range of 140–150 km s −1 

urrounding a small drop to about 120 km s −1 within the inner
.5 arcsec ( ∼37 pc), similar to the drop seen in the SAURON data
t larger scales. This indicates the presence of a dynamically cold
tructure, such as a disc. Although its origin is not clear, similar
tructures have been associated with young to intermediate age stellar
opulation that retains the colder kinematics of the gas from which
t has formed and did not reach equilibrium with the bulge velocity
eld of the older stars yet (Riffel et al. 2010 , 2011 ). This would
e consistent with a possible scenario in which gas from the polar
ing has been captured and is forming new stars in the centre of the
alaxy. 

The h 3 -map shows small positive values in the blueshifted side
f the velocity field, and, similarly negative values in the redshifted
ide, indicating that the velocity distribution is slightly asymmetric,
howing a ‘red tail’ and a ‘blue tail’ in the blueshifted and redshifted
ides, respectively. The h 4 -map shows small ne gativ e values (broader
han a Gaussian) associated with higher velocity dispersion spaxels
nd positi ve h 4 v alues (narro wer than a Gaussian), for the spaxels
ith lower velocity dispersion. From Monte Carlo simulations, we
btain a mean uncertainty for the v elocity, v elocity dispersion,
 3 and h 4 maps of 4.9 km s −1 , 6.8 km s −1 , 0.03, and 0.06,
espectively. 

The measurements of the stellar v elocity, v elocity dispersion and
he higher Gauss–Hermite moments from the NIFS data – see the
� NIFS map in the second panel on the upper row of Fig. 13 – will
e used in a future work in order to obtain a dynamical model and
onstrain the SMBH mass M • (together with those of other targets
f our project). 

.3.4 Molecular gas kinematics 

he maps of the H 2 gas kinematic parameters obtained from the
FSCube fits are shown in the bottom panels of Fig. 13 , while the
orresponding Monte Carlo error maps are shown in Fig. B1 of the
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Figure 13. Top: NIFS stellar kinematic maps, from left to right: centroid v elocity, v elocity dispersion, Gauss–Hermite moments h 3 and h 4 . The respective mean 
Monte Carlo errors are 4.9 km s −1 , 6.8 km s −1 , 0.03, and 0.06. Bottom: As in the top panels, for the molecular gas kinematics (H 2 λ2 . 1218 μm), with mean 
errors of 17.9 km s −1 , 39.5 km s −1 , 0.05, and 0.04, respectiv ely. F or error maps see Fig. B1 of the Appendix. The cross indicates the location of the galaxy 
nucleus. 
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ppendix. The mean errors in the parameters v, σ , h 3 , and h 4 , are,
espectively, 17.9 km s −1 , 39.5 km s −1 , 0.05, and 0.04. 

The H 2 velocity field shows redshifts to the NW and blueshifts to
he SE, thus opposite to the observed velocities of the stellar velocity
eld. This kinematics is also distinct from the [O III ] kinematics

hat present blueshifts to the S-SW and redshifts to the N-NE. 
evertheless, we point out that the [O III ] emission line probes the

onized gas kinematics on kpc scales and the H 2 emission probes 
he molecular gas kinematics at 10–100 pc scales. The velocity 
ispersion is roughly ∼70 km s −1 all along the H 2 ring, with some
igher values from the NW to the NE part of the ring. The h 3 -map
hows the same kind of correlation with the velocity field as shown
y the stellar kinematics maps: positive h 3 values in the blueshifted 
ide of the ring – a ‘red tail’ on the profiles – and ne gativ e values
or the redshifted side of the ring – a ‘blue tail’ on the profiles. The
ositi ve h 3 v alues are ne vertheless much higher than the ne gativ e
alues, indicating the presence of red wings in most regions of the
ing. The h 4 values are predominantly positive, presenting a similar 
elation to that observed for the stellar velocity field, where negative 
alues are in general associated with higher velocity dispersion and 
ositi ve v alues with lo wer velocity dispersion. From Monte Carlo
imulations, we obtain a mean uncertainty for the v elocity, v elocity
ispersion, h 3 and h 4 maps of 17.9 km s −1 , 39.5 km s −1 , 0.05, and
.04, respectively, which are quite higher than the uncertainties in 
he stellar kinematics. We present the Monte Carlo error maps for
he NIFS stellar and molecular gas kinematics in Fig. B1 of the
ppendix. 
As pointed out abo v e, the H 2 gas kinematics (the bottom panels

f Fig. 13 ) suggest counter rotation of the molecular ring relative to
he stellar kinematics – but the kinemetry analysis of Section 4.3.6 
eveal an angle between the stellar and gas apparent rotation varying 
n the range of 120 ◦–160 ◦, thus smaller than 180 ◦, suggesting another
nterpretation. As the apparent near side of the ring – that we 
ypothesize is the NW because it is brighter than the SE – shows
edshifts and the back (far) side shows blueshifts, an alternative 
nterpretation is that the ring of molecular gas could be falling towards
he galaxy centre. 
.3.5 H 2 channel maps 

he higher order moment maps of Fig. 13 indicate some complexity
n the H 2 kinematics that is better illustrated via the channel maps
hown in Fig. 14 , obtained with IFSCube. 

In these maps, the H 2 (1–0) S(1) line profiles have been sliced in
elocity bins centred on velocities ranging from –165 to 165 km s −1 

ith a 30 km s −1 channel width. They show that the fastest blueshifts
re observed in three compact regions: the smallest is just ≈0.2 arcsec 
15 pc) to the SE of the nucleus, the second is 0.5 arcsec south of the
ucleus and the last at 1.3 arcsec (95 pc) to the SW, corresponding to
he brightest spot of the molecular ring (seen in the left-hand panel
f Fig. 5 marked with a blue B ). In the −135 to −75 km s −1 velocity
ange, the three aforementioned regions gradually enlarge and begin 
o reveal the SE half of the annular structure. The bright-spot 1 arcsec
W of the nucleus seems to keep its flux up to −15 km s −1 . The
75 to 45 km s −1 channels show that the flux gradually increases to

he NW of the nucleus and fades from the SE, with only emission in
 knot to the south and emission to the SW of the nucleus still being
etected. In the 75 to 165 km s −1 range, the flux in each channel
radually diminishes, increasing again at 135 km s −1 . The fastest
edshifted component at 165 km s −1 is located within ≈0.5 arcsec
36 pc) of the nucleus, towards the NW, opposite to the fastest
lueshifted region just to the SE of the nucleus. We interpret this
hange in orientation as follows: if the NW is indeed the near side of
he ring, this velocity pattern does indicate infall towards the centre
f the galaxy. We do not see indication of rotation along the ring, as, if
his were the case, we should observe the highest velocities at the SW
nd NE tips of the ring that should also be opposite to each other. We
o not see this; the highest velocities are observed to the SE and NW.
he channel maps further show that the highest velocity regions tend

o be closer to the nucleus than the lower velocity regions, suggesting
n inwards acceleration, also consistent with an inflow scenario. 

To further evidence the signature of inflow, we calculated the 
verage projected radial distance 〈 r 〉 of the H 2 gas for each kinematic
hannel. We present the channel velocity values as a function of these
adii in Fig. 15 . As expected, the mean radial distances decrease as
MNRAS 512, 2556–2572 (2022) 
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M

Figure 14. Channel maps of the H 2 λ2 . 1218 μm emission line, centred at the velocities listed in the bottom left of each panel in units km s −1 . The cross indicates 
the location of the galaxy nucleus. 
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he velocities increase, supporting acceleration of the molecular gas
owards the nucleus in an inflow. 

.3.6 Kinemetric analysis 

e have also applied kinemetry to investigate the NIFS stellar
nd molecular gas kinematics, as we have done to investigate the
AURON kinematics. 
The results from the kinemetry analysis for the stellar and H 2 

as velocity fields from the NIFS data – major axis PA and rotation
elocities V rot are shown, together with those for the SAURON data
n the two panels of Fig. 9 . 

The NIFS stellar velocities rise more steeply than the SAURON
 elocities (as e xpected giv en the sharper PSF of NIFS), but otherwise
re fully consistent. One other observation is worth remarking: while
 2 and stellar velocities from the NIFS data have similarly steep rise

nd amplitudes, molecular gas being marginally faster (expected, e.g.
oung, Bureau & Cappellari 2008 ), the ionized gas in the SAURON
ata is significantly slower in the central region. This is a clear
ndication that its clouds are neither in a thin disk configuration nor
re on circular orbits. 

The top panel of Fig. 9 shows that the H 2 kinemetry reveals a
isalignment between the H 2 and stellar kinematics of ≈155 ◦, indi-

ating that, besides the ionized gas on large scales being misaligned
elative to the stellar kinematics, the gas in the central region is also
n an unstable configuration and that gas clouds are not moving on
urely circular orbits. We show this in the three panels of Fig. 16 .
he first panel shows the same H 2 velocity field of Fig. 13 , which
NRAS 512, 2556–2572 (2022) 
s followed by the kinemetric reconstruction of a ‘circular’ velocity
ap, V disc . This map is reconstructed using the V rot of the molecular

as (as shown in Fig. 9 ), but assuming that the orientation of the field
s constant: we fixed it to the median value of 305 ◦ (the top panel
f Fig. 9 ). As the H 2 gas shows some variation in the PA and large
alues of the other harmonic coefficients, V disc 
= V circ . Nevertheless,

art/stac634_f14.eps
art/stac634_f15.eps


Gas inflows in the polar ring of NGC 4111 2567 

Figure 16. NIFS H 2 kinematics (left), its kinemetry fitting (centre) and the residual between the two (right), showing evidence of non-circular components in 
the velocity field. 
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t can be used as first-order approximation to gauge the contribution 
f non-circular motions in the molecular gas kinematics, shown on 
he residuals in the last panel of Fig. 16 . 

 SC ENA R IO  

n this section, we use the results from the large-scale gas distribution
 HST ), excitation and kinematics (SAURON) as compared to those 
f the nuclear scale (NIFS) to propose a scenario for the physical
rocesses occurring within the inner kpcs of NGC 4111. 

.1 Comparison between the large and nuclear scale kinematics 

he stellar velocity maps of the large-scale SAURON and nuclear 
cale NIFS data – characterized via kinemetry in Fig. 9 – are 
emarkably similar: they share the same position angle and flattening 
not shown), and have minimal residuals in higher order harmonic 
oefficients (also not shown). 

Nevertheless, the large-scale [O III ] gas kinematics and the nuclear- 
cale H 2 kinematics look distinct, but a closer look reveals that they
eem to be physically connected. This connection between the large- 
cale ionized gas and the nuclear-scale molecular gas is suggestively 
hown in Figs 17 and 18 . 

Fig. 17 shows a comparison between the residuals of the [O III ] and
 2 v elocity fields relativ e to the stellar velocity field. Inspection of

he [O III ] residuals within the NIFS FoV suggest blueshifts to the SE
nd redshifts to the NW, as observed in the H 2 residuals, suggesting
hat the large-scale ionized gas kinematics connect with the nuclear 
cale H 2 gas kinematics. 

We now consider the hypothesis discussed in Section 4.2.4 in 
hich the SAURON ionized-gas velocity field is due to the superpo-

ition of two kinematic components, one rotating in the main galaxy 
equatorial) plane and the other in the polar ring. In the top panel
f Fig. 18 , we have used the results from the kinemetry of the polar
ing (Fig. 16 ) to obtain residuals between the observed velocities 
nd its reconstructed circular velocity field. The residuals suggest the 
resence of a pattern in the shape of spiral arms, outlined by the black
ines in the figure. This spiral configuration is suggestive of inflows, 
s observed in previous kinematic studies (e.g. Storchi-Bergmann 
 Schnorr-M ̈uller 2019 , and references therein). The small square 

n the top panel shows the NIFS FoV, with the NIFS H 2 velocity
eld shown in the bottom panel. Although the angular resolution of

he SAURON data is much lower that of the NIFS data, a careful
nspection of the residual velocity field of the top panel shows that,
ithin the NIFS FoV (black square) there is a hint of residual redshifts

owards the NW and residual blueshifts to the SE, suggesting again
 connection between the large-scale ionized gas velocity field and 
he nuclear scale H 2 velocity field, which also shows redshifts to the
W and blueshifts to the SE. 
The abo v e results, in which the large scale [O III ] gas kinematics

eems to connect with the nuclear scale H 2 gas kinematics implies
hat, if we can conclude that the H 2 kinematics indicates inflow, this
nflow seems to be present also in the larger scale gas, or at least
riginate in the large-scale gas. 

.1.1 The scenario 

e propose the following scenario to explain the observations from 

he inner ≈1.5 kpc radius probed by the HST and SAURON data down
o the inner ≈110–10 pc radii probed by the NIFS data. The dusty
olar ring probably originates from the capture of a dwarf galaxy
y NGC 4111, consistent with the estimated lower limit of the gas
ass of ≈10 7 M � obtained from the extinction map of the 450 pc

ing. The ionized gas seen in the SAURON data is present in both the
alaxy disc and the polar ring structures. The increase in its velocity
ispersion in the region of the polar ring can be attributed to the
uperposition of two kinematic components: rotation in the galaxy 
lane and orbital motion in the polar ring. This orbital motion shows
 disturbed rotation pattern, revealed by the kinemetry analysis, such 
hat the residual motion relative to the rotation suggests the presence
f a spiral-like structure that seems to connect with the H 2 kinematics
ithin the inner ≈110 pc, as suggested by the two panels of Fig. 17 .
The residual inspiral in NGC 4111, seen in Fig. 18 , resembles

uclear spirals (on 100 pc scales) associated to inwards motion of
as found in previous studies of the A GNIFS (A GN Integral Field
pectroscopy) group, such as those in the nearby active galaxies 
GC 7213 (Schnorr-M ̈uller et al. 2014 ), NGC 1667 (Schnorr-M ̈uller

t al. 2017 ) and NGC 2110 (Diniz et al. 2019 ), and also the nuclear
pirals found in NGC 1097 (Davies et al. 2009 ; van de Ven & Fathi
010 ; Fathi et al. 2013 ). Other observational (e.g. Combes et al. 2014 )
nd theoretical (Kim & Elmegreen 2017 ) studies also support the
resence of inflows along nuclear spirals in nearby active galaxies. 
The H 2 ring kinematics – that seems to connect with the abo v e

pirals, suggests inward motion: assuming that the brighter NW side 
s the near and the fainter SE side is the far, the blueshifts observed in
MNRAS 512, 2556–2572 (2022) 
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Figure 17. Comparison between the kpc-scale (SAURON) v[O III ] and the 100 pc scale (NIFS) H 2 gas velocity fields after the subtraction of the stellar velocity 
field. In the left-hand panel, the dashed square shows the FoV from the central panel; in the central panel, the dashed square shows the NIFS F oV o v er the 
zoomed-in velocity field of the left-hand panel. 

Figure 18. Top: Residual map between the ionized gas polar ring velocities 
and its reconstructed circular velocity field from kinemetry, with the black 
lines delineating an apparent spiral structure. The small square shows the 
3 arcsec × 3 arcsec NIFS FoV. Bottom: the NIFS H 2 velocity field showing 
redshifts to the NW and blueshifts to the SE that apparently connect with the 
residuals of the SAURON gas kinematics. 
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he far side and redshifts observed in the near side indicate inflows.
he channel maps of Fig. 14 and the fact that the average radius of

he channel maps decrease as the velocity increases, support such
nflows, suggesting, in addition, inwards acceleration. 

The inflowing gas may be settling in the galaxy plane and forming
ew stars there, and could be the cause of the observed sigma drop
n the NIFS and SAURON data stellar kinematics. Both σ -drop
tructures could be part of the same gas-rich merger event, building
NRAS 512, 2556–2572 (2022) 
he large-scale and small-scale discs and gas structures as the merger
volves. At least part of the inflowing gas seems to be reaching the
ucleus, triggering a low-luminosity AGN that can be observed in
-rays. This emission – possibly combined with shocks in the region
is the source of excitation of the H 2 , as discussed in Section 4.3.2 .
Having concluded that the observed gas kinematics indicate

nflo ws to wards the nucleus, we have used the NIFS data to estimate
he mass inflow rate and compare it to the mass accretion rate to the
bscured AGN. For this, we need first to obtain an estimate for the
MBH mass as well as the AGN accretion rate and Eddington ratio.

.2 SMBH mass and Eddington ratio 

e use the integrated σ � value within one ef fecti ve radius σ� SAURON =
63 . 3 ± 8 . 1 km s −1 , as previously determined from the SAURON
ata by Cappellari et al. ( 2013 ) in order to estimate M • with the
mpirical M •−σ � relation from van den Bosch ( 2016 ): 

log 

(
M •
M �

)
= (8 . 32 ± 0 . 04) + (5 . 35 ± 0 . 23) log 

(
σ� 

200 km s −1 

)
. 

(4) 

or σ� = σ� SAURON , we obtain M • = (7 . 06 + 2 . 62 
−1 . 79 ) × 10 7 M �. This value

s consistent with a previous estimate by Nyland et al. ( 2016 ) of M • =
.31 × 10 7 M �, obtained with the M •−σ � relation from McConnell
 Ma ( 2013 ). 
The bolometric luminosity L bol was obtained from the X-ray

uminosity in the 0.5–10.0 keV range (Gonz ́alez-Mart ́ın et al.
009 ), assuming that this luminosity represents 8 per cent of the
otal luminosity of the AGN (Nemmen et al. 2006 ). This allows
s to calculate the Eddington ratio L bol /L Edd = 1 . 5 + 0 . 5 

−0 . 4 × 10 −4 for
GC 4111, using our determined value of the SMBH mass abo v e.
he low Eddington ratio suggests that, if there is an active nucleus

n NGC 4111, as indicated from the emitted X-rays, the accretion
egime is that of a radiatively inefficient accretion flow (RIAF). 

.3 Mass inflow rate and the mass accretion rate 

e have estimated the mass inflow rate ṁ inf using the channel maps
rom Fig. 14 and the following expression: 

˙  inf = 

mv 

〈 r〉 , (5) 
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here 〈 r 〉 is the average radial distance of H 2 in each channel
Fig. 15 ), v is the channel velocity, and m is the integrated gas
ass from each channel, determined using equation ( 2 ) for the hot
olecular gas and equation ( 3 ) for the cold. 
One important question is: What fraction of the gas is actually 

nflo wing? In our pre vious studies cited abo v e, as well as suggested
n Figs 16 and 18 , the residuals from rotation orbital velocity are
sually observed in spiral structures covering ≈10 per cent of the 
bserv ed v elocity field. We hav e then tentativ ely considered this
raction of the gas in each channel that is actually inflowing. 

We first considered only the hot phase of the gas in this calculation
nd obtain a mass inflow rate of only 7 . 8 + 3 . 4 

−1 . 7 × 10 −4 M � yr −1 .
ev ertheless, as discussed abo v e, the hot phase of the gas is probably
nly ‘the heated skin’ of a much larger gas reservoir, dominated by
he cold gas. 

Considering now the cold component and that gas from all 
hannels is inflowing, we determine an upper limit for the mass
nflow rate of 56.9 + 24 . 1 

−12 . 5 M � yr −1 . 
We then considered that only the two highest velocity channels 

 −165, −135, 135, and 165 km s −1 ) trace the inflows, with the lower
elocity gas tracing gas orbiting in the galaxy plane. The resulting
ass inflow rate is 33.9 + 16 . 3 

−7 . 9 M � yr −1 . 
In order to obtain still another estimate, instead of using equa- 

ion ( 3 ) to estimate the mass of cold gas, we used the value of hot
olecular gas obtained with equation ( 2 ) and the lower limit of the

atio between the cold and hot molecular gas masses from Dale et al.
 2005 ) of 10 5 . This way we obtain a lower limit of 7.9 + 3 . 3 

−1 . 7 M � yr −1 

or the mass inflow rate. 
The mass accretion rate ṁ acc was determined using the expression: 

˙  acc = 

L bol 

ηc 2 
(6) 

sing the previously calculated L bol and assuming an accretion 
fficiency η = 0.01, justified by the low Eddington ratio for this
GN (Nemmen et al. 2006 ), the resulting mass accretion rate is
.002 M � yr −1 , which supports the presence of an RIAF in the
ucleus of NGC 4111. 
The abo v e accretion rate is larger than the mass inflow rate in hot
olecular gas, but is much lower than the estimated mass inflow rate

n cold molecular gas, that should dominate the mass of molecular 
as, as previously pointed out. This indicates that cold molecular 
as could be accumulating in the nuclear region and is enough to
rigger new episodes of star formation and stronger nuclear activity 
n the near future. At a mass-inflow rate of ≈5–10 M � yr −1 , the
xisting cold gas reservoir of ≈10 8 M � should keep this process
oing for the next 10 7 yr. 

 C O N C L U S I O N S  

e have analysed galactic scale HST images of the nearby S0 
olar-ring galaxy NGC 4111 through the F475W and F160W filters 
ogether with SAURON optical IFS of the inner 1.5 kpc radius and
uclear scale K-band Gemini NIFS AO-assisted IFS of the inner 
10 pc radius. Our main conclusions are as follows: 

(i) The HST images reveal the dusty polar ring extending by 
450 pc perpendicular to the plane of the galaxy. From the colour
ap F475W-F160W, we obtain an extinction map and a lower limit

or the cold gas mass in the ring as M gas = 9.8 × 10 6 M �. This mass
s consistent with an origin from a captured dwarf galaxy. 

(ii) Ionized gas emission is seen in the SAURON data, with line 
atio values 1 ≤ [O III ] λ4959 , 5007 Å/ H β ≤3 supporting the LINER
lassification of previous studies. 
(iii) The NIFS data show a hot molecular gas ring with diameter of
20 pc – embedded in the dusty polar ring abo v e – with a calculated
emperature of 2267 ± 166 K and mass M hot H 2 = 139.5 ± 4.4M �.
his hot gas mass corresponds to an estimated cold gas mass of
 cold H 2 ≈ 10 8 M � within the inner 110 pc (radius) which is consistent 
ith the lower limit for the gas mass obtained from the HST images

nd further suggests an extragalactic origin for this gas. 
(iv) The excitation of the hot H 2 is thermal, most probably due to

-ray heating, supporting the presence of an AGN at the nucleus.
lthough shocks could also contribute to the gas excitation, the 

ow velocity dispersion ( ∼60 km s −1 ) does not support a major
ontribution of shocks to the H 2 excitation. 

(v) The large scale (1.5 kpc radius) SAURON and smaller scale 
110 pc radius) NIFS stellar velocity distributions show the same 
otation pattern, as supported also by kinemetry analysis. 

(vi) Both the large- and small-scale stellar velocity dispersion σ � 

how drops in their values along the galaxy major axis, within radii
f ≈350 and ≈35 pc, respectively. This is probably associated with
ecent capture of gas (on both scales) that settled in a disc and formed
ew stars that have still kept their colder gas kinematics as compared
o the surrounding bulge. The presence of younger stars in the region
s supported by previous studies of the stellar population. 

(vii) Both the 1.5 kpc scale [O III ] and the 110 pc scale hot H 2 

elocity fields are distinct from the stellar one, indicating that the gas
n both ionized and molecular phases is not in a stable configuration.

(viii) The [O III ] gas kinematics show two components: (1) rotation 
imilar to that of the stars in the galaxy plane; (2) disturbed rotation
long the dusty polar ring. Velocity residuals relative to the rotation
omponent in the ring show an spiral pattern suggestive of inflows
hat seem to connect to the H 2 velocity field in the 110 pc ring. 

(ix) The H 2 velocity field in the 110 pc ring shows blueshifts
n the apparent far side and redshifts in the apparent near side, as
ell increasing velocity towards the inner regions in channel maps, 

ndicating inflows towards the nucleus. 
(x) We have estimated the mass inflow rate towards the nucleus 

rom the H 2 channel maps and the expected corresponding cold 
olecular gas mass, finding values of 5–10 M � yr −1 . Such values

re much larger than the accretion rate to the AGN and enough to
eed new episodes of star formation within the inner few pc to100 pc,
onsidering the available gas reservoir of ≈ 10 8 M �. 

We conclude that our data supports a scenario in which a dwarf,
 as-rich g alaxy has been recently captured by NGC 4111 giving ori-
in to its polar ring. Part of this gas is flowing in and possibly forming
ew stars while another part of it seems also to have just reached the
uclear SMBH triggering a so-far low-luminosity AGN. This AGN is 
lready emitting X-rays that are heating the gas and causing thermal
xcitation of the H 2 molecule. Ho we ver, as we do not see Br γ in our
 -band data, UV photons are not reaching the observed gas, which

uggests that either new stars have not begun to form and/or these
tars and the AGNs are still buried in the dust rich environment,
upporting that the AGN has only recently been triggered. 
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PPEN D IX  A :  E X T I N C T I O N  A N D  G A S  MASS  

ISTR IBU TION  IN  T H E  P O L A R  R I N G  

rom the colour map shown in Fig. 2 , we have built the extinction
ap A F475W 

–A F160W 

shown in Fig. A1 , for the inner 6 arcsec ×
 arcsec (440 × 440 pc 2 ) of NGC 4111, showing the reddening
istribution along the dusty polar ring, calculated as described in 
ection 4.1 . The spatial correlation with the H 2 λ2 . 1218 μm ring
een in the NIFS data is revealed by the overplotted white contours
rom the H 2 emission. 

The second figure shown in this Appendix (Fig. A2 ) is a gas mass
olumn density map of the same 6 arcsec × 6 arcsec (440 × 440 pc 2 )
e gion that co v ers the dusty polar ring. We again show in white,
ontours of the H 2 λ2 . 1218 μm line emission from NIFS data. This
ap has been obtained from the reddening map abo v e following

he steps discussed in Section 4.1 . From this mass density map,

igure A1. HST A F475W 

- A F160W 

map of the galaxy within the inner 6 arcsec
6 arcsec (440 × 440 pc 2 ), that co v ers the dusty polar ring. Overplotted in

hite are the contours from the H 2 λ2 . 1218 μm emission line flux distribution
btained from the NIFS data. 
igure A2. Gas mass column density map from the polar ring region
btained from the HST F475W–F160W colour map. Overplotted in white 
re the contours from the H 2 λ2 . 1218 μm emission line flux distribution as
erived from the NIFS data. 
nte grating o v er the surface area of each spax el, we obtained the cold
as mass as M gas = 9.8 × 10 6 M �. 

PPENDI X  B:  E R RO R  MAPS  F RO M  T H E  NIFS  

I NEMATI CS  

n order to measure the intrinsic errors in the methods used for ob-
aining the NIFS stellar and molecular gas kinematics, we performed 
he Monte Carlo technique, perturbing the data with a Gaussian 
oise in every spaxel. From this, we obtained the error maps for the
tellar and molecular gas kinematics, shown in Fig. B1 . Similarly
o Fig. 13 , the top ro w sho ws the stellar kinematics errors and the
ottom panels show those for the H 2 kinematics. From left to right,
he panels show the error maps of the velocity v err , velocity dispersion

err , and Gauss–Hermite moments h 3 err and h 4 err . From these maps,
e observe that the errors in the stellar kinematics decrease from

he centre to the borders, while those for the H 2 gas kinematics do
ot vary much. The mean errors of each kinematic parameter (of
he measurements shown in each map, not considering the masked 
paxels) are listed in Table B1 . 
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Figure B1. Monte Carlo error maps of the NIFS stellar (top panels) and molecular gas (bottom panels) kinematics fit. From left to right, the error maps of the 
velocity v err , velocity dispersion σ err and Gauss–Hermite moments h 3 err and h 4 err . The cross indicates the location of the galaxy nucleus. 

Table B1. Mean Monte Carlo errors for each parameter 
of the NIFS stellar and molecular gas kinematics. 

Parameter Mean error Gas 
Stars 

v err 4.9 km s −1 17.9 km s −1 

σ err 6.8 km s −1 39.5 km s −1 

h 3 err 0.03 0.05 
h 4 err 0.04 0.04 
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